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1.0 INTRODUCTION

This document constitutes the final report on a research study
conducted by the Highway Safety Research Institute (HSRI) of The
University of Michigan on the subject of improved safety for tank
vehicles transporting flammable liguids in Michigan. The study was
sponsored by the State of Michigan, with contract administration being

provided by the Michigan Department of Transportation through Research
Agreement #78-2230.

The project reported herein was mandated in 1978 by Act 385 of
the Michigan Legislature. The primary purpose of this law was to
‘legislate a phased removal of double tankers and to limit tank volume
in the future to 9,000 gallons. Act 385 also contained the following
clause:

"The Highway Safety Research Institute ... shall
study vehicle design and recommend to the Legis-
lature that vehicle combination which demonstrates
the highest possible safety in transporting flam-
mable Tigquids, which vehicle combination after
subsequent TegisTation may transport flammable
1iquids."

Thus, the project was seen as a means to establish a solid technical
foundation for enacting follow-up Tegislation that would regulate tank
vehicles carrying flammable Tiquids. The project was motivated, in
part, by the fact that the fuel transportation industry in Michigan had
suffered a severe disturbance in its operations when the targe, 17,000-
galion or so double tankers began to be phased out. Based partially
upon arguments concerning the safety advantages that could be accrued
with large-capacity vehicles, as a result of their low accident expo-
sure, the LegisTature conceived the research study as an opportunity

to "take another Took" at the whole question of tank vehicle configura-
tion and its influence on safety.

In the ahsence of any follow-up legistation being enacted before
November 1981, the State would become exclusively served by gasoline
tankers having conventional construction and capacities not exceeding




9,000 gallons. Accordingly, HSRI's approach to the research study was
to identify tank vehicle configurations that would reduce the risks of
accidents, to the maximum degree, below the level that would accrue

with such conventional vehicles. Although the research problem was
addressed, for simplicity's sake, only from the viewpoint of gasoline

as the transported product, the results were to apply also to the trans-
portation of other hazardous liguids in vehicles meeting Federal Speci-
fication #MC-306.* Regarding vehicle configuration, conventional tractor-
semitrailer tankers having either two- or three-axle trailers serve as

a point of reference in this study and are referred to in the body of
this report as "conventional MC-306" tankers.

The research conducted here has concluded that it is possiblie to
significant?yiimprove the safety of transporting gasoline by means of
the adoption of a new, but practicable, set of requirements for tank
vehicles exceeding 9,000 gallons in capacity. In Section 2.0 of this
report, a Legislative recommendation is presented, outlining the vehicle
design and performance features which should be attained to achieve
the cited safety improvements. The Legislative Recommendation, of
course, constitutes the Institute's direct response to the mandate of
Michigan Act 385 of 1978, mentioned earlier. The recommendation is
followed by a summary of the rationale supporting the details of the
statement.

Whereas the recommended vehicle configurations are predicted to
yield a much improved level of safety, they also appear to provide:

1} a net economic advantage due to the significantly reduced
costs of transporting fluid products in a larger capacity
tank, and

2) a large improvement in the energy efficiency of the
transportation process itself.

*Specification MC-306 appears in the Code of Federal Regulations,
Article CF 49-178.341 and entails a number of regquirements for cargo
tanks carrying unpressurized, hazardous liquids 1in commerce.




Given the timeliness of the Tatter two features in a climate of concern
for responsible pubiic policy on economic and energy matters, the pro-

posed tegislation, as recommended herein, is believed to be compatible

with the broad interests of the State.

Further, although the recommended vehicles are configured to meet
Michigan's road-use Taws, it is expected that much of the technical
material contained herein would also be pertinent to the improvement of
tank vehicle safety in other states and countries. The study is based
primarily upon engineering and accident risk analyses. Full-scale
experiments and a limited amount of field survey work were also con-
ducted to clarify certain guestions regarding tank structural integrity.
The methods and results pertaining to the major research tasks are con-
‘tained in four sections of the report, namely:

3.0 Accident Data Analysis
4.0 Analysis of the Dynamic Behavior of Tank Vehicles
5.0 Containment of the Transported Fluid in an Accident

6.0 Prediction of Accident Risks

Two additional technical discussions, Sections 7.0 and 8.0, treat,
respectively, the additional risks that can be expected if the fluid is
permitted to slosh inside the transport tank and the considerations per-
taining to the so-called "tilt-table requirement” by which the roll
stability of the recommended tankers is specified.

Appendices A through F are also included to provide (1) technical
details and data in support of accident data analysis and computerized
simulations and (2) a generalized understanding of the physics of
vehicle rollover.

Aithough the report itself is intended to document the technical
study which underlies the legislative recommendation, the very "applied"
quality of the results of this research has required that a good deal.
of engineering judgment be exercised as well. Thus the very simple
scope of the recommendation derives from a judgmental distillation of
the technical work. The judgments have also been guided by numerous
practical considerations relating to vehicle manufacturing, the flammable




fluids transportation system, the existing accident record, and the
ability of the State Government in Michigan to implement regulations
of the type needed in this particular circumstance.

Moreover, the legislative recommendation represents a scienti-
fically based statement that has been tempered through research staff
interaction with the respective communities which will be regulated,
as well as those who will regulate.




2.0 RECOMMENDATION FOR NEW LEGISLATION

On the basis of the study reported herein, the Institute recom-
mends that TegisTlation be enacted to permit the operation of tankers
carrying unpressurizéd flammable Tiquids at tank capacities above
9,000 galions, provided these vehicles meet the specifications presented
in Section 2.1, below. It is also recommended that the Legislature
consider a requirement that existing tankers be modified to assure that
manhole covers achieve the levels of strength specified in the "vrecom-
mended retrofit" statement in Section 2.3.

Both recommendations were submitted, in draft form, to a broad
-array of organizations involved in vehicle manufacturing, petroleum
marketing, and bulk-commodity transportation for comment. To the degree
that it is practicable, the following recommendations give due con-
sideration to certain special problems that were raised by the respon-
dents, while still assuring that the "highest possible safety" perfor-
mance of the vehicles c¢ited in the specification is achieved.

2.1  Allowable Tank Trailer Configurations

It is recommended that tractor-semitrailer confiqurations having
tank capacities exceeding 9,000 gallons be permitted to transport un-
pressurized, flammable liquids in the State of Michigan, provided that
such vehicles meet the following reguirements.

1. Tank capacity must correspond to the "Design Volume" {+
200 gal.) specified in Table 2.1 for each of the per-
mitted axle arrangements. The Design Volume represents
the full load fluid capacity of the vehicle. Where double
bulkheads are needed, the "Design Volume" may be reduced
by an amount equal to the void space(s) enclosed by the
back-to-back bulkheads. The actual volume of the tank
shell must exceed the Design Volume by at least 5 percent,
thus providing an "outage" or expansion volume.




Table 2.1. Specifications for Advanced Michigan Tankers.
SCHEMATIC DESIGN | DESIGN |TILT TABLE
DIAGRAM OF | VOLUME | SHELL {ROLLOVER
SEMI TRAILERS] (gallons) | HGT (in) {ANGLE (deg)

] 10 200 i 21.5
1700 18 21.0
12400 121 20.5
13200 125 205




The maximum height of the tank shell must not exceed the
"Design Shell Height" Tisted in Table 2.7 when the vehicle
is fully Toaded, with the trailer's fifth wheel coupler
plate placed at a height of 50 inches.

When subjected to a tilt-table test, the tractor-semi-
tratler combination must achieve a "Tilt-Table Rollover
Angle" equal to or in excess of the value specified for
that specific configuration (see Table 2.1).

No more than one trailer axle may be outfitted with a
"Tift-axle" type suspension. The remaining axles must act
to continuously support the trailer and its load.

Devices used to cover manholes or inspection ports must

be capable of withstanding the forces caused by an internal
pressure of 50 psﬁ, applied and held at Teast 50 miili-
seconds, and then released to 2 psi, without having any
residual venting of fluid during the subsequent 2 psi
condition.

2.2 Discussion of the Proposed Legislation

2.2.1 Vehicle Design Considerations. The proposed legislation

contains the following features influencing vehicle design:

1.

Only tractor-semitrailer configurations are included. Al-

though many vehicle combinations (e.g., double trailers) were con-

sidered in the study, a tractor-semitrailer appears to offer the greatest

Tevel of safety since (a) its stability is inherently good and (b) it is
a much simpler configuration to specify and thus much more tikely to

yield the minimum desired pérformance despite future design innovation.

(We should note that certain "B-train" doubles,. comprising a tractor-

semi-semi configuration, offer high Tevels of safety quality when built
in combination Tengths of 65 feet and Tonger. However, the need for a
close specification of hitching mechanisms seems to make such a vehicie

impractical for regulation and enforcement by a jurisdiction with
limited resources such as the State of Michigan.)




2. The proposed legislation permits four different semitrailer
configurations ranging in tank capacity from 10,200 gdllons to 13,200

gallons. Alternative tank capacities are proposed so as to permit
latitude in transport operations. The alternative units all offer pro-
found improvements in safety performance over conventional equipment,
with the larger vehicles offering the highest safety levels while also
providing the greatest economies in energy consumption and overall
transport costs.,

Further, the recommendation cites 9,000 gallons as the "dividing
1ine" above which the new tegistation would apply, thereby avoiding
conflict with the variety of tank vehicles below 9,000 gallons which
are used in interstate commerce. Since the great bulk of flammable
fuels transportation in Michigan involves intrastate trucking opera-
tions, however, it is expected that the economic incentives afforded by
larger capacity vehicles will lead to their popular usage within the
State.

3. For each semitrailer configuration permitted, axle sets are

located according to current Michigan road-use Taws. In the fully

loaded condition, the tractor steering axle carries 14,000 1bs, the
tractor drive axle tandem carries 32,000 1bs and each close-spaced
trailer axle is leoaded to 13,000 1bs. In the case of the 12,400-gallon
tanker, a single “spread" axle is also employed, carrying 18,000 1bs.

4. For each configuration, constraints are placed on the fluid-

carrying capacity of the tank and on the maximum height of the tank

shell (excluding the protective rails on the top of the tank). The

tank volume constraint provides that the highest reasonable fluid volume
is carried, removing the motive for reducing trailer weight to increase
payload. The tank shel]l height constraint assures efficient "packag-
ing" so as to minimize the height of the center of gravity and thereby
maximize rollover stability. The tank capacity and shell height con-
straints can be achieved, in practice, by means of a design in which the
tank incorporates a “drop" (i.e., deeper cross section} aft of the fifth
wheel coupler area, as shown in Figure 2.1.




|

DROP lag 172" To BOTTOM
SECTION OF SHELL

Fiqure 2.1. Side view of the laraest Advanced Michigan Tanker, showina example drop section
and the rear shell dimension that is common to ail four confiqurations.




5. The overall rollover stability of the unit is established by
a tilt-table performance test. As shown in Figure 2.2, the tilt-table

test involves the mounting of a fully loaded vehicle on a plane surface
which is sTowly inclined until the vehicle becomes unstable in roll.
(The vehicle is tethered to prevent actual rollover.) The angle cor-
responding to a static rollover condition is defined as the tilt-table
performance measure. The static rollover condition is reached when,
with no further increase in table angle, the vehicle continues to in-
crease its roll angle unless restrained by a tether.

To meet the indicated requirements, suspension stiffnesses, spring
lash, and tire stiffnesses must be within design bounds representing
good practice.®* If an air-T1ift axle is employed, the test is conducted

. with that axle down. The specification permits only one 1ift axle so

as to minimize the roll-destabilizing effect that prevails when such
axles are "lifted" off the roadway.

It is proposed that the State build and operate a tilt-table de-
vice for use in compliance testing, although it is conceivable that a
tilt-table facility could become available for this purpose through
other means. The tilt-table approach has been selected over the alter-
native of specifying the desired set of suspension and tire character-
istics—an approach that would severely constrain design options and
which would be very difficult to enforce. The proposed tilt-table test
is discussed more fully in Section 8.

*One example of a vehicle design which would provide the speci
fied level of tilt-table performance includes the following suspension
features:

-The tires on each trailer axle are mounted so that the overall
outside width (measured across the tires) is 101-1/2 inches.

-The lateral spread between the centerlines of the springs on
leaf-spring-suspended trailer axles is 44 inches.

-The Teaf spring assemblies exhibit 1/2-inch of free play, or
clearance, in their vertical travel from compression to tension.
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6. Although not explicitly required, trailers able to meet the
tilt-table specification while otherwise employing conventional hardware,

will be 102 inches in nominal width. That is, under special provision

for tankers carrying flammable Tiquids, the maximum width of the tank
and the spread across the outside of the trailer tires will be permitted
to be 102 inches vather than the conventional dimension of 96 inches.

It is appreciated that allowing a 102-inch width dimension for
tank vehicles constitutes a significant change from the status quo, and
that a 102-inch width is authorized in the State currently only under
special permit, Nevertheless, the recommendation is made with the firm
conviction that, for heavy tankers carrying hazardous liquids, improve-
ment in roll stability is the key safety issue. The proposed 102-inch
width accounts for the major portion of the increase achieved in roill
stability and is second only to tank capacity as a vehicle feature
helping to achieve the reduced Tevel of risk afforded by the recommended
vehicles. (In section 2.2.2, the reduction in rollover risks to be
expected with 102-inch wide tankers is examined in comparison to con-
ventional 96-inch wide tankers.)

There is also a considerable body of evidence to show that the
102-inch width dimension introduces no peculiar safety problems of its
own. Extensive study of the question in behalf of the current federal
allowance of 102-inch wide buses on the interstate system showed no
significant hazards associated with the greater width [1]. It should
be noted that all of the provinces of Canada allow 102-inch wide com-
mercial vehicles to operate, although Canadian roads are built to geo-
metric standards that are not essentially different from those in
Michigan.

<Trailer Teaf springs exhibit a stiffness level which averages
10,000 1b/in per spring over the normal compression range and
4,000 Tb/in after traveling through the free play into the
tension range.

«A typical Tine-haul tractor, 96 inches in width, is used for
which the spring rates on the tractor tandem axles average
6,000 1b/in per spring over the normal compression range and
4,000 1b/in after traveling through the free play into the ten-
sion range.

+The leading trailer axle incorporates an air suspension which
provides a roll stiffness level of 118,000 in-1b/deq.

12




7. The recommendation contains no statement regarding tank shell

material, although the higher abrasion resistance and the ability to

withstand the temperatures of a gasoline fire arque strongly for a steel
tank shell over the other likely alternative, aluminum. The draft
i recommendation submitted to outside parties for review did specify steel

as the shell material, but an industry respondent providing feedback on
% thé recommendation pointed out that certain transported fluids having
. a Tow flash point must be delivered in aluminum (6r presumably stainless
steel) vessels for the sake of minimizing the contamination of the
Tiquid.

Further study of the subject of shell material revealed that the
great majority of prospective purchasers of "Advanced Michigan Tankers"
3 would have no economic incentive for choosing the more expensive
4 aluminum construction and thus would naturally opt for steel shells
just as has been the case for the majority of the larger tank trailers
which have been used to transport flammable Tiquids in Michigan in the

past. Thus, it was concluded that a requirement for stee] as the tank

shell material would only serve to hamper certain areas of commerce

while otherwise achieving 1ittle additional safety benefit than would
i occur normally due to the inherent economic incentive to employ steel.

8. A requirement is placed upon the pressure retention capacity
of manhole covers and inspection ports so that these devices will with-
stand the pressure pulse that is produced in a rollover impact. The
primary purpose of this requirement is to prevent the wholesale failure
and dislodging of manhole covers in rollover accidents. Secondarily,
the reguirement assures that the momentary relief action of venting
devices installed on such covers will not be followed by a sustained

leaking of the assembly when the pressure is reduced below the 3 psi
o vent setting. Field survey data and full-scale experiments supporting
the manhole cover specification are presented in Section 5.

9. Regarding the economic significance of the recommendation,
it is expected that the larger capacity vehicles will be highly attrac-
tive for minimizing transport costs. A first-order estimate of the
economic advantage afforded by the Targer tank volumes has been made

13



with the aid of information obtained from one of Michigan's larger
for-hire carriers of petroleum products. Given an estimated .15 cents
per gallon reduction in transportation costs for a 13,200-gallon tank
volume, as opposed to a 9,000-gallon tank volume, the larger vehicle
would yield a net reduction in costs to its operator of approximately
$15,000 per year. This figure is based upon the following specifica-
tions:

0.15 cents per gallon cost reduction in transportation
costs

13,200 gallons transported per trip

3.6 trips per day [2]

210 days of operation per year

. A major tank vehicle manufacturer has estimated that the new
purchase price of the recommended six-axle, 13,200-gallon trailer will
be approximately $30,000 more than the price of conventional ¢,000-
gallon tankers that are manufactured in Targe numbers. Accordingly,
the larger vehicle would pay for itself in a rather short time in com-
parison with the expected 15- to Z20-year life of the trailer.

10. Regarding the energy efficiency of flammable liguids trans-

portation, it is estimated that the approximate ten million gallons of
diesel fuel which are consumed in transporting 5.1 billion gallons of
gasoline in Michigan each year would be reduced markedly by adoption of
a fleet of tankers having the Tlarger recommended capacities in compari-
son to a fleet of 9,000-gallon tankers. The fuel consumption of a
tractor pulling a 13,200-gallon tanker, expressed in gallons of diesel
fuel consumed per gallon of product delivered, is expected to be at
least 20 percent less than the consumption of a suitably sized tractor
pulling a 9,000-gallon tanker.

2.2.2 Safety Considerations. The safety analysis leading to

the proposed recommendation can be summarized as follows:

14




a) The special concern for the safety of tankers transporting
flammable fuels derives from the fire threat.

b} Since rollover is clearly the dominant means by which fires
are produced, an improvement in those vehicle features which infliuence
rollover resistance is central to minimizing the fire threat.

¢) The accident data analyzed in this study show that the rolil-
over of heavy tractor-semitrailers is:

1) overwhelmingly a single-vehicle accident event— '
that s, the combination vehicle roils over without
having impacted any other vehicle, and

2) the incidence of such rollovers is profoundly in-
fluenced by the inherent roll stability of the
vehiclie. Shown in Figure 2.3 is a plot of the per-
cent of single-vehicle accidents in which tractor-
semitrailers roll over versus the rollover threshold
of each vehicle. It has been predicted that the
recommended tanker configurations would experience
from 64 to 72 percent of the rollover frequency (i.e.,
rollovers per accident) of the conventional MC-306
tanker used in most other states to carry gasoline.

d) Since the total number of rollovers in a given year will
depend on the total number of accidents as well as on the Tikelihood of
rollover given an accident, it is important that total exposure be kept
low by minimizing the total vehicle miles being traveied. Vehicle miles
are reduced when Targer capacity tanks are employed. But with Targer
capacities, the tank center of gravity will be Tocated at a greater
height. The four recommended vehicles embody tank capacities and roll-
over thresholds which result in virtually identical estimates in the
total number of rollovers in the fleet per year, as shown in Figure 2.4.%
The data suggest that each of the four vehicles represents very nearly

*That is, if the entire Michigan gasoline transportation mission
was served by a fleet comprised exclusively of the vehicle shown, the
number of rollovers per year would be approximately as indicated.

15



% OF ROLLOVERS IN S\V. ACCIDENTS
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Figure 2.3. Percent of single~vehicle accidents in which rollover occurs

as a function of the vehicle's inherent rollover threshold, in

a's. (This ficure is based upon 21,000 accident cases reported
to the BMCS.)
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EXPECTED NUMBER OF ROLLOVERS IN THE FLEET PER YEAR
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Fiaure 2.4, Total number of rollovers to be expected in one vear
if the entire bulk transportation of gasoline in

0 Michigan were accomplished using a fleet comprised

exclusively of each vehicle type shown.
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the same fire threat as the other, although any one of the four would
yield at least a 48 percent reduction in total rollovers per year com-
pared to the conventional MC-306 tanker, as indicated at the top of the
figure.

As mentioned previously, the 102-inch width of the recommended
tankers accounts for a large portion of the reduction in rollover risk.
Shown in Table 2.2 is the contrast in rollover thresholds and the annual
risk of rollover applying to 96-inch and 102-inch wide versions of each
of the four recommended tankers. We see that the proposed 6 percent
increase in width yields, by itself, a 20 percent reduction in the
incidence of rollover.

e) The total number of accidents of all kinds (i.e., not simply
“rollover accidents) should, of course, be directly reduced by additional
tank capacity since exposure in vehicle miles is virtually the only:
issue. Among the recommended vehicles, for example, the 10,200-gallon
tanker would be expected to yield approximately 30 percent more total
accidents than would the 13,200-gallon vehicle. Thus, although the
16,200~ and 13,200-gallon vehicles yield nearly identical predictions

of total rollovers, the Targer vehicle appears to offer a considerably
higher Tevel of overall safety due to the fewer total number of acci-
dents of any kind.

f) The additional risk posed by the quantity of flammable Tiguid
available for involvement in a single fire is not thought to be signi-
ficant given the alternative vehicle sizes being considered. The
consensus of the fire-fighting community seems to be that the threat
to life posed by large gasoline fires is not dependent upon tank size,
when tank capacity exceeds a few thousand gallons. As stated in the
manual of the National Fire Protection Association (NFPA),

"The danger from a gasoline fire is not in direct pro-
portion to the quantity of gasoline. One thousand
gallons of gasoline released to burn in the street would
be sufficient to kil} everyone trapped in the flames.
Four thousand gallons, while presumably covering a larger
area, would certainly not be expected to cause four times
the number of fatalities. Reasoning on this basis, the

NFPA Standards have not recommended any Timitation on the
maximum size of tank trucks."
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Table 2.2. Comparison of the Rollover Thresholds and Total Annual
RolTover Risks Posed by "Advanced Tankers" of 96-Inch
Versus 102-Inch ¥idth.

ROLLCOVER THRESHOLb,g's EXPECTED NO OF ROLLOVERS/YEAR
SCHEMATIC N —p———
DIAGRAM OF 96" Wide 102" wide §.7° . floe" wide | 102" wide
SEME TRAQLERS Trailer Trailer gl-gécﬁze\féie in Trailer Trailer I % Decregse
_?hreshold
i S .38 415 I 9.2% 5.58 | 4.45 -20%
369 406 10.03% || 5.29 418 -21%
357 394 | 10.36% | 540 | 430 |-20.46%
.355 393 0.7 % 5.16 406 -21.3%




g) The advantages which will accrue from the higher pressure
containment specification for manhole covers appear to be very signi-

ficant. Examination of 33 individual cases of rollover of heavy gasoline
tankers in Michigan reveals that 23 vehicles suffered spillage of pro-
duct, and 13 of the spills occurred due to failure of the manhole cover.

In each of four full-scale rollover tests conducted in HSRI's
study, manhole covers of conventional design were blown completely off
the vehicle. Upgrading such designs to withstand the specified pressure
levels is expected to reduce the incidence of cover failures to simply
that level deriving from improper maintenance. Analysis and experiment
both reveal that the use of a non-failing manhole cover will not lead
to a higher Tikelihood of rupture of the tank shell.

h} In summary, the recommended vehicles, if used exclusively to
transport unpressurized flammable Tiquids in Michigan, would be expected
to yield a total number of rollovers that would be approximately one-half
of the rollovers which would be otherwise expected if conventional

MC-306 tankers having a 9,000-gallon capacity become the common means
for transporting gasoline in the State. The proposed improvements in

the integrity of manhole covers should result in an even greater reduc-
tion in the number of fires. '

2.3 Recommendation for a Proposed Retrofit Rule

It is proposed that a reqgulation be promulgated requiring the
retrofitting of any tank vehicle in Michigan falling under Federal
Regulation MC-306 to assure that manhole and inspection-port covers will
not fail and release product in a rollover. The proposed rule should

incorporate the following statement:

"Devices used to cover manholes and inspection ports must be

shown to be capable of withstanding an internal pressure of at least
50 psi without impairing the product retention capability of the device."

The proposed retrofit requirvement is based upon the observation
that over half of the spillage of flammable product in rollover acci-
dents in Michigan derives from manhole cover failture. HSRI's experi-
ments (see Section 5.2) have shown that the failure which commonly
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occurs is of a most simple type—namely, a clamping band fastening the
cover plate to the tank becomes distorted under the internal pressure
load such that the entire manhole-cover assembly comes off of the
vehicle. ‘A 16- to 20-inch diameter opening in the shell results, such
that the contents of the tank compartment are released within a few
minutes.

One simple retrofit could consist of installing a simple beam
over the manhole cover—hinged at one end by a connection to one of
the rollover-protective rails on the top of the tank, and latched at a
connection attached to the other rail. The vehicle operator could simply
unlatch the beam and swing it up to open the fill cover for top loading.
Another'simp1er possibility might involve the use of a much stronger
'cIamping band in place of the existing bands which hold the manhole
cover to the tank.
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3.0 ACCIDENT DATA ANALYSIS

The methods and results of the accident data analyses which have
been conducted to clarify the problem of tanker accidents are presented
betow in order to predict the accident risks that will be posed by an
advanced type of tanker configuration.

In Section 3.1, a data file compiled by the Michigan Fire Mar-
shall's Office is reviewed with particular attention given to the
incidence of rollover, fuel spillage, and fires. In Section 3.2, an
analysis is presented covering data sorted from the computerized files
of the Bureau of Motor Carrier Safety (BMCS) of the U.S. Department of
‘Transportation. The BMCS file is used to determine a relationship
hetween the involvement of tractor-semitrailers in rollover accidents
and the inherent rollover 1imits exhibited by such vehicles. (The
derived relationship is employed in Section 6.0 to predict the risk of
rollover to be expected if the recommended tankers were to be placed
in general service in Michigan. Rollover is of special interest, since
the incidence of significant amounts of fluid spillage from tank
vehicles derives almost exclusively from rollover events.) In Section
3.3, truck accident data gathered in the State of Michigan are briefly
examined to establish the frequencies with which differing types of
accidents occur involving tractor-semitrailers on each of various road
types. (Theée results are employed in the prediction of tanker risks,
Section 6.0, as a means of accounting for the peculiar accident expo-
sures deriving from Michigan's traffic and Michigan's road system.)
Finally, in Section 3.4, a brief review is presented of a research study
which analyzed the risks posed by the transportation of gasoline in the
Y.S. Insofar as this study involved an examination of the tanker acci-
dent record, it is included here as a very pertinent reference.

3.1 State Fire Marshall Data

A rash of gasoline tanker accidents in 1977 prompted the Fire
Marshall's Office of the Michigan Department of State Police to initiate
a record of accidents and incidents involving tank vehicles hauling
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hazardous cargo in Michigan. The records maintained by the Fire
Marshall's Office include information on the mechanism causing spiliage,
the amount of spillage, cargo type, number of trailers, incidence of
fire, etc. A sample accident report is shown in Figure 3.1. A total

of 130 such accident reports (79 reports for 1978 and 51 for 1979) were
obtained to produce the information tabulated in Appendix A.

0f the 130 tanker accidents tabulated in Appendix A, 21 involve
single-bottom (tractor-semitrai?er) gasoline tankers and 18 involve
double-bottom gasoline tankers. Since only gasoline tanker accidents
are of interest to this study, the discussion below focuses on these 39
single- and double-bottom tanker accident reports.

3.7.1 Gasoline Releases and Fires. Table 3.1 summarizes the

. incidence of gasoline releases and fires for the years 1978 and 1979.
The table indicates that, of the 21 single-bottom accidents reported

to the Fire Marshall's Office, 14 were overturns and 7 were non-
overturn accidents. All of the 14 single-bottom tanker overturns
resulted in the release of at least some quantity of gasoline. The
amount of gasoline released in an overturn ranged from 5 to 13,000
gatlons, with an average of 3,942 gallons. Of the 7 non-overturn
accidents, there was only one significant release of gasoline—a 1,000-
gallon release due to a tank shell rupture during a side-swipe accident.

In the case of double tankers, 13 of the reported accidents
involved an overturn and 5 were non-overturn accidents. Gasoline was
once again released in almost all of the overturns, ranging from 20
gallons to a total cargo loss of 17,000 gallons due to fire. The re-
leases due to double tanker overturns averaged 5,408 gallons, which is
about 1,500 gallons higher than the average for the single-bottom
tankers. No gasoline was released during the 5 non-overturn accidents
involving double tankers.

There were a total of 8 fires involving gasoline cargos, of which
3 involved tractor-semitrailers and 5 were connected with double tankers.
A1 fires were as a result of an overturn accident. The data therefore
indicate that 21 percent of all single-bottom tanker overturns resulted
in a fire, while about 38 percent of all double-bottom tanker overturns
resulted in a fire.




=49
XFua-56 (4-78) HAZARDOUS MATERIALS SECTION S ) T®
TRANSPORTATION UNIT I

P ACCIDENT/ INCIDENT REPORT =
;g Accident XX Incident Other Product gasoline & fuel oil

. Snill_ X Leak Amount 337 sol. gasolirfSre no Explosion no

T Date 1-17-79 Time 10:20 am County. Is?zbeila Otvy/Twp Rolland

St./Hwy on Blanchard Rd. 3/10 mi, east of Rolland Rd. Blanchard ray hzave shut one lane
to Uprigat fdaker — 1 hr?

4 Veh. Type: D.T._ _, S.B,XXXX D.B. Other Weather saow covered rvads
’ Veh. OQuner Address
1?} Driver Address
] D.0.8, 2-23-40  priving Exp. Truck 15 F.e. T Other
g tnjuries: Name ° None Address
; Name Address
- Name ) : Address
;ﬁuw 1. Tr/Del.Year __MHake P.I.N.
Date Last lnsp. Cap L H Load
‘ C2.8.T.  Year 198087/ Make Custom P.1.M. 3129010008
' . 1,000 fuel oil
Date Last Insp. $10-18=78 C€ap6,000 L >4 - H Load 1,500 zasoline
2. TRL Year Make P.ILN. '
| Date Last Iasp. Cap L H Load

Accident/lncident Remarks:

Vehicle travelling west oh Blanchaxd. Briver sieered to risht to avoid parked cars

} on laft side of xasx road. Road narvowed due to snow drifis. Front tracter 4ire

ran off road feollowed by semi-trailer causing tank to ovefturn onto sida in snew bank

Back compartment filled w/gasoline. Fuel 0il divided betueen 3 compartmantss

CAYSE: Pressure of gasoline on dome covers cused leak pagt cagsket, Mo fuel 0il leak,

CAUSE: Reod conditions & driver gctions,

| Fire Safety Violations: Joue coniributin: to cavne, ¥No on-the-scepe irmspeciion,

Ivdro-siatic tont of mewaprtosinsg comparisonts reanaghed

Arrest: Name None Charge a D
Reinspected By; \KD
lnvestigated By:D/3st Avlher B, Nash Jr. v

X Figure 3.1. Sample of accident reports maintained by the
. : Fire Marshall's Office.
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SUMMARY OF ACCIDENTS INVOLVING GASOLINE TANKERS IN 1978 & 1979

Table 3.1

FREEWAYS HIGHWAYS OTHER ROADS fOTAL
Single Bottoms |Rural | Urbon | Rural jUrban |Rural  |Urban
TOTAL NUMBER
OF ACCIDENTS 3 5 3 3 3 4 2l
2o (ACCIOENTS | 3 2 2 3 3 14
=
58 JRELEASE  QTY. ~ |s0c0, 13000, |800 100, 337, | 2555
%g (galions) 5 BO00,200{ 8000 | 8200 1000 onitown
3 |AVERAGE RELEASE] . 5 | 5733 | 10500 4500 479 | >868 | 3942
CARGO FIRES 0 | i | 0 0 3
) o
2w (NON OVERTURNING
§j§ ACCIDENTS z 2 t ! 0 ! 7
= . .
LS (RELEASES 0,30 | 0,1000 0 0 0 0
83 |AVERAGE RELEASE| 15 500 0 0 0 0
2 (CARGO FIRES 0 0 0 0 0 0 0
Double Bottoms
TOTAL NUMBER
OF ACCIDENTS 6 2 7 0 |18
VERTURNING
@y |ACCIDENTS 5 0 6 0 2 0 13
£% IRELEASE QTY.  13300,I000 100, 20, 30
4] ¥
£3{(gallons) 5800, 5500,11600 17000
2o unknown, 4000,
&< 4500 2050
AVERAGE RELEASE] »4920 3878 8515 5408
\CARGO FIRES 2 2 | 5
[=d
En(NONOVERTURNING | | | |
SE) ACCIDENTS
2 JRELEASES o 0 0 0 0 0 0_
2& \CARGO FIRES 0 0 0 0 0 0 0
=
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3.1.2 Locations of Gasoline Releases and Fires. Gasoline

tanker accidents in Michigan are aggregated by roadway category (viz.,
freeways, highways, and other roads) in Tabie 3.1. Based on the popu-
Tation of the city or township in which the accident occurred, the
accidents are further classified into rural and urban accidents.

The data indicate that single-bottom tankers were involved in more
" overturns in urban areas than rural. Eight out of the 14 single-bottom
tanker overturns were in urban areas. By contrast, none of the 13
double tanker rollovers were in urban areas. This difference in urban/
rural rollover incidence distribution for these tankers can be explained
by the fact that restrictions on the usage of double tankers has Timited
their use mainly to gasoline distribution in rural areas. The pattern
of gasoline releases and fires follow those of overturns. Only 2 out

of the 8 gasoline tanker fires took place in urban areas.

3.1.3 Cause of Tanker Overturns. The comments in the tanker

accident reports were studied with the aim of determining the nature of
the accidents which Ted to a tanker overturn. Table 3.2 classifies

the single and double tanker overturns into single-vehicle accidents,
collisions at right angles, frontal collisions in which the rear-end

of a vehicle other than the tanker is impacted, head-on and side-swipe
coltisions. The data show that for both single and double tanker
accidents, single-vehicle accidents are the major cause of averturns.
Twenty-two out of the 27 rollovers (or 81 percent) occurred in single-
vehicle accidents. With respect to collision events, frontal collisions
are seen to cause the greatest number of overturns.

3.2 BMCS Data Findings

Rollover incidence data from the BMCS accident data file will be
utilized below to establish a relationship between the rollover threshold
of commercial vehicles and their rollover involvement. Such a relation-
ship constitutes the key data resource for predicting the effects of
various design changes on the rollover involvement of tank vehicles.
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Table 3.2. GASOLINE TURNS [N_1
géEmﬁ?éfE Coll Fi e TOTAL
Hi oliision gt rontal ' : .
Right Angle| Collision Head on | Sideswipe

1978

SINGLE BOTTOM 4 O I O 0 5
DOUBLE BOTTOM 8 O i O | 1O
TOTAL 12 O 2 O I 15
1579

SINGLE BOTTOM 7 I f 0 0 g
COUBLE BOTTOM 3 O O O 0 3
TOTAL 10 5 | Q 12
1978 AND 1979 59 | 3 o | 57

COMBINED

81 % of roliovers due fo single vehicle accidents
9% due to accidents involving collisions with other vehicles




3.2.1 Features of the BMCS Data File. The Bureau of Motor
Carrier Safety accident file is a compilation of truck accident data
reported to the Bureau by the commercial motor carriers. The BMCS
data, though restricted mainly to interstate motor carrier accidents,
contains about 30 to 50 percent of all major truck accidents which occur
each year in the United States. An accident is considered reportable
to BMCS if the accident resulted in:

1) a fatality,

2} bodily injury to a person who, as a result, received
medical treatment away from the scene of the accident, or

3} total damage to property in excess of $2000.

The BMCS data file is one of the few accident data files which
contain a detailed description of the trucks which are involved in
accidents. Information pertaining to vehicie body type, commodity
carried, number of axles on tractor, number of axles on the traiier,
gross vehicle weight, etc., can be easily extracted from the data file.
With regard to the use of the BMCS data for the purpose of analyzing
the overturn rates of trucks, the main shortcoming is that those over-
turns which involve a collision of the truck with another vehicle are
not identifiable in the data. The overturn incidents that can be
analyzed using the BMCS data are therefore restricted only to those
occurring in single-vehicle accidents. Nevertheless, other data sources
have been utilized to establish that, of all rollovers of heavy tractor-
semitrailers, approximately 80 percent occur in single-vehicle accidents.
Accordingly, analysis of rollover relationships using BMCS data can be
tooked upon as addressing the dominant portion of the heavy truck
rollover probiem.

3.2.2 Derivation of a Relationship Between Rollover Threshold
and Rollover Accident Involvement. In order to utilize the BMCS data
file as a source of accident data illustrating a relationship between
vehicle configuration and rollover involvement, the following method
was employed:
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1. A vehicle type was selected whose rollover threshold
could be reasonably approximated, given the gross
weight.

2. The BMCS file was sorted to identify the occurrence of
rollover at each nominal level of gross weight for all
vehicles of the selected type.

3. A scheme was determined for locating the nominal height
at which the center of gravity of the payload would be
placed in simulating the rollover performance of the
selected type of vehicle. Using this c.g. height, then,
the roliover threshold of the selected vehicle was cal-
culated for‘each level of gross vehicle weight which had
been covered in the BMCS file. The data were then plotted,
illustrating the relationship between the steady rollover
threshold and the percentage of rollovers actually
occurring in single-vehicle accidents.

Taking each of these steps in turn, the method will be presented
in the following discussion.

Selected Vehicle

The selected vehicle was the three-axle tractor, two-axle van- -
body semitrailer configuration. This vehicle type was seen as parti-
cularly suited for a rather generalized evaluation of rollover thresholds
not only because it is, by far, the single most prevalent heavy combina-
tion vehicle in the U.S., but also because there is a high degree of
uniformity in design parameters among vehicles in this category. Data
compiled by the Truck Trailer Manufacturers Association [3], for
example, shows that of a sampling of van-type semitrailers produced in
model year 1978:

100 percent were, of course, 96 inches in outside width

99 percent were between 12 feet 6 inches and 14 feet in
overall height (of these, 64 percent fell within the
most popular range of heights, 13 feet to 13 feet
6 inches)
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91 percent were between 40 feet and 47 feet in overaill
length,

Additionally, it is known that the vast majority of these trailers
employ four-spring type tandem suspensions for which representative
spring stiffness data are available.

Because of the uniformity of design geometry, it is possible to
make rather reliable estimates of certain average vehicle parameters
influencing rollover threshold. Additionally, van semitrailers are
most typically loaded to near their cubic capacity, making estimation
of payload c.g. height feasible.

The tractor/van semitrailer combination was also attractive for
“the special purposes of this study since the nominal trailer lengths,
suspension and tire characteristics, and even tractor-related properties
are the same as those which would be found in tanker-semitrailer com-
binations having similar gross weight ratings.

The Sorted BMCS Fite

The BMCS file was found to contain the following number of total
accidents involving three-axle tractors coupled to two-axle van-type
semitrailers:

Reporting Year Total No. of Accidents
1976 0134
1977 6633
1978 8353

The number of single-vehicle rollovers, single-vehicle accidents
(of all types), and the percentage of single-vehicle accidents involving
rolTover are Tisted in Table 3.3 for each of the three reporting years
and for each 2500-1b increment in gross vehicle weight. In this table
we see a remarkably consistent increase in the percent rollover involve-
ment with gross vehicle weight over all three years of the data record.
At the top of the table are the data entries for empty or virtually
empty vehicles, showing on the order of a 2-percent involvement in
rollovers among single-vehicle accidents. At the bottom of the table
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Table 3.3. MNumber of Single-Vehicle Overturns, Single-Vehicle Acciden’és, and the Percentage of SingTe-Vehicle
Accidents Involving Rolltover for the Years 1976, 1977, and 1978.

From BMCS Data File.

1977 1978 Total
No. of % of No. of % of No. of % of No. of % of
GVW No. of Sy 07 in No. of Sy 0T 1in No. of sy 0T in No. of SV 0T in
(Thous. ibs) 0T Accid. SV Accid. 0T Accid. SV Accid. 0T Accid. SV Accid. 0T Accid, SV Accid.,
27.5 - 30 2 130 1.5 3 132 2.3 3 154 1.9 8 423 1.9
30 - 32.5 3 7g 3.8 6 92 6.5 6 138 4.3 15 309 4.8
32.5 - 35 1 55 7.8 3 70 4.3 6 89 6.7 10 214 4.7
35 - 37.5 1 34 " 2.9 3 42 7.1 7 65 10.8 11 147 7.8
37.5 - 40 5 55 2. 5 67 7.5 6 80 7.5 16 202 7.9
40 ~ 42.5 5 50 10 5 a7 10.6 7 51 13.7 i7 148 11.5
42.5 - 45 3 59 5.1 8 60 13.3 10 68 14.7 21 187 11.2
45 - 47.5 2 42 4.8 6 55 10.9 18 78 23.1 26 175 14.9
47.5 - 50 8 59 13.6 12 82 14.6 13 92 14.1 33 233 14.2
50 - 52.5 7 57 12.3 11 65 16.9 14 78 17.9 32 200 16.0
2.5 - 55 11 56 19.6 18 g0 22.5 22 5 23.2 51 231 22.1
55 - 57.5 9 &1 14.8 15 81 18.5 s 95 23.2 46 237 19.4
57.5 - 60 g 64 14.1 27 89 30.3 35 126 27.8 71 279 25.5
60 - 672.5 12 60 20 21 75 28.0 27 79 34.2 60 214 28.0
62.5 - 65 3 127 24.4 23 87 26.4 45 143 31.5 99 357 27.7
65 - 67.5 25 106 23.6 36 116 31.0 43 60 Z6.9 104 382 27.2
67.5 - 70 a6 202 22.8 97 269 36.1 126 327 38.5 269 798 33.7
70 - 72.5 64 230 27.8 93 296 31.4 121 387 31.3 278 913 30.5
72.5 - 75 39 155 25.2 70 220 31.8 106 295 35.9 215 570 32.1
75 - 77.5 9 30 30 17 a0 42.5 20 60 33.3 46 130 35.4
77.5 - 8O 9 Z21 42.9 18 45 40 23 68 33.8 50 134 37.3




are data representing vehicles running at the maximum Tevels of gross
weight allowed in most states, showing an approximate 37 percent inci-
dence of rollovers among single-vehicle accidents.

Location of Vehicle Center of Gravity Height

The three-axle tractor and two-axle van semitrailer combination
was represented in the analysis of rollover thresholds by means of the
characterizing parameters shown in Figure 3.2. The figure shows vaiues'
of sprung and unsprung weights which correspond to typical vehicles as-
well as heights of placement of the mass centers of each vehicle element.
- The placement of payload c.g. height in the trailer, however, is a
crucial parameter which can vary over a substantial range of values. If
a very dense material was loaded onto the trailer floor, for exampie,
the payload c.g. would be located at 55 to 60 inches above the ground.
On the other hand, if the trailer's cubic capacity was filled with a
homogenous type of freight, the payload c.g. height would be at about
110 inches. For commonty mixed loads, even though the cubic capacity of
the trailer may be filled, the payload c¢.g. is lowered by placing the
denser freight on the bottom of the load.

Shown in Figure 3.3 is a plot of the rollover threshold of the
tractor-van semitrailer combination versus gross vehicle weight for four
different values of payload c.g. height. (The static roll plane model
described in Section 4.1.3 was employed for generating the indicated
curves.} It was desired that one such curve be selected for use, repre-
senting an average payload c¢.g. height with which to match rollover
thresholds to the BMCS accident data.

The selection of the "appropriate" payload c.g. héight was made
by noting that one type of tractor-semitrailer represented in the BMCS
file was of such a nature that its payload c.g. height and overall roli-
over threshold could be rather closely estimated. This vehicle was the
three-axle tractor/two-axle semitrailer employing a tank for transporting
hazardous 1iquids in bulk. 1In the fully loaded state (75,000 tc 80,000
1b gross weight), this vehicle type shows 165 single-vehicle accidents
over the years 1976, 1977, and 1978 in the BMCS file. Of these, 84
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accidents (or 50.9 percent) involved rollover. This vehicle category
is predominantly represented by petroleum and chemical tankers, all of
which employ tank c.g. heights which fall within a narrow range of one
another.

When such vehicles are operated in their fully loaded state, such
that no fluid sloshing is present, their behavior characteristics will
be virtually identical to those of the tractor-van semitrailer combina-
tion having the same rollover threshold. We assume, then, that such tank
vehicles, being also involved in an interstate commerce type of appiica-
tion, should be experiencing rollovers at a rate which agrees with the
pattern of rollover involvement of the tractor-van semitrailers in the
BMCS file. Placing the rollover accident rate and computed rollover
threshold value for the fully ltoaded tank vehicie on the plot of Figure
3.4, a selection was then made of that value of average payload c.g.
height which gives the best extrapolated fit of the van trailer data to
the tank trailer data point.

The analysis shows that the very tightly grouped van trailer data
fall in 1ine with the single tank trailer data point when a value of 80
inches is used for the average height of the payload ¢.g. in the three-
axle tractor/two-axlie van semitrailer combination. Further, we observe
that this answer is a most reasonable one given that most van trailer
loads are such that the trailer's full cubic capacity is utilized, but a
Targe fraction of transport work done by the common carriers involves
mixed Toads which pull down the ¢.g. beiow the level achieved with homo-
genous freight. Additionally, the substantial fraction of transport
miles covered by trailers with less than full cube loading also tends
to moderate the payload c.g. height.

Figure 3.4 reveals that the dependence of rollover accident
involvement upon the vehicle's rollover threshold, as loaded, is not only
a monotonic relationship, but also iTlustrates, as averaged, a remarkably
tight pattern of data. Most notably, we see that the relationship
becomes very steep at the lower range of rollover threshold. We suggest
that such a steep sensitivity is to be expected since the lowering of
rollover threshold into this range brings the vehicle's per?ormance Timit
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into near proximity with normal levels of maneuvering acceleration. If
a vehicle with a 0.1 g rollover threshold were driven normally, for
example, it would be expected to suffer rollover every few miles (or in
100 percent of its single-vehicle accidents).

One question that was posed regarding the general applicability |
of the relationship shown in Figure 3.4 involved the matter of the pre-
dominance of travel on interstate-quality roads represented in the BMCS
file. Since the BMCS has jurisdiction over interstate carriers only, a
large fraction of the accidents represented in the file occurred on
interstate and other divided highways for which the off-highway environ-
ment appears conspicuously less threatening to rollover than is the case
for the typical design of non-divided highways.

In examining this question, we had hypothesized that divided,
ﬁnterstate—quality roads would show a more consistent sensitivity of
rollover involvement to the level of the vehicle's rollover threshold
since the roadside typically involves gradual slopes on shoulder and
berm areas, thus permitting the generation of medium level lateral
accelerations instead of the harsh "tripping" kinds of accelerations
which might derive from the less "groomed" roadside features-of un-
divided highways. "Tripping" accelerations would roll over virtually all
vehicles, it was reasoned, while a more moderate distribution of accelera-
tion conditions would tend to produce rollovers in relation to each
vehicle's inherent rollover threshold., Thus, another screening of the
BMCS file was done to produce a comparison of the rollover involvement
versus rollover threshold relationships obtained for the selected
tractor-semitrailer on divided and undivided highways, individually.

As shown in Figure 3.5, no major distinctions can be made between the

data applying to the two roadway types. Accordingly, it would seem that
the rollover involvement/rolliover threshold relationship is a rather basic
characteristic which appiies as a general predictor for vehicles of the
generic type selected.

Moreover, the plot shown previously in Figure 3.4 has been employed
in this study as a basis for predicting, in Section 6, the rollover risks
posed by each of the recommended Advanced Michigan Tankers.
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3.3  Michigan File

Michigan truck accident data for 1978 were examined to identify
the types of collisions involving tractor-semitrailers. For the pur-

poses of this analysis, truck accidents have been classified into six
basic categories, namely:

1) single vehicle
2) head on

3 rear end

)
4} side swipe
5) two vehicles colliding at an angle

6) muyltipie vehicle

We observe that the fraction of accidents which fall into each
category is dependent on the type of roadway on which the accident
occurs and the density of the traffic. Thus, the data revealing accident
types have been divided according to roadway type and population density
of the region of the accidents. Three types of roadways wevre considered,
namely: {1) freeways, (2) U.S. and Michigan highways, and (3) county
roads and city streets. Histograms depicting the fractional distribution
of the type of collisions that occur on each of the three roadway types
are shown in Figures 3.6, 3.7, and 3.8, respectively. ' In each figure,

the fractional distributions of accident type are given for two popula-
tion zones—populations of less than 5,000, which are considered to
represent rural areas, and populations greater than 5,000, which are
considered to represent an urban traffic environment.

From the point of view of tanker overturns, the accidents of greatest
interest are the single-vehicle accidents. The highest percentage of
single-vehicle accidents are seen to occur on rural freeways. Urbanized

areas, conversely, show consistently Tower levels of single-vehicle
accidents.

The iTlustrated breakdown of accident data are employed in Section
6.4 for determining the overturn rates of candidate gasoline tanker con-
figurations, given an estimate of the tanker miles traveled on the various
respective road types and population zones.
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3.4  Review of a Study of Gasoline Transportation Risks

A comprehensive study of the risk of transporting gasoline by truck
[4] was conducted by the Battelle Pacific Northwest Laboratory in 1978.
This research will be briefly reviewed here insofar as it represents the
most recent and relevant precursor to the study being reported. In the
reference work, fatalities were used as the measure of the risk involved
in transporting gasoline.

A two-stage risk model was used for evaluating risk. The first
step involved the use of an elaborate "fault tree analysis" for the
identification and calculation of the probabilities of each of the various
mechanisms by which gasoline could be released into the environment. In
the second step, the consequences of the release {in terms of fatalities)
were evaluated using a gasoline dispersal and fire spread model. The
population density and the weather pattern at the accident site were
factored into the model of the environment. Risk was displayed using a
"Risk Spectrum" which is a plot of the expected frequency of accidents
(accidents/year) as a function of the number of fatalities which result
from such accidents.

The risk analysis revealed that, in the year 1980, 55 fatalities
should be expected nationwide from accidents involving gasoline trucks.
Twenty-nine of these fatalities were expected to be as a direct result of
the release of gasoline, and the rest from accident forces which are
independent of the hazardous nature of the cargo. The probability of the
occurrence of individual accidents which result in large numbers of
fatalities was found to be retatively Tow. For example, accidents which
result in 10 or more fatalities were expected to occur in the U.S. only
once in about 45 years. In the following paragraphs, the gasoline
"Release Mechanisms” and the "consequences of gasoline release" which
were analyzed in the Battelle study will be briefly described.

3.4.1 Release MgchaniSms, Several mechanisms by which accident

forces can fail the integrity of a gasoline tank were identified in the
study. A Togical analysis of the sequence of events which lead to the
failure of the tank was conducted using a fault tree analysis. Failure
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mechanisms which result in the release of a significant amount of gasoline
are 1isted in Table 3.4. The fraction of the payload which is released
into the environment and the probability of release (given that an acci-
dent has occurred) are listed in the table for each of the failure
mechanisms.

The probability values Tisted indicate that failure of tank walls
due to puncture, abrasion, and impact account for more than 89 percent
of the significant releases of gasoline. According to the Battelle study,
refease of gasoline through a failed manhole cover accounts for only 2
percent of all the gasoline releases that take place. Release of gasoline

through a manhele cover was assumed to occur either due to: (1) a failure

of the gasket material upon being exposed to a gasoiine pool fire, or
e (2) due.to normal deterioration, or {3) due to faults in assembly or
A manufacturing of the manhole cover.

(Analysis of gasoline tanker accidents in Michigan has revealed

fﬁﬂ- that manhole covers fail much more frequently than has been indicated in
the Battelle study. Experiments, conducted as part of this study (see
Section 4.3) have also shown that the internal pressure surge that occurs
at the moment of impact in a tanker rollover can cause conventional
manhole covers to be completely blown off even when in their "brand new"
state. Thus, we are unable to reconcile the Michigan tanker accident

E experience and the confirming experiments with the data concerning tank
failure mechanisms which were reported in Reference {4].)

,j 3.4.2 Consequences of a Gasoline Release. In the Battelle study,

the consequences of a gasoline release were divided into four categories, :
e each of whose risks were evaluated independently. The total risk posed ?
| by release of gasoline was then determined by summing up the risks posed
by each of these consequences. E

The consequences that were studied covered the following scenarios:

1) A gasoline pool is formed by the release of gasoline. The
pool catches fire and poses a danger to the vehicle occupant.

VE 2) The gasoline pool fire causes secondary fires in adjacent
buildings thereby posing a danger to the occupants of the
building.
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Table 3.4. Probability of Release and Release Fractions
for Gasoline Tank Truck Failures.

Release Mechanism

Release Fraction

Probability of Release
During an Accident

Failure of Tank Walls

Due to Puncture 0.5 0.025

" Failure of Tank Walls
Due to Pressure 0.5 0. 0000000092
Failure of Tank Walls
Due to Abrasion 1.0 0.01042
Failure of Tank Walls 0.5 0.1157
Due to Impact 1.0 0.1157
Failure of Tank Walls
Due to Fire 1.0 0.00016
Release from Faulty
Pressure Relief Valve .35 0.00278
Failure of Relief Valve
Due to Pressure 0.35 0.0007752
Failure of CQutlet
Valve Due to Five 1.0 0.0016133
Failure of OQutlet U 0.5 0.0004664
Valve from Other Causes 0T*  0.35 0.0001166
Failure of Manhole
Covers Due to Fire 1.0 0.00048
Failure of Manhole Covers
From Other Causes 0.35 0.00086

*U - Upright, 0T - Overturned
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3) The gasoline tanker explodes and kills the occupants of
alt the vehicles involved in the accident.

4) The gasoline tanker explodes in an urban area and kills
the occupants of buildings adjacent to the accident scene.

The estimated probabilities for the fatalities that can result
% from each of the four consequences are plotted in Figure 3.9. 1In this-
B ' figure, the number of fatalities, n, per accident is plotted on the
abscissa and the expected number of accidents per year in which n or
more fatalities occur is plotted on the ordinate. An inspection of these
5 risk predictions reveals that most of the accidents which result in oné V
or two deaths are attributable to the first consequence, namely: death
of vehicle occupants due to pool fires. Larger conseguence accidents,
which résu]f in more than five fatalities, are mostly due to conseqguence
four, which involves deaths in adjacent buildings due to explosion.

The contribution of consequences 2 and 3 to the overall risk of
transporting gasoline can be seen to be negligible.

Moreover, the cited study served to provide a broad review of the
various elements contributing to the risks of transporting gasoline by
If truck. Insofar as various aspects of the study's data and results did
- not agree with the Michigan tanker accident experience, however, we have
5% taken another, simpler, approach to predicting risks for the recommended
. Advanced Michigan Tanker.
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4.0 ANALYSIS OF THE DYNAMIC BEHAVIOR OF
CANDIDATE VEHICLE CONFIGURATIONS

The principle task of the study involved mathematically-based
analyses of the static and dynamic performance characteristics of can-
didate tank vehicle configurations. On the basis of performance charac-
teristics, the Tist of vehicle types under consideration was reduced to
the four configurations which have been recommended. The analysis task
addressed three principle subjects, namely:

1) analysis of the yaw and roll behavior of a comprehensive
set of candidate vehicles (presented in Section 4.1),

2} an examination of the sensitivity of vehicle roll
stability to a number of basic design parameters which
are common to virtually any configuration of tank vehicle
{in Section 4.2),‘and

3) analysis of the influence of a sloshing liquid ]oad on
the roll stabitity of partially-Toaded tankers (in Section
4.3).

4.1  Analysis of the Yaw and Roll Behavior of Candidate Vehicle
Configurations

A set of candidate vehicles was selected and subsequently screened
on the basis of yaw and roll performance measures which were defined.
The assembly of parameter sets describing each of the candidate vehicles
is presented in Section 4.1.1. In the following subsections, the can-
didate vehicles are evaluated on the basis of both static and dynamfc
response characteristics using various computerized simulation techniques.
As each category of performance is discussed, the deficiencies associated
with various vehicle configurations are cited, establishing the basis for
later reduction of the "candidate” 1ist to only those vehicles offering
high Tevels of performance in all categories.

4.1.1 Candidate Vehicle Configurations. The vehicles evaluated
in this study can be classified within two basic groups: (1) tractor-semitrailers

and (2) double tankers of the tractor-semitrailer-semitrailer type
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(hereinafter referred to as the TSS configuration). Conventional
doubles combinations equipped with a dolly and pintle hook type connec-
tion for the full trailer were ruled out since a preliminary analysis,
as well as the experience gained from the Michigan double tanker study
(2], indicated that the relatively short type of conventional double
cannot achieve dynamic rollover immunity qualities which are comparable
to those of either the tractor-semitrailer or the TSS configurations.

Schematic diagrams of the candidate tractor-semitrailer combina-
tions are shown in Table 4.1. The vehicles shown in the table range in
capacity from 8,090 gallons for a two-axle semitrailer to 16,150 gallons
for an eight-axle arrangement. The tank length was limited to 45 feet
in these designs. The location and 1oading pattern for the axles were
configured to meet the existing Michigan laws.

The TSS combinations were configured in both the 59-foot and 65-
foot overall length versions, both of which are permitted by the existing
Michigan law. (The latter 1is currently being permitted only on specially
designated highways.) The TSS configurations are shown in Table 4.2,

It was necessary to make several assumptions in the process of
arriving at the final design of each of these vehicle configurations.
Each assumption and the corresponding rationale will be discussed below.

Length and Wheelbase Considerations

One straightforward means of lowering the c.g. height of a tanker
vehicle is by increasing its length. The tank length is limited by two
constraints—(1) an overall length 1imit posed by road-use laws and
(2) Tow-speed offtracking considerations which 1imit the wheelbase and
hence the overall length of the tank.

Michigan's road-use laws 1imit the length of the semitrailer por-
tion of a tractor-semitrailer combination to 45 feet.

A second Tength constraint derived from the position that the low-
speed offtracking performance of the candidate tractor-semitrailer lay-
outs would be equal to or better than that of a typical 8,800-gallon
capacity tanker (which meets the MC306 specifications). By this latter
constraint, semitrailer wheelbases were kept within 406 inches. (Trailer
wheelbase is defined as the longitudinal distance from the fifth wheel
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Candidate Tractor/Semitrailer Combinations

TABLE 4.1

4 | SCHEMATIC LOADED EMPTY PAYLOAD

DIAGRAM WEIGHT (Ibs)| WEIGHT (bs) | CAPACITY (gal)
| 78000 28670 8090
2a 85000 31750 8730
2b 100000 33920 10830
3a 98000 35720 10210
3b 103000 36420 10915
4q 111000 39570 11700
4b 116000 40360 12400
5a 124000 43600 13180
5b | lo -85 ~5—oss0s | 129000 44330 13880
4 32 18 . 65

6 137000 47510 14670
7 150000 51490 16150

¥Load carried by the axle sefs in the units of thousands of pounds.
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Candidate Tractor/Semitrailer/Semitrailer Combinations

TABLE 4.2
PAYLOAD CAPACITY
¥ | SCHEMATIC DIAGRAM WEIGHT WEIGHT
{bs) (Ibs) %%%I'LER iEEgEILER TOTAL
59' OVERALL LENGTH
T | _
3 26 104 Q00 32160 62601 4370 {10630
L7 000 43190 | 6260 | 5840 |12100
124 000 44080} 8730 | 4370 {13100
130 000 47100 | 6260 | 7330 | 13590
65' OVERALL LENGTH
(17 000 43190 | 6260 | 5840 (12100
124 000 44090 | 8730 | 4370 | 13100
130000 47100 | 6260 | 7330 | 13590
137000 48120 | 8730 | 5840 | 14570
150000 52030 | 8730 | 7330 {16060
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to the midpoint of the semitrailer axles.) For semitrailers equipped
with more than two axles, the axles were configured such that the wheel-
base would be less than or equal to 406 inches (see Fig. 4.1), even

when the foremost semitrailer axle was considered to be lifted up, as
with an air-1ift, air-suspended axle.

The tank lengths on the first three semitrailer layouts (#1-#2b)
were limited by the wheelbase constraint, while the tank length of the
last eight configurations (#3a-#7) were limited by the overall length
Timit of 45 feet.

A1l of the candidate TSS configurations had low-speed offtracking
qualities which were superior to the 8,800-gallon MC306 tanker. The
59-foot and 65-foot versions of the double tankers were therefore laid
'out by making full use of their respective overall length Timits.

Tank Cross-Section Gebmetry

Improvements in rollover threshold can be achieved by utilizing
tank cross-sectional profiles which Tower the overall height of the
vehicle. The tank cross-section which was used for calculating the
cross-sectional area and c.g. heights of the candidate vehicles is shown
in Figure 4,2. The radius of the tank shell was set at 89 inches for
the top, bottom and the sides. The blend radius was assumed to be 15
inches. A more complete discussion of tank cross-section geometry is
incTuded in Section 4.2.1. A computer program which was developed for
the purpose of computing tank cross-sectional areas and axle layouts
of the tankers is described in Appendix E.

Tank Shell Material and Empty Vehicle Weight

The tank shell was assumed to be 10-gauge HSLA (high strength,
Tow alloy) steel. Based on data describing several steel tanks manu-
factured by thé Fruehauf Corporation, the sheil was estimated to Weigh
0.98 pounds per gallon of shell volume. Fach trailer axle was assumed
to weigh 1500 Tb. The combined weight of the under-construction and
suspension springs was estimated to be 900 1b/axle.
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Arrangement for Connecting the Semitrailers of the TSS Configurations

For TSS configurations, the dolly and pintle hook arrangement of
conventional-style doubles is replaced by an arrangement which is shown
in Figure 4.3. As seen in the figure, a shelf-Tike element is fastened
to the lead semitrailer and is constrained to pitch about the axis A-A
with respect to this semitrailer. A conventional fifth wheel is mounted
on this element and is connected to the second semitrailer. The static
vertical load acting on this fifth wheel arrangement is carried com-
pletely by the axles under the shelf, such that no vertical Toad is
transmitted to the first semitrailer through the hinge AA.

Since the hinge connection between the first semitrailer and the
shelf 1is virtually rigid in both roll and yaw, the shelf element is con-
sidered to be an integral portion of the semitrailer, as represented in
‘a,yaw/ro1] simulation mode} to be discussed Tater.

Tank Bottom Height

The bottom height of the tank is limited by (1) the height of the
fifth wheel arrangement at the front of the trailer and (2) the height
of the chassis at the rear.

Tractor fifth wheel height is typically around 50 inches above
ground Tevel. If a height of 6 inches is allowed for the structural
members which are mounted at the bottom of the tank shell, the overall
height of the tank bottom would be limited to 56 inches in the vicinity
of the tractor fifth wheel. The bottom of the tank at the rear of the
semitrailer was taken to be a minimum of 46-1/2 inches, on the basis of
liaison with tank industry sources.

As shown in Figure 4.4, the bottom of the tank must be sloped
stightly to the rear if the contents of the tanks are to be easily
drained by gravity. In keeping with common industry practice, a slope
of 5 inches over the entire length of the tank was assumed for the
candidate vehicles. Maximum lowering of the tank center of gravity was
achieved, given the various constraints, by use of a 4-1/2-inch drop
section aft of the fifth wheel coupler area.
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In the case of the second semitrailer of the TSS configurations,
a height of 54 inches above ground Tevel was assumed for the fifth wheel
plate and a bottom height of 60 inches above ground Tevel for the front
end of the tank shell. The bottom of the second semitrailer is assumed
to drop to a height of 46-1/2 inches at the rear end. The side view of
a 7SS confiquration is shown in Figure 4.5.

Dished Ends

A1l calculations were performed assuming that a uniform tank cross-
section exists over each portion of the tank having a given section
height. The presence of dished or contoured heads at the front and rear
of the tank, however, serve to reduce the effective cross-sectional area
at each end. This loss in shell volume was accounted for in the cal-
“cutation of shell volume by simply subtracting 9 inches from the nominal
length of the tank on each end.

Fifth Wheel Loads and Axle Loads - Tractor-Semitrailer

The tractor fifth wheel Toad for the tractor-semitrailer configura-
tion was set at 31,000 Ths. Assuming a total tractor weight of 15,000
1bs, the Toaded tractor-semitrailer produced a 14,000-1b axle load on
the tractor front axle and 32,000 Tbs on the tractor rear tandem. See
Figure 4.6.

The semitrailer axles, which are assumed to be spaced 44 inches
apart {(in the Tongitudinal direction), are loaded to 13,000 1bs each,
while the "spread" axles are located 108 inches apart and are loaded to
18,000 1bs.

Tractor-Semitraiier-Semitrailer Confiqurations

Four of the TSS configurations (#IIb, #IVb, #VI, #VI1) were
designed‘with a three-axle set (Joaded to 39,000 1bs) on the first semi-
trailer. These configurations were assumed to carry a tractor fifth
wheel Toad of 31,000 1bs, thereby producing the same load distribution
for the tractor axles as that cited above for the tractor-semitrailer
configuration.

The rest of the five TSS configurations (#I, #Ila, #III, #IVa,
#V) were designed with two axles on the first semitrailer.
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Since, in these cases, the axles on the lead semitrailer carry a
total load of only 26,000 Tbs, the tractor fifth wheel load was reduced
to 24,000 1bs. The load distribution for the tractor axles of these five
TSS configurations is shown in Figure 4.7.

4.1.2 lLow-Speed Maneuverability. Good tow-speed maneuverability

was seen as an essential quality for a tanker transporting gasoline.
Gasoline tankers need to travel through city streets, and also gain
easy access to the storage tank filling ports at service stations. In-
deed, excellent Tow-speed maneuverability had been one of the main
reasons for the popuTarity of a double-bottom tanker configuration in
Michigan. It was known from the outset, however, that high levels of
maneuverability are typically gained at the expense of directional
stability. Since a high premium was being placed, here, on vehicle
stabiTity, it was clear that poorer low-speed maneuverability would be
attained than that afforded by therprevious1y popular double-bottom
tanker.

Two Tow-speed maneuvering properties of articulated vehicles were
addressed in the study. These properties characterize (1) the Tow-
speed offtracking obtained in a constant radius turn and (2) the Tateral
force needed at the tractor fifth wheel to sustain a steady turn at
Tow forward speeds. Numerics based on these two maneuvering qualities
are used to compare the candidate tractor-semitrailer and tractor-
semitrailer-semitrailer configurations described in the preceding section.

In the discussion that follows, the maneuverability of articulated
vehicles equipped with single axles (on each trailing unit) is first
analyzed. Following this, the influence of multiple axles on low-speed
maneuverability will be discussed.

Low-Speed Offtracking and Lateral Fifth Wheel Forces for Single-Ax]e
Trailers

During lTow-speed maneuvers, trailer axles offtrack towards the
center of the turn. That is, trailer axies will inscribe a path falling
to the inside of the path taken by the tractor axies. The amount of
offtracking is dependent not only on the length of the vehicle, but also
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Figuré 4.6. Tractor axle loads for a fifth wheel Toad of 31,000 1bs.
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Figure 4,7. Tractor axle loads for a fifth wheel Toad of 24,000 Tbs.
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on the number of articulation points and the Tayout of the axles.
Vehicles which exhibit large amounts of offtracking tend to be difficult
to maneuver in situations where it is necessary to execute sharp turns
around obstacles. Figure 4.8 illustrates the offtracking of a tractor-
semitrailer and a tractor-semitrailer-semitrailer combination during

a steady turn characterized by the path radius, R], of the tractor

fifth wheel.

During low-speed maneuvers, the lateral acceleration levels are
sufficiently Tow such that the D'Alembert forces in the lateral direc-
tion can be neglected. Hence, the sum of the Tateral forces acting on
the vehicle through the tire-road interface is zero during a low velocity
steady turn. For the case where there are only single axles on each

trailer, the lateral tire forces are statically determinate. Hence,
'the lateral tire force produced at each individual axle is zero. The
tires therefore operate at zero sideslip, and the trajectory of the
axles at steady state is perpendicular to their respective turn radius

vectors. It follows, of course (for single-axle trailers), that no
tateral force is needed at the tractor fifth wheel to sustain a steady
turn at Tow forward velocities.

As shown in Figure 4.8, the offtracking during a steady turn can

be computed from simpie planar geometry. The radius of turn, R2’ of
the semitrailer axle is given by the expression:

R2 = RZ - x? (4.1)

The radius of turn, R3, of the rearmost axle of the TSS configuration
is given by the expression:

2
R% = R% - x% - x% + (bT—x]) (4.2)

where Xqs Xos and bT are illustrated in Figure 4.8. It can be seen from
(4.1) and (4.2) that the amount of offtracking (R1—R2) or (R—R3) is
dependent not only on the vehicle dimensions X1s Xos and b, but also on
the radius of turn, RT'
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5th Wheel TRACTOR SEMITRAILER COMBINATION

Direction of Travel

5th Wheel

Direction of Travel

RS = Bx° (o)
RS = RE +(b-X)Z (b)

2 2
RS = R2 - X5 (¢

Cornbining {a),(b) ond (¢) we get

2.2 (2 _ |2 2
R3= Ry = Xp = X5+ (b =X

7SS COMBINATION

Fiqure 4.8. Low-speed offtracking of tractor-semitrailer and TSS
combinations.
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To obtain a more generally descriptive term as an offtracking
numeric, then, we shall work with the concept of "effective wheelbase"”
[5]. The effective wheelbase is independent of the turn radius and is
defined as the wheelbase of a single-unit vehicle which produces the
same amount of offtracking during a steady turn as the articulated
vehicle under consideration. The effective wheelbase concept is very
convenient when comparing vehicle configurations which differ in the
number of articulation points and axle layouts. Taking the trajectory
of the tractor fifth wheel as the reference radius, the effective wheel-
base of the tractor—semitrai]er and the tractor-semitrailer-semitrailer
combinations are given by the expressions:

QQQ)TS = X {4.3)

5
[} = Wx2 4+ xd - (bo-xy) (4.4)
eq}'rss g] 27 P17

Equation {4.4) can be extended so as to be applicable for a
vehicle with any number of trailers. The eguivalent wheelbase of an
articulated vehicle with n trailers is given by the expression:

(4.5)

[}
eé)n trailers

We shall now discuss the effect of multiple axles on: (1) off-
tracking and (2) the Tateral force at the tractor fifth wheel for low-
speed steady turns.

Influence of Multiple Axles

Tire sideslip angles cannot be assumed to be zero for a vehicle
which is equipped with muitiple trailer axles. During the Tow-speed
steady turn, trailer tires operate at finite values of sideslip angle,
and produce a net yawing moment which has to be counteracted by a
tateral force at the tractor fifith wheel. Equations for the equivalent
wheeTbase and Tateral fifth wheel force for a TSS combination equipped
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i
e

with four axles on the first semitrailer and three axles on the second
semitrailer will be derived here. A plan view of the vehicle is shown
in Figure 4.9. The equations can be easily expanded to a vehicle with
any number of trailing units and any number of axles on each trailer.

The following assumptions were made in the process of derivfng
the eguations:

1} The sideslip angles at the tires are small so that the
assumption tan o = o is valid.

2) The lateral forces generated at the tire-road interface
are.assumed to be Tlinear functions of the sideslip angle
at the tire, i.e., F = -C « a , where F is the cornering
force, C is the cornering stiffness, and o is the slip
angle. |

3) The aligning moment generated at the tire-road interface
is neglected.

4) The articulation angles are small such that the following
approximations hold: sin T =T and cos I = 1.0.

5) The track width of the vehicle is small compared to the
radius of turn so that the sideslip angle is the same for
all the tires on an axle.

6) The road surface is dry.

A double subscript notation is used for referencing the location
and the stip angle at an axle. An axle with subscript ij denotes the

jth axle on the 1th trailer.

Referring to Figure 4.9, the slip angles at the trailer axles are
given by the following equations.

o by (xg-ag) :
a+4 = - tan — Y e e — (4.6)
11 R2 R2
-1 (X1"aT"511) ) (x;-a,-6 ])
ayp = tan R T - ] R; ] (4.7)
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0y, = = tan T - (4.8)
13 R, R,
i RN CSRCIR PP RLIPRIEY (Xy-ay=817=87,=613)
4L, = ~ tan - (4.9)
14 R R
2 2
(X,-a,) (x,-a,)
-1 WXomds 27
oo = - tan | —L £ x . & £ (4.10)
21 R, R,
1 (Xpmag=tpq) (xpm35m854)
Gy = - tan | —& L el e & b (4.11)
22 R, Ry
1 (Xomag=8,1-8,5) (Xs=80=805=805n)
SRS sy S A M P S M4 B . (4.12)
23 Ry Ry

If the sum of the cornering stiffness of all the tires on axle ij is

Cij’ the lateral force at axle ij is given by the equation

Fij = - Cij“ij (4.13)
Taking the yaw moment equilibrium of the second trailer about its
fifth wheel, we get:

F.-a

913y T F

22(a2+52}} + F23(a2+521+522) =0 (4.14)

Substituting for the lateral tire forces in (4.14), we get:

(xz—a ) (Xo~a,=8.,q)
2 2 72 2]
Cov TR 2l TR, (a,%851)
(Xor@dn=6,q=85n)
2 3 %21 %22 .
+ 623 R3 (a2+521+522) =0 (4.15)

Upon solving for the wheelbase, Xo s of the second semitrailer, we get:

Cny ¢ 32 + C, (a,18 )2 + C

2
Lo % 204857051 23(85181855)
2 C,qa, + Conla,ts

2132 * Coplagtsyg) + Coglan™s,q+8,,)

(4.16)

Moreover, the lateral force at the fifth wheel of the second semi-
trailer 1is:
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v, T For t Pt Fpg
Foo= ¢ (xp=a,) . (xp=2,-857) . c (5725517955 (4.17)
¥, 21 Ry 22 TR, 23 R, '

We shall now solve for the wheelbase, X7 of the first semitrailer
and the lateral force at the tractor fifth wheel. Proceeding along the
same lines as Equations (4.14), (4.15), and (4.16), we find the wheel-
base of the first semitrailer to be

2 2 2 2
Cpiay * Cpplagtsgy )™ Coalagrag oy )2t € plagteg te,,%6,502- F bR

y2 12
x =y
U Gygay # Cpplagrsyy) + Cpalagtey 78y, + Cpla 78, %6, )

(4.18)
and the Tateral force at the tractor's fifth wheel is ‘given by the
expression:

E7A I FAS I TR
B e L e R L o Dmagmiggyy)
1R, 12 R, 13 R,
PP B N A P U o Ut o (xpraydy)
14 R, 21 TR, 23 Ry
(Xp=8=87-8,,)
27858517877
+ Cyy : (4.19)

The equiva?ent wheelbase of the multiaxle tractor-semitrailer-
semitrailer combination can be obtained by substituting the expressions
(4.16) and (4.18) (for the wheelbases Xy and xz) in Equation (4. 4)}.
The effective wheelbase calculations for vehicle combinations which
differ from the one considered here can be performed by suitably modi-
Tying Equations (4.16) and (4.18).

Equation (4.19) indicates that the lateral fifth wheel force is
inversely related to the radius of the turn. Because of the small angle
assumption involved in deriving the above equations, the analysis is not
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valid for turns of very small radius during which the tire slip angles
are ltarge. At the Targe slip angles which are encountered in small
radius turns, the lateral forces generated at the tire-road interface
tend to saturate and depart considerably from the Tinear sideslip angle-
lateral force relationship that was assumed in deriving the equation.

For turns which are 100 feet in radius and above, the lateral fifth wheel
force predictions based on Equation (4.19) will be fairly accurate.

Resylts

Low-Speed Offtracking. The caiculated values for the effective
wheelbase of the candidate vehicle configurations are plotted in Figure
4.10. The figure portrays the effective wheelbase as a function of the
payload volume of the vehicles. For the sake of comparison, we have
aléo plotted the effective wheelbases of the 8800-gallon capacity
tractor-semitrailer which meets the MC306 specifications, and a 55-foot
Michigan doub1e tanker in the conventional (dolly and pintle hook)
arrangement and the modified (rigidized pintle hook) arrvangement. The
effective wheelbases of the tractor-semitrailer configurations are
shown in each of two conditions, namely, (1) with all of the semitrailer
axles on the ground and (2) with the foremost semitrailer axle (which
js presumed to be liftable) in the raised position.

The following observations can be made from the results of the
offtracking calculations:

1. None of the candidate vehicles are seen to exhibit effec-
tive wheelbase lengths which are larger than that of the
reference MC306 tanker. Therefore, from the point of view
of slow-speed offtracking, all of the candidate vehicles ;
are at least as good or better than the typical MC306 f
gasoline tankers.

2. The effective wheelbases of the 65-foot TSS comhinations
are not significantly smaller than those of the tractor-
semitrailer combination. Therefore, if low-speed off-
tracking qualities were to be improved beyond those
attained by the candidate tractor-semitrailers, TSS
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combinations would only become attractive at overall
Tengths shorter than 65 feet.

3. None of the candidate vehicles have offtracking qualities
which are comparable to those of the 55-foot Michigan
double tanker.

Lateral Fifth Wheel Force. A semitrailer having muitiple axles

will only proceed in a curved path if a side force is produced by the
tractor tires and reacted through the fifth wheel coupling. Since this
force tends to produce a yaw instability leading toward jackknife of the
tractor, the lateral fifth wheel force can be looked upon as a measure
of a non-quality, a degrading characteristic which is worse with trailers
having more fixed axles in a row. The Tateral fifth wheel force which
TS'needéd to negotiate a turn is dependent on the turn radius. Values
of fifth wheel force for comparing all of the candidate vehicles were
calculated using a constant turn radius of 400 feet. The Tateral fifth
wheel force requirement for the candidate vehicie configurations is
plotted in Figure 4.11 with the payload volume as the abscissa and the
lateral fifth wheel force as the ordinate. The Tlateral force levels

. for the reference 8800-galion MC306 tractor-semitrailer and the 55-foot

Michigan double-bottom tanker are also shown in the figure.

The lateral force veguirement for the tractor-semitrailer combina-
tion is shown again for two operating conditions: (1) with all of the
axles in contact with the road surface and (2) with the foremost
semitrailer axle in the raised position. The Tateral fifth wheel force
requirement for the tractor-semitrailer combinations can be seen to be
very sensitive to axle number accompanying payload volume. For example,
by increasing the payload capacity from that of the largest recommended
vehicle, the 13,200-gallon configuration (with six semitrailer axles),
to a capacity of 16,150 gallons (having eight semitrailer axles), the
lateral fifth wheel force shows an increase of almost 250 percent.

When the semitrailers that are desighed with no spread axles are
operated with one front axle in the raised position, the lateral fifth
wheel force is seen to be reduced by 40 to 50 percent. The reduction is
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seen to be even greater for the semitrailer configurations equipped
with a spread axle (#2b, #3b, #4b, and #5b).

For capacities below 15,000 gallons, the TSS combinations exhibit
lateral fifth wheel force requirements that are only siightly lower than
those of the tractor-semitrailer combinations which are operated with
their foremost trailer axles in the raised position. However, for the
largest capacity, eleven~axle vehicle, the 65-foot TSS combination needs
a lateral force which is only 45 percent of that of the corresponding
tractor-semitrailer combination with its front axle in the lifted
position.

4.1.3 Steady Turning Rellover Thresholds of Candidate Vehicles.
The steady turning rollover threshold of a vehicle plays an important

role in determining the Tikelihood that either maneuvering- or
accident-induced forces can cause the vehicle to roll over. Analysis
of the BMCS accident data file has clearly shown the close correlation
between the steady turning rollover threshold of a vehicle and its
rollover involvement. In this section, we shall first describe a roll
plane model which was used for caiculating the steady turning rollover
thresholds of the candidate vehicles. Next, the computed value of the
rollover thresholds for the candidate tractor-semitrailer and TSS com-
bination will be presented.

Static Roll Model

The static roll model was developed for the purpose of esti-
mating the rollover thresholds of the candidate vehicle configurations.
Results of earlier investigations by Isermann [6] and Gillespie, et
al. [7] served as a basis for the development of the static roll model.
The formulating equations, as well as a computer program useful for
estimating rollover thresholds, is presented in Appendix B. The dis-
cussion in this section is therefore restricted to a description of the
essential features of the model.

Features of the model and the assumptions made in the process of
deriving the underlying equations are Tisted below.
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The vehicle is assumed to he effectively rigid in torsion,
The structural compliance of the tractor and trailer sprung
masses are therefore neglected and the sprung masses are
Tumped together and represented by a single sprung mass in
the roll plane.

In order te simplify the calculations, axles with similar
suspension properties are grouped together such that a
tractor-semitrailer is represented by a set of three com-
posite axles. Figure 4.12 shows the side view of an example
tractor-semitrailer, as represented in the roll model. The
composite axles are:

a) tractor front axle,

b} tractor rear axles (either a single axle or a
tandem) combined and represented by one axle, and

¢) all trailer axles, combined and represented as one
axle. |

The articulation angles are small so that the effect of
articulation angle on the rollover threshold can be
neglected.

Figuyre 4,13 shows the representation of axles and suspen-
sions in the roll plane model. The relative roll motion
between the sprung mass and the axles ijs assumed to take
place about roll centers which are at fixed distances
beneath the sprung mass. The suspension springs are assumed
5
to remain parallel to the ku axes of the axles and trans-
i

mit only compressive or tensile forces.

The roll centers are permitted to slide freely (with

S
respect to the axles) along the ku axes. All axle forces
i >
which act in a direction parallel to the ku are taken up
i _

Ey the suspension springs, while all axle forces along the

ju axes are assumed to act through the roll center, Ri'
i

74




ACTUAL

REPRESENTATION
iIN MODEL

0.0.0]0)]
O
COMPOSITE 3
AXLE NG.
Figure 4.12. Representation of the axles of a tractor-semitrailer

in the static roll plane model.
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5. Suspension nonlinearities such as backlash and pro-
g gressively hardening suspension springs are represented
ﬁ by a tabular load-deflection input format. The suspen-
sion forces and the spring rates at any given deflection
i are then compared by linear interpolation. Figure 4.14
shows the representation of a suspension spring in the
roll model.

6. The total vertical load carried by each composite axle is
R assumed to remain constant during the rollover process.

In order to accommodate any pitching motion that might take
place during rollover, the sprung mass is permitted to take
up different vertical deflections at each of the three axie
locations.

7. The vertical load carried by the tires is assumed to act
through the midpoint of the tread width. As shown in
T Figure 4.15, the effect of camber angle and the effect of
the Tateral compliance of the tire tend to have opposing
effects on the lateral transiation of the centroid of the
normal pressure distribution at the tire-road interface.
Both of these effects are small and tend to cancel out.
In order to keep the analysis simple, the lateral trans-
Tation of the normal Toad is neglected.

8. The roll angles of the sprung mass and the axles are smali,
such that the small angle assumptions sin (¢) = ¢ and
‘cos {¢$)} = 1.0 hold.

Accuracy of Rollover Threshold Estimates

,é The rollover threshold values calculated using the static roll

B model were found to compare well with measurements made by Isermann
[6] in Germany. Isermann measured the rollover thresholds of tank
vehicles using a tilt-table arrangement. The rollover thresholds esti-
mated using the static roll model and the measurements made by Isermann
using the tilt-table arrangement are compared in Table 4.3 for four
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TabTe 4.3. Comparison of Roilover Threshold Estimates with Tilt-Table
Measurements Made By Isermann [6].

Rollover Threshold (g's)

Isermann Ti1t-Table Estimates Using Loading
Calculation Measurement*® Static Roll Model*** % Error Condition
0.733 -— o FK 0.747 + 1.9 RN
0.333 | 0.344 0.337 - 2.0
0.464 0.487 0.492 | + 1.0 (1 1 =
0.322 0.344 0.342 - 0.5 ==

*For Configuration #1 in Reference [6].

**The tilt-table arrangement was not capable of measuring rollover
thresholds which were higher than 0.62 g.

***The c.g. height and suspension properties which are needed for
computing the rollover threshold were obtained from Reference [6].



different loading conditions of a tank vehicle. Rollover threshold
levels calculated by Isermann are alsoc shown in the table. The results
indicate that the static roll model can predict rollover thresholds to
within 2 percent of the reported tilt-table measurements.

Rollover Thresholds. of Candidate Vehicles

The rollover thresholds of the candidate vehicles are plotted as
a function of payload capacity in Figure 4.16. The rollover threshold
values pertain to 96-inch-wide tractors coupled to 102-inch-wide
traiters. The vehicles are assumed to be in the fully Toaded condition.
The parameters needed to describe the candidate vehicles, in the roll
plane model, are Tisted in Appendix B. We shall discuss the rollover
thresholds of the tractor-semitrailer first, following which the roll-
over thresholds of the TSS combination will be discussed.

Tractor—Semitrai]ers. Figure 4.16 indicates that vehicles
having an increased capacity do not show significantly reduced levels

"of rollover threshold. For example, a 100-percent increase in the

payload capacity—from 8,000 to 16,000 gallons—results in a decrease
of only 17 percent in the rollover thre_sho]d° The rollover thresholds
of the tractor-semitrailers designed with 18,000-Tb capacity spread
axTes {such as #2b, #3b, #4b, and #5b) can be seen to fall below the
pattern followed by the rest of the tractor-semitrailer combinations.

When the payload capacity is increased, two counteracting effects
come into play., namely:

1) an increase in payload capacity raises the c.g. height
of the vehicle and hence lowers the rollover threshold,
and

2) when the payload capacity is increased, the number of
102-inch-wide semitrailer axles are increased.

The larger number of 102-inch-wide trailer axles {which are capable of
generating higher roll resisting moments due to their larger track
width) tends to raise the rollover threshold of the vehicles with higher
payload capacities.
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For increasing level of payload up to a capacity of 10,000 gallons,
the Tatter effect, Number 2 above, tends to dominate and thus results
in a small improvement in rollover threshold. For increases in payload
beyond 10,000 gallons, the first effect becomes more prominent and
produces a gradual decrease in the rollover threshold.

TSS Combinations. Both the 59-foot and the 65-foot TSS combina-
tions are seen to exhibit higher rollover thresholds than the corres-

ponding tractor-semitrailers of the same payload capacity. The increased
length of these vehicles permits them to achieve Tower c.g. heights and
hence higher rollover thresholds than the tractor-semitrailers.

As was stated earlier in Section 4.1.1, it is pertinent to note
that not all of the TSS combinations were designed to carry the same
load at the tractor fifth wheel. Configurations IIb, IVb, VI, and VII
carry a fifth wheel load of only 24,000 1bs. The vehicles which carry
the Tower fifth wheel loads can be seen to exhibit higher rollover
thresholds than the rest of the TSS combinations. This is due to the
fact that the vehicles which carry a smaller lToad at the tractor fifth
wheel are Tess dependent on the 96-inch-wide tractor axles to provide
the roll-restoring moment, and hence are capable of achieving higher
roliover thresholds.

The roltover threshold values wili be used in conjunction with
the rollover threshold/rollover involvement relationship (which was
generated using the BMCS data) to determine the rollover risk posed by
each of these vehicle designs. The rolJover risk calculations are
given in Section 6.0.

4.1.4 Linear Yaw Plane AnaTyéis. A broad understanding of the
directional qualities of articulated vehicles can be gained by conduct-

ing a linear analysis of their yaw plane response characteristics. A
study of the amplified (or attenuated) directional response exhibited
by the trailers of an articulated combination can be very useful in
gaining an insight into the dynamic rollover immunity of such vehicles.
A yaw plane analysis is therefore included here to serve as the basis
for conducting the more elaborate simulation of the combined directional
and roll behavior of the candidate vehicle configurations.
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Several techniques are available for studying the vehicle response
in the linear regime, namely:

1) eigenvalue analysis,
2} transient response analysis, and
3} frequency response analysis.

Frequency response analysis was applied in this study as the most
generally useful technique for studying the response of the tractor-
semitrailers and 7SS combinations. A frequency response analysis pro-
vides information on the amplification {or attenuation) and the phasing
of the trailer motions over any given range of éteering input frequencies.
A linear vaw plane model which was developed by HSRI as part of an
éarTier-study on double tankers [2] was used for conducting the fre-
guency response calculations.

The amplitude and phase angle of the lateral acceleration response
of a tractor-semitrailer and a 59-foot TSS combination are shown in
Figures 4.17 and 4.18, respectively. The vehicles are assumed to be
traveling at a forward speed of 50 mph in the fully loaded condition.

In these fiqures, the magnitude of the lateral acceleration gain (ft/sec?
per degree of front-wheel angle displacement) is plotted in the decibel
scale [Note: a quantity, x., when expressed in the decibel scale is

20 1og]o(x)] and the steering input frequency is in the units of
(rad/sec).

With reference to Figure 4.17, it can be observed that the
lateral acceleration response of semitrailers does not exhibit any
amplification (with respect to the tractor lateral acceleration) over the
entire range of 0.1 to 100 rad/sec of steering input frequencies. For
steering input frequencies below 1 rad/sec, the difference hetween the
tractor and the semitrailer lateral accelerations tends to be small and
the magnitude reaches the Tevels of lateral acceleration gain present in
steady turning. At a higher input frequency, such as a 1/2 Hz (3.14
rad/sec) for éxamp1e, the response of the semitrailer lateral accelera-
tion becomes attenuated by -2.75 db (i.e., semitrailer lateral accelera-
tion is 10 (-2.75/20) = 0.73 times the tractor lateral acceleration
magnitude) and lags the lateral acceleration response of the tractor by
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a phase angle of 51 degrees. Further increases in the steering input
frequency result in larger attenuation of the semitrailer lateral
acceleration. Al17l of the candidate tractor-semitrailer configurations
exhibited frequency response characteristics which were very similar
to the one shown in Figure 4.17.

Figure 4.18 indicates that the second semitrailer of the TSS com-
bination exhibits an amplification in the lateral acceleration response
for éteering input frequencies which are in the range of T to 4 rad/sec.
At a steer input frequency of 1/2 Hz (3.14 rad/sec), for example, the
lateral acceleration of the second semitrailer is amplified by 3.75 db
(or 1.54 times the tractor lateral acceleration amplitude) and is almost
completely out of phase with the lateral.acceleration response of the
tractor. The maximum gain exhibited by the second semitrailer (in the

. frequency domain} serves as a useful measure of the amplified response

that would be exhibited during transient maneuvers. The peak gains of
the pup Tateral accelerations for all of the 59-foot and 65-foot TSS
combinations are shown in Figure 4.19 in a bar-chart format. The 65-
foot TSS combinations are seen to exhibit Tower levels of amplification
than the 59-foot doubles. Except for configurations #III and #IVb, the
amplification Tevels of the rest of the vehicles are found to lie

within a relatively narrow range of 1.27 to 1.43. In the case of
vehicles #111 and #IVb, the short wheelbases of the second semitrailers,
along with a rearward weight bias of the trailers, results in higher
levels of amplification.

If the second semitrailer of each of the TSS combinations were
permitted to roll independently of the rest of the vehicle, the highly
amplified lateral acceleration behavior would imply that rollover of
the second semitrailer would occur in transient maneuvers for which the
tractor might experience only relatively Tow levels of lateral accelera-
tion. Such an anomalous behavior could not occur with TSS combinations
being considered here, however, since the second semitrailer is connected:
to the first semitrailer by means of a fifth wheel type coupling which
is rigid in roll. The following discussion clarifies the roll moment
interaction which takes place between the tractor and the trailers of
tractor-semitrailers and TSS combinations during dynamic maneuvers.
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Roll Implications of Directional Response Characteristics

In the case of tractor-semitrailers and TSS combinations, the
tractor and the traijlers are rigidly coupled in roll by fifth wheel
type couplings. Hence, the entire vehicle is effectively constrained
to overturn as a single unit. The magnitude of the total overturning
moment acting on the vehicle is therefore the factor which determines
whether or not the vehicle will roll over.

The re?ationéhip between the overturning moment and the lateral
acceleration level, ay, is iltustrated in Figure 4.20 for a vehicle
which is represented by a singie mass, m, which is placed at a height,
h, above the ground level. For small roll angles, the roll moment is
given by the following simplified expression:

rolt moment = m - ay = h (4.20)

If, during a transient maneuver, the instantaneous lateral

accelerations at the tractor, semitrailer, and the second semitrailer

of a TSS combination are a_, , a_ , and a_ , respectively, the total
ARG 3
overturning moment acting on the vehicle can be shown to be:

Rotl moment)t = mTayTh1 + m2ay2h2 + m3ay3h3 (4.21)

[Note: The articulation angles and roll angle are assumed to be
csmall.]

Since the tractor and the trailers are rigidly connected in roll,
the roll plane motion of the vehicle can be visualized to be that of

a single-unit vehicle of mass, m and c.g. height, heq, where

eq’

Maq (m1+m2+m3) | (4.22)
(mih, + m,h, + m,h,)
~ 17 22 373
and heq = (m}+m2+m3) (4.23)
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A Figure 4.20. Relationship between overturning moment and lateral
; acceleration level, ay.
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The lateral acceleration components, a_ , a_ , and a_ , can
Y- Y Y3
therefore be repiaced by an eguivalent or average lateral acceleration

which acts on the equivalent single-unit vehicle; i.e.,

meqheqayeq = m}hlay1 + mzhzay2 + |T23h3a\y3 (4.24)
m]h}ay} + m‘?hzay2 + m3h3ay3
a =
Yog  (Mphy ¥ mohy +mshy)
m]hiay mzhzay m3h3ay
Y ; mansy T o ﬁ oYt Tmoho h3+ hoy  (4.25)
My My rmmoh, st My Ty Ny g My Ny Mo Ny MM

Equation {4.25) gives the weightfng factors that need to be applied
(or the importance to be attached) to the instantaneous lateral accelera-
tion levels of each of the articulated units. If, during transient
maneuvers, the average lateral acceleration of a vehicle exceeds the
Tateral acceleration of the tractor, it is an indication that the vehicle
would exhibit poorer dynamic rollover immunity than a single-unit
vehicle which has the same steady turning rollover threshold.

The above discussion can be extended to the frequency domain as
well., 1In the frequency domain the Tateral accelerations of the tractor
and the trailer are vector quantities which possess both magnitude and
phase. Therefore, the magnitude and phase angle of the average lateral
acceleration response can be obtained through vector addition of the
tractor and trailer lateral acceleration responses.

- -+
N m]h]ay1 + mzhzay2
p _ |
Yaverage  (MhyHmghotmshs) o fahotmsh,tmoh)
-
m3h3ay3
+ - (4.26)
(m}hT%m2h2+m3h3)

The magnitude and phase angle of the average lateral acceleration
are shown in Figure 4.21 for a TSS combination. On comparing Figure
4.21 with Figure 4.18, it is important to note that the peak gain of
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the average lateral acceleration response is much smaller than the peak
gain in the Tateral acceleration of the second semitrailer. Moreover,
the peak of the average lateral acceleration occurs at a Tower frequency
than does the peak lateral acceleration of the second semitrailer.
Therefore, the worst roll behavior of a TSS combination occurs at a
steering input frequency which is lower than the frequency at which the
second semitrailer exhibits the hichest amplification in lateral
acceleration.

The magnitude and phase angle of the average lateral acceleration
and the Tateral acceleration response of the tractor are shown in
Figure 4.22 for a tractor-semitrailer combination. The average Tateral
acceleration, as expected, does not exhibit any amplification over that
of the tractor. On comparing Figure 4.22 with Figure 4.21, it is evi-

- dent that the average lateral acceleration characteristic of the TSS
combination does not differ significantly (over the range of reasonable
frequencies) from that of a tractor-semitrailer. Hence, on the basis
of the linear analysis one can expect the TSS combination to exhibit
dynamic rollover thresholds which are only slightly smaller than theiyr
steady-state levels.

4.1.5 Yaw/Roll Model. A mathematical model which is capable
of simulating the yaw/roll response of multiple articulated vehicles

was developed during this study. The model was formulated for the pur-
pose of analyzing the combined directional and voll behavior of tractor-
semitrailers and TSS combinations during dynamic maneuvers which approach
the rollover Timit. The model does not place any limitations on either
the number of articulated units or the number of axles which can be
represented on a given vehicle. Vehicles equipped with a variety of
hitching mechanisms can also be studied by making simple modifications

to the computer code.

A detailed description of the differential equations of motion
is given in Appendix C. In this section, the description of the model
is therefore restricted only to essential features and to the impor-
tant assumptions made in the process of developing the equations of
motion.
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Degrees of Freedom

The equations of motion of the vehicle are formulated by treating
each of the sprung masses as 'a rigid body with five degrees of freedom,
namely: Tlateral, vertical, yaw, roll, and pitch. The longitudinal
degree of freedom is not included, since the forward velocity of the
lead unit (or tractor) is assumed to remain constant during the maneuver.
The axles are treated as beam axles which can roll and bounce with
respect to the sprung masses to which they are attached. The total
number of degrees of freedom of a multiple articulated vehicle with NS
sprung masses and NU axles is therefore given by the expression: N =

D.O.F.
BNS + ZNU.

Features of the Model

The simplifying assumbtions made in the process of deriving the
equations and the essential features of the model are given below.

1. The vehicle is assumed to travel on a horizontal surface
with uniform friction characteristics.

2. Steering system compliance and dynamics are left out of the
model and the steering input is assumed to be given directly to the

front wheels.

‘3. The pitch motion of the sprung masses are assumed to be small
such that the approximations sin 6y = 8 and cos 0. = 1 hold,

4. The relative roll angle between the sprung masses and the
axles are assumed to be small so that the approximation
sin (¢S-¢u) = (¢S-¢U) and cos (¢Sm¢u) = 1.0 hold.

5. As shown in Figure 4.23, the relative roll motion between the
sprung and unsprung masses is assumed to take place about a roll center,
"R, which is at a fixed height beneath the sprung mass. In order to

simplify the equations, the suspension springs are assumed to remain

.
paraliel to the ku axis and transmit only compressive or tensile
i
forces. Since the roll center is permitted to slide freely along the
.+

Ku axis, all axle forces which act in a direction parallel to the ku
i ' i
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axis are taken up by the suspension springs, while all ax]e forces

along the §u_ axis are assumed to act through the roll center, Ri'

When a re1at;ve rolt motion takes place between the sprung mass and

the axles of a leaf-spring-type suspension, the leaf springs tend to

be twisted in the roll plane and hence produce an additional roll
resisting moment. This effect is represented in the model by an auxiliary

roil stiffness parameter, KRSi,

6. Suspension nonlinearities such as backlash are represented by
using a tabular load-deflection input format, shown in Figure 4.24.

7. The model permits the simulation of vehicles equipped with

a wide variety of hitching mechanisms. The equations are formulated

such that the equations of motion are independent of the constraint
equations. Hence, the vehicles equipped with any given hitching mechanism
can be analyzed by simply altering the constraint equations (see

Appendix C). '

8. The nonlinear cornering force and aligning torque character-
istics of the tires are represented as tabular functions. The tire

forces and moments are computed by a double table look-up for the given
vertical load and sideslip angle.

9. The forces acting on each axle are treated independently,
i.e., no interaxle load transfer effects are incorporated in the model.

10. Sim@]ations can be performed in the closed-Toop or open-loop
modes. In the open-Toop mode, the time history of the steering input :
is provided as input to the model. 1In the closed-loop mode, the trajec- £
tory to be followed by the vehicle is specified and the “drivet model" ‘
[8] computes the steering input that is necessary to accomplish the
maneuver.

Validity of the Model

The yaw/rolt model was found to be capable of accurately predicting
the directional and roll response of tractor-semitrailers and double-
trailer-type vehicles. Directional response data collected during the
double-tanker study [2] conducted in 1978 was used for the purpose of

95



LEW

Figure 4.23. Representation of axles and suspension springs in the
yaw/roll model.

N DEFLECTION ——e=
NI {in)

Figure 4.24. Representation of suspension nonlinearities in the
yaw/roll model.
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validating the yaw/roll model. The match between test data and simu-
tated response was found to be good even for severe maneuvers which
result in wheel 1ift-off. Since tractor front-wheel angle measurements
had not been wade during the double-tanker experiments, steering-wheel
time histories were used to estimate the front-wheel angles.

Shown in Figure 4.25 is a comparison of test data and simulation
results for a two-second lane-change maneuver conducted on a 55-foot
conventional double tanker at a speed of 50 mph. A schematic diagram
of the tanker is shown in Figure 4.26. This relatively mild maneuver
resulted in a peak tractor lateral acceleration of about 0.1 g and a
peak Tateral acceleration of the full trailer which is in the vicinity
of 0.2 g. The vroll angles are seen to be small and the maneuver is well
within the Tinear regime. The agreement between test data and simulated
response can be seen to be excellent for all of the measured variables.
The simulation makes an accurate prediction of the amplification and
the timing of the full trailer's response.

A more severe lane-change maneuver performed on the same 55-foot
double tanker is shown in Figure 4.27. The peak lateral acceleration
response of the full trailer is in the vicinity of 0.3 g and exhibits
a highly nonlinear response. The combination of large slip angles
(which reach 6 degrees in the simulation) and a complete 1ift-off of
the left-hand side tires on the full trailer cause the Tateral tire
forces to saturate and hence produce the dwell in the Tateral accelera-
tion response at the point marked "x" in Figure 4.27. Except for some
minor discrepancies, the simulation is found to predict the nonlinear
Tateral acceleration response of the full trailer rather well. The
peak full trailer roll angle predicted by the simulation is higher than
the measured roll angle by about 0.7 degree. The absence of accurate
data on suspension backlash (the backlash was assumed to be 1.5 inches
for the simulation) and spring stiffness could have resulted in this
discrepancy.

Another exampie of the capability of the yaw/roll model in pre-
dicting Timit. behavior is portraved in Figure 4.28. The test data
shown in Figure 4.28 is for the tractor-semitrailer portion of the double
tanker. In this experiment, the backlash on the semitrailer suspension
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springs was reduced to 0.5 inch by the installation of spring lash
reduction devices. Several interesting observations can be made with
regard to this maneuver. Both the tractor and the semitrailer lateral
accelerations reach relatively high peak levels which are in the
vicinity of 0.3 g. The simulation results indicated that the tires on
the left-hand side of the semitrailer Tifted off the ground at 1.8
seconds and remained off the ground until about 2.9 seconds. This wheel
1ift-off once again produces the long dwell in the semitrailer lateral
acceleration response. The lift-off of the semitrailer tires during
the second half of the maneuver produces roll-induced oscillations in
the lateral acceleration response of the tractor. The model is seen
to only qualitatively match the measured oscillation in the tractor

lateral acceleration response.

In summary, it can therefore be stated that the yaw/rotl model is
accurate enough to predict the transient response of both single and
double trailers during maneuvers which approach the rollover limit.
Hence the model with the proper implementation of the constraint rela-
tionships can be extended to study the directional dynamics of other
multipte articulated vehicles.

Maneuver Used for Evaluating Yaw/Roll Behavior

| The directional and roll dynamics of the candidate vehicle
designs were evaluated by investigating their response to a standardized
maneuver., Both open-loop maneuvers {in which the time history of the
steering wheel is prescribed) or path-follower type, closed-loop
maneuvers (in which the trajectory to be followed by the tractor is
prescribed) were considered for use for this "standard" maneuver. Tt
was determined that a closed-Tcop maneuver would be preferable for com-
paring the dynamic offtracking qualities of the vehicles since it is
possible to achieve a standardized tractor trajectory, relative to
which the offtracking of the trailing units can be defined.

A short-duration, obstacle-avoidance type, single-Tane-change
maneuver was chosen in which the tractor is caused to cover a lateral
translation equal to a full, 12-foot, lane width in about 3.5 seconds
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from a steady speed of 50 mph. An example of the prescribed trajectory
and the actual path followed by the tractor center of gravity are shown
in Figure 4,29. The tractor can be seen to overshoot the lane edge by
about 6 inches. During the closed-ioop simulation, the driver model
computes and applies the front-wheel angle needed to accomplish the
maneuver as shown in Figure 4.30. The speed and geometric constraints
involved in this maneuver vesult in peak Tateral acceleration Tevels at
the tractor which are in the vicinity of 0.3 g.

Parameters for the Candidate Vehicles

The yaW/ro]1 analysis was performed for 17 of the 20 vehicle

Jayouts which were initially considered feasible. The three Tlargest

capacity tractor-semitrailer configurations (configurations #5b, #6,
and #7) were dropped from the list of feasible vehicles on the basis of
the excessive leveis of Tateral fifth wheel force discussed previously
in Section 4.7.2.

The tractor was assumed to have a track width of 96 inches. The
track width of the trailer axles and the width of the tanks were assumed
to be 102 inches. The parameters for the candidate vehicles are listed
in Appendix D. The lateral force and aligning torque characteristics
of the tires are also included in Appendix D.

- Results

Examples of the trajectory, lateral acceleration, and roll angle
responses exhibited by a 59-foot TSS combination during the single-
lane-change maneuver are shown in Figures 4.31, 4.32, and 4.33, respec-
tively. Certain response numerics have been defined for reducing the
time history data to a simpler format so as to aid in evaluating the
dynamic performance of the candidate vehicles and in gaining a general
understanding of the influence of payload capacity and tanker Tayout
on the directional and roll response characteristics.

Dynamic Offtracking. During stow-speed maneuvers, the rear units
of an articulated vehicle offtrack towards the center of the prescribed

turn. On the other hand, transient maneuvers executed at highway speeds
produce large leveis of lateral acceleration and sideslip angle which
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cause the trailers to offtrack in a direction which 1s away from the
center of the turn. The high-speed offtracking guality can be very
important in an accident scenaric. High levels of offtracking during
emergency maneuvers can cause the tires on the rear axles of the vehicle
to leave the roadway and hence initiate a rollover of the entire vehicle.

With reference to Figure 4.31, the second semitrailer of the TSS
combination is seen to substantially overshoot the 12-foot lane change
executed by the tractor. The maximum Tateral distance by which the
rearmost axle of the vehicle overshoots the 12-foot lane change was

chosen as an index of the dynamic offtracking quality of the vehicle.

Figure 4.34 shows the dynamic offtracking numeric plotted as a
~function of the payload capacity for all of the candidate vehicle con-
figuratﬁohs. The TSS combinations are seen to exhibit much poorer
dynamic bfftracking qualities than the candidate tractor-semitrailer
configurations. The dynamic offtracking levels are seen to increase
with payload veolume for the tractor-semitrailey as well as the TSS
combination.

Good low-speed offtracking qualities seem to go hand in hand with
poor dynamic offtracking qualities, and vice versa. For example, the
58-foot TSS combipations, which have the best slow-speed offtracking
qualities (see Figure 4.10) among the candidate vehicles, also have the
poorest dynamic offtracking qualities. The dynamic offtracking Tevels
exhiibited by the 59-foot TSS combinaticns are almost 100 percent higher
than the Tevels exhibited by the tractor-semitrailers of the same
payload volume.

Upon comparing the dynamic offtracking levels exhibited by the
59-foot and 65-foot TSS combinations, one can observe that increasing
the overall fength of the TSS combinations from 59 feet to 65 feet (an
increase of 10 percent) produces a reduction in the dynamic offtracking
level of approximately 20 percent.

Among the semitrailer combinations, those equipped with an 18,000~
16 capacity spread axle {#2b, #3b, #4b) are found to exhibit dynamic
offtracking levels which fall above the pattern followed by the rest of
the tractor-semitrailers.
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Amplification of Lateral Acceleration. The amplified lateral

acceleration responses exhibited by the trailers of the candidate vehicle
configurations were analyzed in Section 4.1.4 using a linear yaw plane
model. We shall now use the results from the lane-change maneuver to
determine the extent to which the nonlinear effects of targe sideslip
angles and side-to-side load transfers affect the amplification of the
lateral acceleration response.

Firstly, in Figure 4.32, we note that the second half of the lane-
change maneuver -produces the highest amplification of the peak Tateral
acceleration. The numeric for the amplification of lateral acceleration
is therefore defined with reference to the second peak in the tractor
cand the trailer lateral acceleration responses. The amplification of
the lateral accelerations which was exhibited by each of the candidate
vehicles is plotted as a function of payload volume in Figure 4.35. We
shall first discuss the amplification characteristics exhibited by the
tractor-semitrailers, followed by a discussion of the characteristics
exhibited by the tractor-semitrailer-semitrailer combinations.

Tractor/semitraé]ers - Figure 4.35 indicates that the tractor-

semitrailer configurations do not exhibit any significant amplifica-
tion in the lateral acceleration response. These results confirm the

basic understanding that was gained from the linear vaw plane analysis.

Increase in payload volume is seen to produce only a smalt in-
crease of the amplification factor. The tractor-semitrailer configﬂra—
tions whose aX]es are more heavily Toaded {16,000 1b/axle on configura-
tion #1 and 18,000 1h/axle on the spread axle of configurations #2b, .
43, and #4b) exhibit s1ightly higher amplification levels than the rest
of the tractor-semitrailers.

The amplification of peak lateral acceleration is below 1.1 for
atl of the tractor-semitrailer combinations. Therefore, from the point'
of view of rearward amplification, no major problem seems to exist with
any of the tractor-semitrailer configurétions, The semitrailers equipped
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with axles which are loaded to 13,000 Tb/axle are found to perform

better than the vehicles equipped with the more heavily loaded spread
axles,

Tractor-semitrailer-semitrailer combinations - A1l of the TSS

combinations are found to exhibit a considerable amount of rearward
amplification in Tateral acceleration. The Tinear yaw plane analysis
indicated a peak lateral acceleration gain which ranged from 1.27 to
1.6 for the TSS combinations. Calculations performed using the non-
linear yaw/roll model show that large sideslip angles and side-to-side
load transfers experienced during the lane-change maneuver cause the
TSS combinations to exhibit higher amplification Tevels, ranging from

1.49 to 1.95.

On comparing the 65-foot TSS configuration with the 59-footl
vehicles, we notice that for vehicles with the same payload capacity
and axle distribution, the 65-foot versions exhibit Tower levels of
ampTification than the 5%9-foot versions. This is due to a combination
of two effects, namely:

1. The longer vehicle has longer effective wheelbases for
the first and second semitrailers. The increased wheel-
base results in improved yaw stability and hence a
decrease in the amptification of the lateral acceleration.

2. For the same payload capacity, the Tonger vehicle.has a
lower c.g. heijght. The lower c.g. height means lower
levels of side-to-side Toad transfer and hence lower levels
of amplification of the lateral acceleration response.

The highest amplification is exhibited by vehicles which are
designed with small capacity, short wheelbase, second semitraiiers, such
as configurations #3, #4b, and #6b.

Peak Roil Angies. Although the foregoing yaw response amplifi-

cations reveal an wundesirable vehicle characteristic, it must be noted
that the amplified response exhibited by the rearmost semitrailer of
the TSS combinations does not, by itself, establish that a commensurately
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poor rollover immunity will result, since the tractor énd the trailers
are all rigidly coupled together by fifth wheel arrangements. Thus we
need to examine, separately, the effects of the ampTified response on
the'peak roll angles observed during the maneuver.

The maximum roll angles achieved during the lane-change maneuver
were observed during the second half of the response., The peak roll
angles exhibited by each of the candidate vehicles in the lane-change
maneuver are plotted in Figure 4.36, with the payload bapacity of the
vehicles as the abscissa and peak roil angle as the ordinate. We shall
first discuss the roll behavior of the tractor-semitrailer, followed by
a discussion of the behavior of the TSS combination.

Tractor-semitrailers - The first observation we can make about

the tractor-semitrailer configurations is that the vehicles equipped
'with heavily loaded semitrailer axles (16,000 1b/axle for configuration
#1 .and 18,000 1b/axle for the spread axles of configurations #2b, #3b,
and #4b) exhibit distinctly higher Tevels of roll angle than the

- vehicles which are designed with semitrailer axles which are loaded to
only 13,000 Th/axle.

The heavity loaded axles were assumed to have the same suspension
properties as the Tightly loaded axles. Therefore, the vehicles equipped

with the heavily Joaded axJle have a higher roll compliance {in terms of
deg/g of lateral acceleration) and hence exhibit higher peak roll angles

than a vehicle of the same size but eguipped with more Tightly Toaded
axles.

Considering the tractor-semitrailer configurations that have
semitrailer axTes which are loaded to 13,000 1b each (configurations
#2a, #3a, #4a, and #5a), it is interesting to note that, for reasons
described earlier ipn Section 4.1.3, increasing payload volume results
in peak roll angles which initially decrease and then, above 10,000—

gallon tank capacities, tend to increase.
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Tractor-semitrailer~-semitrailer combinations - The TSS combina-
tions show a consistent increase of the peak voll angle as the payload
volume is increased. For the same payload capacity, the peak roll angles
of the 59-foot versions are around 50 percent higheyr than the rolt angles
of the 65-foot variety. This can bhe explained by the fact that (1) the
59-foot versions exhibit a higher amplification in Tateral acceleration
than the 65-foot versions and (2) because of their shorter overall
tength have a higher c¢.g. height.

It is interesting to note that the 65-foot TSS combinations,
despite the amplification of tateral acceleration, exhibit smaller peak
roll angles than the tractor-semitrailer combinations of the same pay-
Toad capacity. Because of their additional length, the 65-foot versions
have a Tower c.g. height than the tractor-semitrailer, which more than
compensates for any roll destabilizing effect produced by the ampTified
tateral acceleration of the rear trailers. It can therefore be stated
that, from the point of view of dynamic roll stability, the 65-foot
TSS combinations are comparable to tractor-semitrailer combinations of
the same payload capacity.

One vehicle design feature which is needed for a TSS combination
to achieve the high levels of roll stability shown above is a torsion-
ally stiff coupling between the two traflers. It was found in a crude
examination of this parametric sensitivity that a torsional stiffness
of 750,000 in~Tb/deg, existing between the fifth wheel assembly and
the rigid tank structure of the first semitrailer, was adequate for
assuring minimal "roll overshoot" of the second semitrailer relative to
the first.

4.2  Effect of Vehicle Design Parameter Variations on Rollover Threshold ;%

The effect of a variety of design changes on the rollover threshold .
of gasoline tankers were analyzed using the static roll plane model which @W
is described in Section 4.7.3.

The analysis 1s aimed at determining the extent to which the steady
turning roliover threshold of tank vehicles can he improved hy:
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1) adopting tank shell designs which Tower the c.g. height
of the vehicle,

2) by increasing the track width of the tractor and the
trailer, and

3) by increasing the roll stiffness of the trailer

suspensions.

The results indicate that even smali improvements under each of
these categories can, when combined, Tead to significant improvements .
in the rollover thresholds of tank vehicles. In the discussion to
follow, the sensitivity of rollover threshold to design changes which
fall into each of the ahbove three categories will be analyzed.

4.2.1 Tank Cross-Section Geometry. The c.g. height of a tank

vehicle can be Towered by adopting tank profiles which reguire smailer
tank cross-section heights than the elliptical cross-sections which are
commonly used for gasoline tankers. The tank cross-section geometry
considered here is one that can be specified with the aid of five basic
dimensions, which are illustrated in Figure 4.37. They are:

1) top and bottom radii, Ry
2) side wall radius, R2

3 biend radius, R3

o=

1

)
}  tank width, H
) tank height, H2

5

Expressions which relate the area of the tank cross-section to
these five tank profile parameters can be derived by applying the
principtes of simpte planar geometry. The derivation of the tank cross-
sectional area equation is given in Appendix E. A computer program
which is convenient for making tank layout calculations is also included
in Appendix E,

A numeric which is convenient for comparing various tank profiles
is the tank cross-section efficiency, n. n is defined as the ratio of
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Figure 4.37. Parameters needed to specify tank cross-section geometry.
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the tank-cross sectional area to the area of the enveloping rectangle

of sides H] and HZ' The higher the efficiency of a profile, the smaller
is the shell height required for a given cross-sectional area. A
rectangular tank, therefore, has the highest efficiency of 100 percent,
while an elliptical tank {area = H1H2n/4) has an efficiency of

w/4 = 78.5 percent.

The effect of shell curvature on cross-sectional efficiency is
illustrated in Figure 4.38 for a tank which is 96 inches wide and 65
inches high. For the purposes of this plot, the top and bottom radius,
Rj, and the side wall radius, RZ’ are assumed to be equal. The fiqure
shows Tines of constant cross-sectional efficiency for values of R1 and
R2 which range from 60 inches to 120 inches and a blend radius, R39
which varies from 0 to 40 inches. A typical MC306 gasoline tank which
hés‘an efficiency of approximately 79 percent is represented in this
figure by point A (R}=R2=70" and R3=27“). It can be seen that if major
improvements in the cross-sectional efficiency of an MC306 tank are to
be made, changes have to be made in the top and side shell radii, as
well as the blend radius, RS' Maximum gain in efficiency can be achieved
by moving the design point A along the Tine xx, drawn normal to the
constant efficiency curves. An efficiency of 100 percent can, of
course, be achieved hy utilizing a zero blend radius, R3, and an
infinitely Targe value for R] and Rp, i.e., a rectangular cross-section.
It is well known, however, that sharp corners and flat walls lead to

structural problems. Sharp corners result in high Tevels of stress
| concentratiph, while flat walls lead to oil canning effects (i.e., the
flat walls do not remain stable in shape under alternating hydrodynamic
loads).

The proposed tank profile B {with an 89-inch top and side radii
and a 15-inch blend radius) is shown in Figure 4.38., The proposed tank
cross-section is a compromise between the rectangular creoss-section
which is ideal for Towering the c.g. height but structurally poor, and
the elliptical cross-section which has poor cross-sectional efficiency
but good structural gualities. The cross-section B has an efficiency
of 84.7 percent for a 96-inch-wide by 65-inch-high profile. Due to the
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increased efficiency of the profile B, for the same ¢ross-sectional
area, the height of the tank shell can be reduced by 4 inches as com-
pared to profile A. The conventional MC306 tank cross-section A, and
the proposed higher efficiency tank profile B are shown superimposed in
Figure 4.39.

4.2.2 Tank Side-View Profiie. Lowering the bottom of the tank
shell can lead to substantial improvements in rollover threshold, over

and above what could be achieved by the adoption of a more efficient

tank cross-section. The extent to which the bottom can be lowered at

the front end of a semitanker is constrained by the height of the tractor
fifth wheel and the height of the structural members which make up the
fifth wheel coupler plate assembly. For a fifth wheel height of 50
inches (which is typical), it is considered impractical to reduce the
height of the front end of the tank bottom below 56 inches. On the

other hand, it is structurally feasible to lower the bottom at the rear
end of the tank to as Tow as 46 1/2 inches above ground level. Hence,

a reduction in c¢.g. height can be achieved by the use of different tank

cross-séction profiles for the front and rear ends of the tank.

Figure 4.40 shows the semitrailer portion of an ejght-axle
tractor-semitrailer with a b6-inch bottom height at the front end and
a 46 1/2-inch bottom height at the rear. The influence of c.g. height
on the rollover threshold of such a vehicle can be understoed by an
inspection of Figure 4.41. The c.g. height of the sprung mass (inclu-
sive of the tractor sprung mass) is plotted on the abscissa and the
rollover threshold of the vehicle in g's is plotted on the ordinate.

The change in the tank cross-section from an ellipse to a semi-rectangular
profile increases the rollover threshold from .344 to .366 (an improve-
ment of 4.6 percent}, while the lowering of the tank bottom further

raises the rollover threshold to .380 g. Hence, by the combined use of

a more efficient tank cross-section and a drop-bottom side profile, the
roliover threshold can be improved by as much as 10.5 percent for this
vehicle.
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Figure 4.39. Comparison of the elliptical and semi-rectangular tank
profiles.
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4.2.3 VYehicle Track Width. Major improvements in the rollover

threshold can be achieved by increasing the track width of a vehicle.
When the track width of a gasoline tank vehicle is increased, the roll-
over threshold is improved through five distinct mechanisms, namely:

1. Increased track width implies a larger track-width-to-
c.g.-height ratio and hence a higher rollover threshold.

2. The tank can be made wider, and hence the c.g. height of
the tank lowered.

3. Larger track width permits the lateral distance between
the suspension springs to be increased. The larger spring
spacing, in turn, results in a higher suspension roll
stiffness and therefore a higher rollover threshold.

4. The effect of suspension backiash on rollover threshold
is reduced when the springs are spread further apart
laterally, resulting in a small improvement in the roll-
over threshold.

5. The lateral spreading of spring centers permits a slight
reduction in the height of the bottom of the tank shell.

0f course, the width of commercial vehicies is 1imited by both
federal and state laws. The consideration of increased vehicle width
is pursued here on the hypothesis that such a change holds so great a
promise for improved roll stability that the basis for the existing legal
constraints déserves reconsideration. The increase considered here has
been limited tc 6 inches (an increase from the conventional width of
96 inches to a width of 102 inches). This increase in overall width
permits the lateral spring spacing to be increased from 38 inches to
44 inches.

Effect of Increased Tank Width on C.G. Height

Let us first Took into the extent to which the shell height of a
tank can be reduced by increasing the width of the tank. In Figure 4.42
the cross-sectional efficiency, n, is plotted as a function of the shell
area {in the units of gallons per inch of tank Tength) for a 96-inch
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wide and a 102-inch wide profilte. The tank cross-sectional efficiency
of both the profiles is seen to fall rapidiy when the cross-sectional
area is reduced. The 102-inch-wide profile is increasingly less effi-
cient than the 96-inch-wide profile when the shell cross-sectional area
is reduced below 36 gpi. This lower efficiency of the 102-inch-wide
profile means that, for small cross-sectional area tanks, the height of
the 102-inch-wide tanks would not be significantly smaller than the
height of the 96-inch-wide tanks. For example, for a cross-sectional
area of 20 gpi, the 96-inch-wide profile has an efficiency of 83.3 per-
cent, while the 102-inch-wide profile has an efficiency of 80.9 percent.
Therefore, an increase in width from 96 inches to 102 inches (an increase
of 6.25 percent) results in a decrease in tank height from 57.8 inches

- to 56 inches, or 3 percent. The same calculation, when performed for a
30 gpi cross-sectional area, shows a larger reduction in tank shell
height—from 83.5 inches to 79.5 inches, or 4.8 percent. Therefore, the
larger capacity tank vehicles accrue the maximum improvement in rollover
threshold from a widening of the tank shell.

The net effect of all the vehicle height-influencing factors that
have been considered so far (improved tank profiles, Towering of the
tank bottom, and widening of the tank shell} are illustrated in Figure
4,43 for five of the tractor-semitrailer configurations. The reduction
in overall shell height and the c.g. height of the vehicle is seen to
be the maximum for the Tlargest capacity tanker. The overall reduction
in ¢.g. height ranges from 6.25 percent for the 8,800-gallon tanker to
8.7 percent for the 13,200-gallon capacity tanker.

rffect of Track Width on Rollover Threshold

Having Tooked at the infituence of vehicle width on the height of
the tank vehicle's center of gravity, we now expand the discussion to
establish the net infiuence of track width on the overall rollover
threshold Tevel. We shall consider two cases. '

1. The case in which the track width of the trailer axles
alone are increased to 102 inches, whiie the track width
of the tractor is retained at 96 inches, and
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2. The track widths of both the tractor and the trailer
are increased to 102 inches.

The rotlover threshold calculations were performed using the sus-
pension properties which are Tisted in Table 4.4. The suspension back-
Tash was set to zero for both the tractor and trailer suspension springs.

Table 4.4
Spring Rate in Spring Rate in
Compression Tension

(Per Spring} 1b/in (Per Spring) 1b/in
Tractor
Front Axle 1500 1500
Tractor 7
Rear Axles 6000 4000
Trailer
Axles ‘ 14000 4000

The influence of increased track width and the use of more effi-
cient tank profiles on the rollover thresholds of five of the candidate
tractor-semitrailer combinations are illustrated in Figure 4.44. The
rotlover thresholds of the vehicles for each of the design changes con-
sidered are connected by straight-T1ine segments. This fiqure serves to
illustrate graphically the contrast in rollover threshold changes
deriving from the width change as well as the changes in tank section
tayout.

At the bottom of the figure is seen a 96~inch-wide vehicle havihg
an elliptical cross-section. The first improvement that is considered
beyond this baseline case is that of adopting the more efficient semi-
rectangular profile. Referring to the Tines marked A and B in Figure
4.44, we note, as stated earlier, that the higher capacity tankers
benefit the most by the adoption of a semi-rectangular profile. The
8,800-gallon tanker shows an improvement in rollover threshold of only
2.4 percent, while the 13,200~gallon tanker shows a much larger improve-
ment of 6.2 percent.
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Providing a drop-section in the side-view profile of the tank
(Tine C in Figure 4.44) brings approximately the same amount of improve-
ment in'ail of the five vehicles. The 4.5-inch drop-section produces a
4.6 percent.inérease in rollover threshold for the 8,800-gallon tanker
and a 5.3 percent increase for the 13,200-gallon vehicle.

The next variation that was considered is that of widening the
track width of the trailer to 102 inches. This increase in the trailer's
track width is accompanied by the widening of the tank shell to 102
inches and an increase in the lateral spacing of trailer suspénsion
springs from 38 inches to 44 inches. On comparing the Tine marked D
with 1ine C, we note that larger capacity tankers are the ones that
benetit the most from the widening of the trailer’s track width. The
8,800-gallon capacity tanker shows an improvement +in rollover threshold
from 0.406 g to 0.433 g (6.7 percent}, while the 13,200-gallon tanker
shows a Targer improvement from 0.36 g to 0.395 g (9.7 percent). The
large ﬁumber of trailer axles which are present on the Iarger.capacity
vehicles produce the dominant portion of the roll-restraining moement.
Hence. when the trailer axles are widened, the improvement in the roll-
over threshold of the Targer capacity vehicles is movre significant than -
that of fhe smaller capacity vehicles.

The last design modification that was considered was that of
widening the track width of the tractor, as well, to 102 inches. The
rotlover threshold of the 102-inch-wide tractor/102-inch-wide trailer
combinations are marked by line E in Figure 4.44. Widening the track
width of the tractor to 102 inches is seen to have a more significant
impact on the rollover threshold of the 8,800-gallon tanker as compared
to the 13,200-gallon tanker. The significance of this change is thus
sensitive to vehicle size in a manner which is the oppesite of that which
was observed when the track widths of the trailer axles were widened.

By way.of exp]énationg we observe that *he tractor axiés support a larger
percentage. of the total load carried by the smaller capacity vehit]es as
compared_to the larger vehicles, and hence play a more significant role
in determining the rollover threshold of the smaller capacity vehicles.
The 83800~ga1ion capacity tanker shows an improvement of 10.6 percent

in rollover threshold, while the 13,200-gallon capacity tanker shows an
improvement of only 6.8 percent.
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If the cumulative effect of all the modifications that have been
considered are now evaluated, we note that the 8,800-gallon capacity
tanker shows a total improvement of 23 percent in rollover threshold,

while the 13,200-gallon tanker shows an improvement of 31 percent over
the respective levels of rollover threshold prevailing in the baseline

configurations.

4.2.4 Suspension Properties. The nominal influence of changes

in the c.g. height and track width of a vehicle and the rollover threshold
are presumably obvious even to a layman. The influence of suspension
stiffness variations on the rollover threshold of a multi-axled vehicle
is, on-the other hand, not so obvious. A discussion which is aimed at
gaining a basic understanding of how suspension properties can affect

" the rollover threshold of a vehicle is included in Appendix F. In this
section, computations using the static roll plane model will be pre-

sented; as they describe the effects of suspension stiffness and suspen-

sion\]ash on the rollover threshold of two of the candidate vehicles.

Leaf spring suspensions exhibit high?y nonlinear force-deflection

characteristics., The tensile and compression portion of the force-
déf1ectioh characteristics of a leaf suspension spring, which is typical
of tanker applications, is shown in Figure 4.45. With reference to
Figure 4.45, we note that when the direction of force appTicétion changes

from compression to tension, the spring goes through a dead zone or lash

space of height, &. ‘The tensile spring rate, KSts of multi-leaf springs
is, in general, lower than the compression rate, KSC, due to the fact
that the topmost leaf alone tends to deflect under a tensile force. The
representation of the suspension spring properties in the roll plane
model is shown on the right—hand side of Figure 4.45.

Suspension Stiffness

We shall first discuss the influence of the trailer syspension
sc and Kst’ on the rollover threshold of two
of the tractor-semitrailer configurations—#3a and #5a. The calcula-

stiffness parameters, K

tions were performed assuming a zero value for the lash space, §, in

the tractor and trailer suspension springs. The influence of suspension
lash will be discussed later in this section. The tractor suspension
properties were characterized by the following parameters:
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'-_spring rate of tractor front suspensions = 1500 1b/in/spring

= compression rate of tractor rear suspension springs

KSC = 6000 1b/in/spring

"~ tensile rate of tractor rear suspension springs

K_. = 4000 1b/in/spring

st
During the parameter variation study, the trailer suspension spring rate
in compression, Ksc’ was varied from 6000 to 14,000 1b/in, and the
tensile spring rate, KSts from 4000 to 14,000 1b/in. A value of 96
tnches was used for the track width of the tractor and the track width
of the trailer was set at 102 inches. For the entire range of stiffness
variations which were considered, the trailer tires achieved a "1ift-off"
. condition at a Tower level of lateral acceleration than was the case for
the tires on the tractor rear axles. The rollover threshold of the
vehicle -was therefore reached when the in-board tires-on the tractor
rear axles 1ifted off the ground.

In Figure 4.46a, the lateral acceleration levels at which (1) the
tires on the trailer axles Tift off the ground and (2) at which the
vehicle rolls over are plotted as a funiction of the trailer's spring rate
in tension, Kst’ for tractor-semitrailer configuration #3a. The lateral
acceleration levels are shown for four different values of KSC, namely,
6,000, 8,000, 12,000, and 14,000 Tb/in. It is interesting to note that
increases in both Kge and K, have a negligible effect on the rollover
threshold of the vehicle. Increases in KSC and KSt merely reduce the
Tateral acceleration level at which the trailer tires 1ift off the
ground. '

The sprung mass roll angle at which (1) the trailer tires 1ift
off the ground and (2) at which the vehicle begins to rollover are
plotted in Figure 4.46b for the same variations in the parameter values

for KSC and K Increasing the trailer suspension spring rates reduces

_ st”
the indicated values of sprung mass roll angle at which the trailer tires

1ift off the ground, but has no significant effect either on the rollover

threshold or the roll angle at which the vehicle beqins to overturn.
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The critical Tevel of "ateral acceleration and the critical sprung
mass roll angles are shown in Figure 4.47a and 4.47F, respectively, for
one of the larger tractor-semitrailer combinations—configuration #5a.
Oh'inépecting Figure 4.47a, vie note that the lateral acceleration which
corresponds to the rollover threshold is not significantly higher than
the,1atéra] acceleration at vhich the trailer tires 1fft off the ground.
This is due to the fact that the six semitrailer axles which are present
on configuration #5a contribute most of the roll-resisting moment. The
additional roll-resisting moment that the tractor axles can generate,
béyond the point at which the tires on one side of the trailer axles
Tift off the ground, is therefore very small. '

Suspension Lash

The presence of lash in the tractor and trailer suspensions makes
the analysis of the roll behavior of articulated vehicles much more
compiex. Shown in Figure 4.48 is a plot of lateral acceleration versus
sprung mass roll angle for the tractor-semitrailer <onfiguration #3a.
In this figure, the lateral acceleration/roll angle relationship is
shown for five Tevels of trailer lash, ranging from 0.0 inch to 2.0
inches. The tractor suspension parameters which were used in generating
this plot were the same as the ones used in Figures 4.46 and 4.47,
except ‘that, in this case, the tractor rear suspension is assumed to
have a lash of 1.5 inches. The trailer suspension stiffnesses were set
at K. = 14,000 1b/in and Kst = 4,000 Tb/ih.

In Figure 4.48, let us first consider the baseline case for which
there is no lash in the trailer suspension. Starting with zero roll
angle, and upon increasing the Tevel of lateral acceleration, the plot
follows the trajectory OABCDE. For low levels of lateral acceleration,
the sprung mass rb11 angle is defined by points which 1ie along the line
OA. At point A, the suspension springs on one side of the trailer go
. from compression to tension. Since the tensile spring rate, K is

st?

lTower than the compression rate, K the Tine AB is Tess steep than 0A.

sc’
At point B, the tires on one side of the trailer are completely lifted

off the ground (whi1e all the tires on the tractor's front and rear axles
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are still on the ground). Since the roll stiffnesses of the tractor's
suspension are small compared to the trailer suspensions, the slope of
the lateral acceleration versus roll angle plot is significantly re-
duced beyond the point of trailer tire 1ift off—point B. At point C,
the suspension springs on one side of the tractor rear axle enter the
lash zone and the lateral acceleration needed to maintain roll equili-
brium reduces along the Tine CD. The tractor's rear suspensions com-
plete their travel through the lash and go into tension at point D. At
point E, the tires on one side of the tractor's rear axle {as well as
those on the traiter ax?es) are completely off the ground, while both

the tires on the tractor front axle are stf11 resting on the ground.
Beyond this point, stable roll equilibrium does not exist due to the

fact that the stiffness of the tractor front suspension is not sufficient
fo‘counteract_the overturning moment produced by the roiling of the
vehicie. ~In an actual steady turning maneuver, the roll response follows
the Tine, OABC, beyond which any increase in lateral acce1érat§6n level
produces ro11o§er. The rollover threshold of the vehicle, wfthrno
trailer Eash}lis therefore defined by point C.

Let us now consider the influence of lash fn the trailer suspen-
ston springs.. The roil response of a vehicle with 1/2-inch lash in the
trailer suspension springs is given by the trajectory, 0AA'B'CDE. The
trailer suspension springs enter the lash at point A. The segment AA'
represents travel of the trailer suspension springs through-the-]ash.

At A', the trailer suspension springs go into tension and start apply-
ing a 1ift force to the trailer axles. The tires on one side of the
trailer axles Tose road contact at hoint B'. Beyond the poinf of Tift-
off of the trailer tires, the roll response follows the same trajectory
that was followed for the case with no trailer lash. We notﬁce_thate

for this part1¢u1ar combination of vehicle parameters, the presence of
1/2-inch lash does not affect the maximum lateral acceleration level
(point C) that can be achieved. For higher Tevels of trailer lash, such
as 1.5 inches and 2.0 inches, the peak lateral acceleration is reduced
from C to B''" and B'''", respectively. It can therefore be stated that,
for this parfitu?ar combination of vehicle parameters, when the trailer
lash exceeds one inch, it has a degrading effect on the ro1]oﬁer'threshoid
of the vehicle.
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The influence of Tash in the trailer suspension on the rollover
threshold of the tractor-semitrailer of configuration #3a is plotted
in Figure 4.49. The results are presented for two sets of tractor sus-
pension parameters. One set represents a "light-duty tractor" that is
typical of line-haul highway vehicles involving 80,000-1b gcw vehicle
combinations. The other set pertains to a heavy-duty-type tracter such
as is typical of tractors used for hauling higher gross weight Toads in
Michigan. The parameters which represent the suspenéion properties of
each of two types of tractors are included in Figure 4.49. It can be
observed that higher 1eVe15 of rollover threshoid can be achieved by the
use of. a "heavy-duty-" type tractor.

‘Fiqure 4.49 indicates that the effect of tractor suspension lash

" on the rollover threshold of the vehicle is dependent upon the type of

tractor to which the traiier is coupled. In the presence of a "light-

' duty tractor,” the rollover threshold is degraded by lash in the trailer

suspension. The extent to which the vroliover threshcld is degraded is
dependent upon the compression rate (Ksc) of the trailer suspension.
The higher the compression rate of the trailer suspension, the less
sensitive the vehicle is to the presencerof lash in the trailer suspen-
sions.

Due to the pecu?far manner in which the rear suspension of the
heavy-duty tractor interacts with the trailer suspension, the vrollover
threshold can be seen to increase with an increase in trailer suspension
Tash fof a frai1er suspension stiffness (Ksc) of 6,000 1b/in. Trailer
lash is seen to have a small degrading effect on the rollover threshold
of the vehicle for the other two trailer suspension spring compression
rates that were considered.

It can be observed that, for a trailer equipped with springs which
have a compression rate, Ksc’ of 14,000 1b/in and a lash of 0.5 inch,
the rollover threshold of the vehicle can be increased from 0.41 g to
0.426:g {an increase of 2.5 percent) by the adoption of a heavy-duty
tractor.
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‘The influence of suspension Tash on the rollover threshold of the
tractor-semitrailer configuration #5a is shown in Figure 4.50. The
comments made in connection with Figure 4.49 hold true for this vehicle
as well.

4.3 ~ The Influence of Sloshing Fluid Loads

One of the major variables in the operation of a bulk liquid
transport vehicle that can affect its dynamic rolTover behavior is the
presence of unrestrained Tiquid due to partial filling of compartments.
A compartment that is filled to anything less than its full capacity
atlows the 1iquid to move from side to side, producing the so-callad
"slosh" load condition. The lateral shift of the cargo's center of
gravity in a maneuver is of safety concern because it reduces the
vehicle's rollover threshold. In addition, the sloshing load may move
out of phase with the vehicle's Tlateral motions in such a way that other
degrading effects of slosh on dynamic behavior may also occur, further
reducing the vehicle's rollover threshold. '

4.3.17 The Dynamics of Slosh.  The motions of an unrestrained

Tiquid in a tank vehicle can be quite complex and can depend upon the
tank size and geometry, the mass and viscosity of the moving Tiguid and
the maneuver being performed. The mechanisms of slosh are most readily
described in simpie steady~state cornering, although it is in transient
maneuvers that the most exaggerated fluid displacements take place.

Steady-state cornering: When a slosh-Toaded tanker is performing

a steady-state turn, the 1iquid responds to lateral acceleration by
displacing Taterally, keeping its free surface perpendicular to the com-
bined forces of gravity and lateral acceleration. Figure 4.51a illus-
trates the position of a partial Tiquid load in a circular tank which

is being subjected to a steady-state cornering maneuver. The mass center
of the Tiquid moves on an arc, the center of which is at the center of
the circular tank. In effect, the shift of the liquid produces forces
on the vehicle as if the mass of the load was located at the center of
the tank.
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With more complex tank shapes, even the steady-state behavior
becomes somewhat difficult to analyze. [In particular, with unusual
tank shapes it becomes more difficult to describe the motion of the
liquid's center of mass as a function of lateral acceleration. As a
contrast to the circular tank, Figure 4.51b illustrates the behavior of
liquid in a rectangular tank. At Tow lateral accelerations, the 1iquid
movement is primarily Tateral, centered at a point well above the tank
center. Hence its effect is similar to having a very high mass center.
With increasing lateral acceleration, the mass center follows a somewhat
elliptical path.

While the circular tank results in a vehicle with a higher load
center, efforts to reduce the Toad center by widening a tank can be
expected to increase vehicle sensitivity to slosh-degradation of the
rollover threshold. The effect is illustrated by the plot in Figure
4.52 taken from Strandberg [9] showing rollover threshold versus percent
load. For a circular tank, increésing load Towers the threshold con-
tinuously, with the minimum rollover threshold occurring at full load.
For a vehicle outfitted with a rectangular tank, higher levels of roll-
over threshold occur when the tank is either empty or full, although at
intermediate toad conditions the rollover threshold is severely depressed
due to the greater degree of lateral moticn possible for the unrestrained
liquid. Thus, for fuel transport vehicles having a more or less rec-
tangular tank form, rather than circular, slosh loading is seen to
increaéé the k6]1over risks even beyond that of the fully loaded vehicle.

“Transient maneuvers: In transient maneuvers such as an abrupt

evasivé steering maneuver or a rapid lane change, slosh loads introduce
the added dimension of dynamic effects. With a-sudden steering -input,

the rapid imposition of lateral acceleration will cause the fluid to
displace to one side with an under-dampad (overshooting) type of behavior.
When represented as a simple undamped pendulum, the response of the

fTuid mass to a step input of acceleration would be seen to displace to
an amplitude which is approximately twice the level of the steady-state
ampiitude. In.a Tane-change maneuver in which the acceleration goes
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first in-one direction and then the other, an even more exaggerated
response amplitude can be produced.

In general, the degree to which the dynamic mode is excited
depends on the timing of the maneuver. Depending on the Tiquid level
and cross-sectional size of the tank, the unrestrained liquid will have
a natural frequency of oscillation. For a half-filled, 8-foot-wide
tanker, this frequency is approximately 0.5 Hz (cycles/sec). Studies
of driver steering behavior [10] have shown that in a demanding steer-
ing task (tracking with a Timited sight distance), the spectral dénsity
of the driver steering input can have a significant magnitude at this
frequency, as shown in Figure 4.53. Also, the two-second lane change
used by HSRI [2] as a typical evasive maneuver for evaluating tankers,
constitutes a lateral acceleration input closely matched to the fluid
fréquency. Hence it must be concluded that dynamic slosh motiens can
be readily excited on a tanker, especially in the course of evasive
maneuvers such as a lane change.

4,3.2 .F]uid Slosh as a Mechanism Reducing the Rollover Threshold
of Michigan Tankers. The partial loading of gasoline tankers 1n.the

State of Michigan represents a somewhat different set of conditions than
those represented in Figures 4.51a and 4.51b. In general, the actual
practiée of partial loading appears to include cases in which §n1y a few
of the compartments may be filled while the others are empty; or in

which one or more compartments are only partially filled (i.e., sloshing).
With compartmentaTization, an infinite variety of slosh conditions can

be postuTated;

In order to obtain a picture of the potential influence of slosh
on the rollover threshold under the diversity of conditions representa~-
tive of Michigan tanker operations, a computer simulation study was
performed. Although analytical models are not available for the precise
simulation of the dynamics of the slosh motions, a simulation method was
available permitting a first-order approximation to be made. Asfde—
scribed in the preceding sections, Tiquid slosh acts much 1ike a pendulum,
producing D'Alembert forces on the vehicle as if the liquid was located
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at an elevated pivot point. An estimate of steady-state rollover
threshold with an unrestrained liquid load was thus obtained using the |
static roll simulation model described in Section 4.1.3, locating the
assumed slosh 1iquid mass at the height corresponding to the pendulum
pivot point. The pivot point, in turn, is determined for a given tank
shape by analytically or graphically determining the trajectory of
motion for the sloshing mass center at each loading level.

~ Further, an estimate of the dynamic effect of slosh in a transient
maneuver was obtained from the static model results by simply assuming
that the slosh load will overshoot the equilibrium (steady-state)
pendulum amplitude by 100 percent in a step-steer maneuver. In effect,
this estimate is obtained by employing a pendulum pivot which is Tocated
at twice the elevation (with respect to the bottom of the tank) of the
slosh-loaded 1iquid. (That is, for a given 1iquid load level, the
static load center is first calculated and the pendulum center is
located. ,E]eVating the mass by placing it at the height of the “equi-
valent" pendulum center provides a representation of the steady-state
slosh condition. Doubling the elevation is equivalent to the step-
steer condition.)

This representation was used to explore slosh effect using the
tank cross-sectional form proposed for the 13,200-gallon tanker con-
figuration, #5a. Figure 4.54 shows the systematic effect of slesh on
the step-steer rollover 1imit as the total load is varied. The top
curve represents the threshold with no slosh (i.e., when variously-
sized compartments are filled to achieve the desired load condition).
The lower curve illustrates the effect on a two-compartment tanker as
the load is increased by adding fluid to one compartment until it is
full and then to the second, With the first addition of unrestrained
liquid, the rollover threshold diminishes rapidly, then rises again to
the no-slosh 1imit as the compartment becomes full. " From the 50-percent
Toad condition, adding Tiquid to the second compartment again rapidiy
diminishes the threshold until we approach the no-sTosh, fully loaded
condition. ‘
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If, on the other hand, we considered a tanker having four equal
compartments—one full, two half-full, and one empty-—the thresheold
would fall on the dotted line at the 50-percent load condition. Other
compartmentalization patterns could result in rollover thresholds at any
other point on the dotted 1ine. Thus the Tower (dotted) curve must be
taken as the potential Tower limit of rollover threshold for a 50-
percent slosh condition. Note, too, how rapidly the threshold changes
with just a nominal amount of fill or underfill in a compartment.

From a systematic study of the way in which diverse loading com-
binations affect rollover threshold, certain sensitivities have become
evident. Specifically, the rollover threshold is seen to be most sensi- -
tive to the amount of total Toad carried and to the volume, VCS, of the
compartment(s) which have been loaded "in a slosh condition" as a frac-
tion of the total tank volume, VT‘ In this analysis the compartments
that are in the slosh condition are defined as those which are loaded
between 20 and 80 percent full (see, for example, Reference [9]).

The fraction VCS/VT has been found useful for illustrating the
sensitivity of the roliover threshold to slosh even though it does not
describe the actual quantity of fluid which is, in fact, sloshing within
the 1nvo]ved't0mpartment volume, Ve_. The fraction is explained as a
useful descriptor of slosh because of two compensating mechanisms re-
lated to the volume of the stoshing fluid. Namely, we find that a
lightiy-filled compartment suffers Targe lateral displacements of a
Tight sloshing mass while a mostly-full compartment involves the small
lateral shifting of a heavy sloshing mass. Thus the absolute size of
the slosh compartments, VCS, determines the approximate magnitude of the
roli-destabilizing forces that are deveioped. The result is that once
a compartment is established as being in the 20-80 percent full range,

a good first-order estimate of the proportiona]'reduction in rollover
threshold due to the sloshing Tiquid is obtained by the ratio VCS/VT'

Using the computer simulation to predict rollover threshold versus
percent load for cases of constant values of V¢ /Vy, results shown in
Figure 4.55 were produced representing the 13,200-gallon tanker., Vehicles
having partia?_compartmgnt loads falling outside of the 20 to SO.percent
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critefion were assumed to perform as with no slosh {that is, employing
the upper curve in the previous figure, 4.54) and those within the
20-80 percent are assumed equivalent to the worst case condition (the
dotted Tine in Figure 4.54).

Taking Fﬁgure 4,55 to he representative of the potentiaﬁ-ihf?uence
of slosh on tanker operations, we note that:

1) Operation at a partial lToad condition does not produce
Tower values of rollover threshold than that deriving
from the 100-percent load condition so Tong as no more
than 10-20 percent of the tanker volume is loaded in a
slosh conditian. |

2) Operation with 50 percent or more of the tank volume in
a slosh condition produces large reductions in rollover
threshold over almost the total range of overall loads.

In Section 7, the computed effects of slosh on rollover threshold are
combined with survey data describing the incidence of slosh Toading in
the field. A prediction is then made of the increment in risk which'
derives when gasoline tankers are permitted to operate with a repre-
sentative incidence of partially filled compartments.
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5.0 CONTAINMENT OF THE TRANSPORTED FLUID IN AN ACCIDENT

The loss of fluid product in tanker accidents derives primarily
from tank failures induced in roliover impacts. Indeed, Michigan data
show that in a recent two-year period, only one in 25 product spill
incidents occurred due to a non-rollover accident. In this project, a
review was made of tanker accidents reported by the Michigan Fire
Marshall's Office to identify mechanisms of tank failure occurring in
rollover accidents. Upon observing that the most common failure mechanism
involved the manhole covers which are mounted on the top of each tank
compartment, a set of experiments was conducted to establish the impact
pressure conditions to which manhole covers are subjected in a rollover,

5.1 Review of Tank Failure Data

Using‘fhe State of Michigan Fire Marshall's Incident Reports for-
1977 and 1978, 33 accidents were identified for study in which the
tanker overturned with the possibility of damage to the tank. Selection
criteria inciuded (1) vehicle overturn, (2) capacity in excess of 5000
gallons, (3) a single-trailer articulated vehicle or a "doubles" vehicle.
Straight, Tocal delivery vehicles were not included. '

Attempts were made to contact each company by telephone to seek
permission to see the vehicle. O0f these attempts, seven vehicles were
available and documented, 20 vehicles were not available but company
personnel ‘were' interviewed, and in six cases no interview or contact
was possible. - Of the 20 contacted, the majority of the vehicles had
been repaired and were back on the road. In a few instances, the
vehicles had been sold for scrap (retired from service or melted down
in the fire) and no Tonger existed. The data on the available tankers
came from ejther direct examination of the vehicle or from other
sources—minterviewsg the incident reports, etc.

“In 25 of the 33 instances, the tank was found to have been signi-
ficantly damaged. The level of damage ranged from scratches, to dents,
to cave-in of an entire side of a doubles train.

155



Twenty-three of the vehicles had suffered loss of product. by
means of the following failures:

13 cases - manhole cover dislodged or leaking
5 cases - split in tank weld seam
4 cases - puncture in tank wall

1 case - both split seam and puncture

Manhole Cover Failures

Manhole cover failures ranging from total dislodging of the cover
to a sustained Teakage after rollover have been observed under a variety

of rollover impact conditions. Manhole cover failures were experienced
" with tanks which struck rigid pavement as well as snow banks. Shown
in Figures 5.1 and 5.2, for example, are tanks having the distinctly
flattened sidewalls which result from rollover onto a rigid pavement,

the situation most 1ikely to dislodge manhole covers.

Shown in Figure 5.3 is a photo taken at the accident scenhe of a
burned tanker which has lost two of its manhole covers after rolling

over 'on a Detroit expressway. One of the covers can be seen laying on
the ground near the tank, A more "gently" deformed tank shell is shown
_1n'Figure 5.4, Manhole covers were still intact on this vehicle, but
1eakin§; after the Vehic¥e-overturned onto a snow bank.

Although the anecdotal nature of the available information i1Tus-
trates that a problem exists, a statistically-sound basis for inferring
the role played by manhole-cover failure is not poésiblé, since the
reporting of specific types of manhole-cover failure was not done
consistently. Nevertheless, the complete dislodging of manhole covers
ts Tooked upon as constituting the most hazardous common experience
" since the fluid load is released at such a high flow réte that a "river"
of fuel is created. The "river" flows rapidly along the natural drainage
profile of the roadway, posing a particular threat to other vehicles

either involved in, or stalled by, the accident. If the fuel is ignited,
of course, the rapid flow of the "river" implies a rapidly advancing

flame front.
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Figure 5.1. Doubles train showing flattened sidewalls resulting

. from rollover on rigid pavement ;

g \ Figure 5.2. Single trailer with pavement-flattened sidewall.
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Accident scene showing tanker that has suffered dislodgement of two manhole covers
ensuing fire.




"Gently" deformed tanker which rolled over onto a
snow bank.

Figure 5.4.
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Weld Seam Failures

Of the five cases in which a split occurred along a weld seam,
all such failures were confined to a few inches in length of split.
One such vehicle, the aluminum-shell tanker shown repaired in Figure 5.5,
rolted over onto its right side causing a split in the seam, "A," as
well as internal tearing of all of the bulkheads separating the four
tank compartments. Virtually the entire fluid Toad of 13,000 gallons
was then spilled out through the split in the front head seam.

In most cases of weld seam failure, the split was seen to occur
in the concave portion of a fold in the tank skin such as shown by the
arrow in Figure 5.6. Although the flow rate through such openings may
be only of the order of 5 to 10 gallons per minute, large fires were
seen in two cases which caused fatalities. Shown in the foreground of
Figure 5.7 is a leak from such a weld seam split produced during one of
the tanker rolTlover tests to be discussed in the following section of
the report.

Speaking generally, weld seam splits were found most commonly at
the junction of the rear head to the sidewall as sketched in Figure 5.8.
This failure appears to be especially 1ikely on those tanks for which
the rear head meets the sidewall with an oblique butt weld rather than
by means of an overlapped head flange and sidewall plate, as shown in
Figure 5.9. It is known that the more elliptic-section tankers are
commonly designed with the overlapping head flange construction, although
the achievement of this feature with the large-radius-sidewall tanks
which are of interest in this study may be more difficult.

Tank Puncture

The mechanisms causing tank puncture were clearly identified in
only two cases. In one case, the tank.was pierced by the tractor frame
rails and in the other case, the tank was penetrated by a pavement drop-
of f edge at a construction site. Other punctures entailed unidentified
roadside appurtenances. In general, we notice that puncture of
Michigan's typical steel tanks requires contact with a rather small,
rigid object. Shown in Figure 5.10 is an example of a localized tank
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commonTly produces weld seam split.

Side'view of fTattened tank wall with characteristic
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Figure 5.7.

Weld seam split (arrow)

obseryed following fo]]over eXperiment discussed in Section 5.2.
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Figure 5.10. Tank puncture incident deriving from localized Toading f
of the tank shell by an unknown object in a collision. |
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deformation in which a small puncture was created. By contrast, the
large deformation which is evident in the leading corner of the second
trailer in Figure 5.11 did not involve a sufficiently Tocalized loading
to cause puncture.

Tank Shell Integrity in a Fire

In the cases of aluminum tank trailers which did rellover, with
an ensuing gasoline fire, the aluminum shell material melts wherever it
extends above the fluid level in the tank. Shown in Figure 5.12 is a
photo of the remains of an aluminum gasoline tanker involved in a roll-
over and fire. The internal baffie and bulkhead plates have been burned
down to the level at which the remaining fuel reposed at the time the
fire was extinguished. S

0f course, a steel-shelled tanker will not melt at the tempera-
tures attainable in a gaosline fire. By way of contrast to the aluminum
tank shell shown above, the steel tank shell in Figure 5.13 is notable,
The photo reveals the final level of f1uid.repose upon extinguishment
of the fire by the line of discoloration evident on the rear head. Note
that the vehicle was resting on its right side at the time of the fire,
and that the apparent fluid level goes right to the edge of the manhole
cover opening from which fluid spilled upon dislodging of the cover.

Moreover, the tank failure investigation served to provide actual
examples of failure mechanisms, although Tittle of statistical signi-
ficance can be concluded. It was determined that manhole-cover failure
constituted the primary means for spillage of fluid product, although
the frequency with which total dislodgement occurs cannot be identified.
Additionally, the weld seam failure occurring at the obligue butt-welded
Jjuncture of the head and sidewalls appears to be a common fault.

5.2  Integrity of Manhole Covers

Shown 1in Figure 5.14 is a typical manhoie cover design such as has
been popular in Michigan for gasoline and fuel oil transport. The man-
hole cover assembly is situated on top of the tank between the two
protective rails. The device shown in the sketch typically contains
any or all of the following items:
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Figure 5.11.

Double tanker shdwing deeply 1ndénted'1éédﬁhgl66fhéf‘6f second trailer's
tank - no leakage occurred. '
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Figure 5.12.
(courtesy of S-K Services).

‘Remains of aTumian-she]T gasoline tanker following rollover and fire
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| FILLER COVER
D
OME COVER BREATHER VENT

CLAMPING BAND

FUSIBLE PLUG

Figure 5.14. Typical manhole cover




1} Fi11 cover which is opened to permit loading product
from the top of the tank.

2) High capacity vent by which the fill cover is spring
loaded to open with 3 psi internal pressure.

3) Low capacity pressufe and vacuun vent.

4} Vapor recovery shroud and remotely operated valve for
discharge of vapors into a separate "recovery" piping
arrangement during bottom Toading of the tank.

5) Fusible vents which open when immediate fire temperatures
melt a solder-like fuse cap.

6) Liguid Tevel sensor intended for use in shutting off
inlet flow when compartment has been filled by means
of bottom loading..

Althoudh certain of these features are present pictorially in
Figure 5.14, the key design feature which has Ted to special concerns
regarding manhole cover integrity is the indicated clamping band. By
means of tightening this band, the entire manhole-cover assembly is
fastened to the flanged hoop (or so-called "weld ring") which forms
the manhole opening in the tank itself. The integrity of such manhole-
cover assemblies and their attachment hardware is currently addressed by
the Code of Federal Regulations #CF49-178.341-3 which states:

(a) Each compartment in excess of 2,500 gallons
capacity shall be accessible through a manhole of
at Teast 11 x 15 inches. Manhole and/or fi11 open-
ing covers shall be designed to provide secure
closure of the openings. They shall have structural
capability of withstanding internal fluid pressures
of 9 p.s.i.g9. without permanent deformation. Safety
“devices to prevent the manhole and/or fill cover from
~opening fully when internal pressure is present shall
be provided. ‘

The accident experience cited in the preceding section'1ed to the
hypothesis that the 9 psi internal pressure reguirement of the regula-
tion was inadequate for assuring that manhole covers would not become
dislodged in roilover impacts.
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Expérimental Program of Rollover Impact

- Inorder to test the stated hypothesis, a set of experiments was
planned to determine the maximum level of internal fluid pressure which
is Tikely to occur in a gasoline tanker which suffers a rollover impact
against a flat paved surface. A set of four individual experiments was
conducted using full-size gasoline tank trailers. |

Experiment #1 - The first test was conceived as.representing a

severe rollover event such as would derive if a rapid steering maneuver
was attempted such that the tank trailer could gain a large level of
roll velocity before its tires came off of the ground. Computerized
simulation was employed to predict the roll and elevation trajectory

- shown in Figure 5.15. We see that a very severe rollover event of this
type places the tank at a rather steep roll attitude by the time ground
contact.is made. The impact condition further entails a final angular
velocity of 2.6 rad/sec and a vertical velocity at the mass center of
16.2 ft/sec.

A full-scale kinematic equivalent of this impacf condition was
achieVed‘through use of the test rig shown in Figures 5.716, 5.17, and
5.18. By this arrangement, the vehicle was set up to achieve a free roll
motion about a selected longitudinal axis which was near the center of
the tanker's axles. Figure 5.16 shows certain auxiliary vehicles which
were used to hold down or rigidly locate elements of the pivot mechanism.
Figure 5.17 shows a pipe element which constitutes a pivot pin about
which the vehicle rotates, a truss structure which locates the pivot
fulcrum, and one of the upright supports which becomes released to
initiate the drop. Shown in Figure 5.18, the vehicle is perched upon
two upright poles which support the tank by means of rollers set into
box-1ike fittings of each end of the tank. The roller, which is fastened
to the pole, bears against an inclined plate such that the vertical Toad
of the tanker tends to push the pole away from the tank%_‘Upon suddenly
releasing tension on the overhead cable, the poles are both pushed out
and the tanker falls in a free rotation about the pivot. Since the tank
strikes the ground with a contact force which passes very nearly through
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for a severe rollover.
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Figure 5.16. Miscellaneous support vehicles used to locate the pivot
apparatus in severe rollover experiment.
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Figﬁ}e 5.17;’Tanker Tocated by a pivot. Tanker configured to rotate about point
"0" upon release of the support standard, "S".







the center of percussion of the tanker, residual motions following
impact are insignificant.

The test vehicle itself is a 7,700-gallon, 10-ga steel-shell
tanker comprising the full trailer of a typical Michigan double. The
tank has three compartments, of capacities 3,550 gallons, 1,450 galions,
and 2,700 gallons, respectively from front to rear. For the first
experiment, the front and rear compartments were nominally filled with
water, leaving a three-percent outage volume, or free space, in both
Toaded compartments. This loading condition was chosen since it yielded
the design gross load of the vehicle, 65,000 Tbs. The manhole covers
were all of the clamping-band type discussed earlier. The manhole cover
in the filled #1 compartment was left in its as-designed state while
the #3 cover was mechanically blocked to prevent its dislodging. Trans-
ducers were installed to record two fluid pressures adjacent to the
manhole in both the first and third compartments, two acceleration
signals normal to the impact point, and the instantaneous angular posi-
tion of the vehicle during its fall. Data were recorded on an FM
tape recorder, as well as on oscillographic pen-chart recorders.

Shown in Figure 5.19 and 5.20 are photos of the tanker in motion
and, then, impacted with its #1 manhole cover dislodged. In Figure
5.21 we see the "river" that was created within two or three minutes
following the dislodging of the #1 manhole cover. ‘Subseguent inspec-
tion showed that the bulkhead between compartments #2 and #3 had failed
in the vicinity of the impact deformation. Further, following comple-
tion of the second impact experiment using the same test vehicle, it
was discovered that an artificial cushioning of the internal fluid
pressures had taken place due to partial collapse of air tanks which
existed inside each of the three compartments. The air tanks had been
installed inside the compartments during a previous research study [2]
for purposes of displacing fluid so that a water load would yield the
same inertial parameters as a reference loading of gasoline. Thus,
neither the first nor second experiment can be looked upon as providing
a valid estimate of the maximum levels of internal pressure which may
be exerted against a manhole cover in a rollover. Nevertheless, the

177




Figure 5.19.

Severe rollover test, time = 0.30 sec. -
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gement of manhole cover.

Scene showing the "river" of fluid released due to dislod

Figure 5.21.
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results of these experiments do aid in obtaining an understanding of
the mechanisms contributing to internal pressure.

Shown in Figure 5.22 are the recorded time histories from pressure
transducers and accelerometers installied on the vessel. From the top,
we see the two pressure signals from compartment #1, next the two
pressure signals from compartment #3 and finally the two acceleration
signals (which show signal, A}, limiting at 20 g's while the broader
range accelerometer, signal A2, continues to yield a measurement). The
pressures in compartment #3 pertain to a condition in which the manhole
cover is blocked to prevent dislodgement. The pressures in compartment
#1, on the other hand, provide a measure of the pressure causing one
specific manho]g cover to dislodge. Although we see variations in the

noise content of the four pressure signals, the nominal response entails

a lTow frequency peak in the range of 20 to 25 psi and high frequency
spikés from 30 to 50 psi. Interestingly, the signals obtained in the
"blocked" compartment are virtually the same as those obtained in the
compartment in which the 20-inch diameter orifice was opened, upon
having dislodged the manhole cover. This result was initially sur-
prising since it had been expected that failure of a manhole cover would
act to relieve the pressures experienced in the involved compartment.
The observation can be explained, however, on the basis of the very
limited time period over which peak pressures are sustained, as con-
trasted with the time needed to accelerate a sufficient quantity of
fluid out of the manhole opening to provide a pressure-relieving effect.

The accelerometer signal, AZ’ provides a continuous recording of
accelerations normal to the ground plane, showing a noisy, and rela-
tively Tow-level, response for the first 30 milliseconds, followed by
a rather sustained pulse of approximately 25 g's amplitude. Double
integration of the A2 signal, by graphical means, yields a net deflec-
tion of the tank wall which agrees well with the nominal 8-inch
maximum deformation measured on the vessel,

In Figure 5.23 1is shown the failed manhole cover, characterized
by a stretched clamping band and, as shown by another view in Figure
5.24, also incorporating a marked bow in the cover itself as a result
of the high internal pressure.
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Time histories of data gathered during severe rollover test.
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Figure 5.23. Failed manhole cover showing stretched clamping band.
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Experiment #2 - The second rollover impact test was of the simple

"tip-over" variety, by which the tanker was brought just beyond its
point of unstable equilibrium, with zero initial roll rate. The

vehicle then rotated about its tires until the tank shell impacted
against the ground at a roll attitude of approximately 95 degrees from
the vertical. Shown in Figures 5.25 and 5.26 are views of the set-up
for the second experiment. The vehicle was initially supported at a
roll attitude of approximately 15 degrees so as to minimize the level

of force needed on the cable with which the tanker was towed to the
point of roll instability. The tank's three compartments were all filled
with water, leaving only a three-percent outage, or vacant volume, with-
in each compartmént. A clamp-ring type manhole cover was again in-
sté]]ed on compartment #1, while blocked covers were placed over the
other two compartments. The tank was instrumented as before with two
pressure transducers in each of compartments #1 and #3 and with one
narrow- and one wide-range accelerometer fastened to the tank opposite
the impact point.

Shown in Figures 5.27 and 5.28 are scenes at the moment of impact
and a few seconds following the experiment. Again we see that the con-
ventional manhole cover has been dislodged and that a large plume of
water spray is produced at the moment of impact. Note that a substantial
flow of liquid is sprayed out through the 3 psi vent of the blocked
conventional manhole cover on the left in Figure 5.27. The center com-
partment,; which was not instrumented, has been covered for this
experiment with a blank plate having simply a two-inch open standpipe
to represent vent flow.

Shown in Figure 5.29 are time histories of pressure and accelera-
tion signals recorded in the second experiment. Arranged from top to
bottom we see, as before, two pressure signals from compartment #1, in
which the conventional manhole cover failed, followed by the two pres-
sure signals from the top of the blocked #3 compartment, followed by two
accelerometer signals. Again, the accelerometers are both oriented to
record accelerations normal to the ground. Note that the signal, A1,
is Timited at 20 g and thus is not useful in determining peak
accelerations.
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Figure 5.26.

Tanker with tow cable used to initiate tipover.
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Figure 5.28.

Scene following tipover test.
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Figure 5.29. Time histories of data gathered during “tipover" test.
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In general, the pressure data show a low frequency pulse which
peaks in the vicinity of 20 psi, as well as a considerable number of
high-frequency pressure spikes in the range of 30 to 65 psi. The
acceleration signal, AZ’ shows a very noisy response with a considerable
amount of higher level acceleration spikes, above 20 to 30 g's. It was
also established that the nominal deformation of the tank shell en-
tailed a maximum deflection of 6-1/2 inches.

As was stated earlier, experiments #1 and #2 suffered from an
anomalous cushioning mechanism due to the partial collapse of air tank
elements which remained in each compartment from a previous test activity.
Although it had been previously thought that these tanks would appear
rigid to the brief pressure pulses encountered here, partial collapsing
was bbserved after careful inspection of the inside of the vessel
following the second experiment. As a result, two additional tipover-
type tests were conducted to obtain specific examples of the internal
pressure levels which manhole covers must be made to withstand.

Experiment #3 - Shown in Figure 5.30 is a 9,300-gallon tanker

set up for a tipover test., The tanker is, again, of 10 ga steel shell
construction and incorporates three compartments sized, from front to
back, 4,200, 1,400, and 3,700gallons.

The tanker has four manhole cover positions, of which two were
kept blocked in this experiment (namely, those covering compartments
#1 and #2). The two manholes accessing compartment #3 were fitted with
one conventional clamp-ring-type cover and one of cast aluminum con-
struction whose design is diagrammed in Figure 5.31. The latter cover
fastens by means of tension bolts and Tugs which attach under the so-
called "weld ring" which forms the manhole opening in the tank. The
cast aluminum cover was employed in the experiment because of a desire
to demonstrate the presumably good pressure resistance capability of a
solid cover device employing reach-through, rather than clamp-ring-type
fastening. Also, it was known that the cast aluminum device is currently
being used on a substantial number of fuel tankers in the western U.S.
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Figure 5.30. 9,300-gallon tanker used in experiments'No. 3 and
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A1l three compartments of the test tank were filled with water
up to the 10-percent outage point. A higher fraction of the tank volume
was left unfilled in this experiment because it had become apparent fn
the previous two tests that the volume of the tank which was displaced
as a result of impact deformation was nearly equal tdgthe 3-percent
initial outage volumes which had been employed. Thus it was apparent
that the simple compression of the air (or vapor) in the outage space
would account for a large pdrtion of the pressure surge experienced in
the rollover of a nominally full tanker. This (later)} experiment was
thus designed to employ 10-percent outage to determine the advantages in
impact pressure reduction which might be gained from such a filling
practice. ' |

Pressure transducers were employed in each of five Tocations,
namely: '

P]) adjacent to thé (blocked) manhole cover on compartment #1

Pz) adjacent to the (blocked) manhole cover on compartment #2

P3a) adjacent to the (cast aluminum} manhole cover on
compartment #3

Péb) adjacent to the (conventional clamp-ring) manhole cover
' on compartment #3 '

P3C) at the height of the center of compartment #3, in 1ine
with the conventional clamp-ring manhole cover.

In‘addition to the pressure transducers, a single accelerometer was
employed to measure the tank acceleration normal to the ground, at
impactLl |

As shown in Figure 5.32, the tipover impact of this test vehicle
produced dislodgement of the clamp-ring-type manhole cover, as before.
The cast aluminum manhole cover remained intact following the rollover.
although the spring-loaded fill cover became stuck in a partially opened
position due to a malfunction in the spring retainer asSemb]y. A minor
design a?teration_was needed to correct the maifunction.
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Figure 5.32.

Moment of impact in the third experiment.
dislodging at left.

Note clamping-band-type manhole cover




Shown in Figure 5.33 are the pressure and acceleration signals
which were listed above. We see that all of the low-freguency pressure
peaks are in the vicinity of 16 to 20 psi except for the pressure
measured at compartment #1, which is at approximately 24 psi. It is
notable that certain of the pressure signals are rather Tow in noise
Tevel compared to those measured in the earlier experiments with 3-
percent outage in each compartment. Peak levels of pressure spikes
range from 20 to 55 psi.

Peak levels of acceleration are likewise somewhat smaller than
were measured in the preceding experiments, reaching approximately 44
g's, with the lower frequency component peaking near 15 g's. The pres-
sure signal representing the condition prevailing at the center of
compartment #3 (signal P3c) shows a less noisy signal than do the
transducers at the top of that compartment. Apparently, localized flow
or acoustic phenomena dominate the pressure condition in the immediate
vicinity of manhole covers. As suggested in connection with the pre-
vious experiment, however, the dislodgement of the cover from compart-
ment #3 does not serve to "relieve" the pressure, PSb’ at the top of
compartment #3. Nevertheless, as will be discussed more in connection
with experiment #4, a pressure gradient does appear to exist along the
original z axis of compartment #3, but not due to the opening of the
manhole cover. Both the "relieving" and "gradient" questions were of
interest hecause certain opponents to a potential increase in manhole
cover design pressure had argued that to keep the manhole cover intact
was to risk excessive pressures which might rupture the tank walls.
No significant tank shell failures were observed, although a one-inch
split did occur at a weld seam which suffered severe folding-type
distortions at the junction between the back head and the sidewall.
This small failure was identical to those which had been seen on actual
accident-involved vehicles, as discussed in Section 4.3.1.

Experiment #4 - In the last experiment, the previous conditions

were repeated, but with only 3-percent outage space existing in each of
the three tank compartments. The same 9,300-gallon tank vehicle was
employed and was set up to be rolled over onto its opposite side.
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Sections.of I-beam were welded to the previously flattened wall of the
tanker to assure that the initial stiffness of the tank shell to
internal pressure was obtained.

An additional pressure transducer was installed at the very
bottom of compartment #3.  Shown in Figure 5.34 is a sketch illustrating
the full complement of pressure transducers employed in the fourth
experiment.

Manhole covers monitored by transducers P1 and P2 were again
blocked while the cast aluminum device was at position P3a and a con-
ventional clamp-ring device occupied position P3b' Pressure transducers
P3C and P3d were located to read gauge pressures prevailing at the mid-
height and bottom of compartment #3, in Tine with the conventional
c1émp-ring-type manhole cover.

Upon rollover of the vehicle, the clamp-ring-type manhole cover
was dislodged, as shown in Figure 5.35, and transducer signals were
obtained as shown in Figure 5.36. The cast aluminum cover, with its
minor modification, performed "perfectly"; that is, without residual
leakage following the initial pressure surge at impact. We see that
all of the pressures measured at the top of the tank (P], PZ’ P3a’ and
P3b) showed a low frequency peak between 24 and 27 psi whiTe_a1T four
of these signals contained high frequency spikes between 52 and 58 psi.
The two signals measured at the middie and bottom of compartment #3
showed 20 psi and 16 psi low frequency peaks, respectively. Presumably,
the attenuation of pressure level with position toward the bottom, along
the original z axis, of the tank derives from a gradient reflecting an
acceleration component oriented parallel to the ground. When the tank
strikes the ground, there exists a horizontal component of velocity
which becomes reduced toward zero upon generation of frictional forces
between the tank shell and the pavement. The horizontal acceleration
level can exceed 1 g since high normal forces are created by the high
normal acceleration levels such as illustrated in the A, signal. Over
the B-foot height along the body-fixed z axis of this tank section,
for example, a 20-g normal acceleration at impact will produce a 2-g
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Figure 5.35.

Moment of impact in the 4th experiment with clamp-ring-type manhole cover dislodging
at far right. Note that the vehicle is reversed in this view, right/left, from
the transducer layout diagram in Figure 5.34.
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Figure 5.36. Time histories of pressure and acceleration measured
in the 4th experiment with 3% outage in the tank.
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horizontal acceleration and a 7-psi pressure drop from P3b to P3d’

presuming a 0.1 frictional coupling between shell steel and pavement.

Overall, the fourth experiment showed significantly higher levels
of the low freguency pressure component than were seen for the preceding
test employing a 10-percent outage space.

Conclusions Drawn from Rollover Experiments

Insofar as the fluid employed in the foregoing tests was water,
whose density is 8.3 1b/gal compared to 6.1 1b/gal for gascline, the
test measurements of the impact pressure applied to manhole covers are

somewhat conservative, that is, somewhat higher than would derive if
the load had been gasoline. Given that there are at least two majbr
mechanisms contributing to impact pressures applied to manhole covers,
however, the degree of conservatism cannot be easily determined. For
example, if the only mechanism giving rise to internal pressure, at

impact, was that of the bulk acceleration of the fluid mass, the pres-
sures to be expected from the same volume of gasoline would be equal to
the ratio of the fluid densities of gasoline versus water times the

pressure level measured using water as the test fluid (viz.,

gl%"%%%%%% = 74 percent of the water pressure level). The gasoline

pressure would, in fact, be higher than the indicated 74 percent of

water pressure levels, however, since it has been observed that the
compression of the outage space due to tank deformation constitutes a
major mechanism for generation of internal pressure at impact. Clearly,
the outage space compression mechanism is simply determined by the

Ideal Gas Law for an adiabatic process, and the volumes involved, and is

thus insensitive to the density of the liquid product.

Accordingly, we conclude that the measured pressure levels can be
looked upon as providing a reasonable, and somewhat conservative, esti-
mate of impact pressures bearing upon manhole covers in the rollover of i
actual gasoline-transporting tankers of the type examined. The worst |
condition expected for simple tipover onto a rigid pavement entails,
approximately, a 27-psi pressure pulse lasting on the order of 50 milli-
seconds, with 2-millisecond pulses reaching as high as 60 psi.
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It is further observed that:

a)

one variety of conventional clamp-ring-type manhole
cover becomes completely dislodged from the tank
under the above pressure conditions, ;

one currently available variety of cast aluminum man-
hole cover employing a reach-through type of tank
fastening is seen to withstand the above pressure con-
ditions without failure, and that

even without dislodgement of a manhole cover, a sub-
stantial quantity of fluid is sprayed out through the
3-psi vent of each manhole cover, creating a highly
diffuse mist that is presumably very easily ignited.
The problems associated with this fluid loss have not

" been studied here, but are known to be currently under

examination by the Bureau of Motor Carrier Safety of the
U.S. Department of Transportation.
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6.0 RISK OF TRANSPORTING GASOLINE

Analysis of accidents involving gasoline tankers in Michigan (see
Section 3.1) has shown that tanker overturns are the cause of almost all

of the gasoline releases and fires that occur. Indeed, the primary

hazard involved in the transportation of gasoline can be reduced simply
by adopting tanker configurations which minimize the number of rollovers
W each year. Accordingly, the risk which would accompany the use of each
of the vehicle configurations considered in this study has been estimated
in terms of the number of tanker rollovers/year that can be expected to

occur if each of the particular vehicles were to be placed in general

service for the transportation of gasoline throughout Michigan.

Several simplifying assumptions were made for the purposes of

4 c0mparihg the risks involved with each bf the candidate vehicle con-
figurations. Overall, the assumptions cover a sufficiently broad set

of crucial factors that the estimate of the absolute level of risk is
looked upon as rather crude. Nevertheless, the primary purpose for
developing such an estimate is to obtain a measure of the ultimate
safety quality of alternative vehicles such that a meaningful comgarisbﬂ
can be made among vehicles. The important assumptions are described

T

helow. .

1. The accident exposures of the candidate vehicle confiqura-
tions are assumed to be inversely proportional to the payload volume of
Y the vehicle; i.e., the Targer the payload capacity of the vehicle, the
| fewer are the number of trips needed in transporting a fixed guantity
of gascline. The measure of exposure, L (in units of millions of Toaded
vehicle-miles fyear) is given in the following expression:

| | i v g
L= v X e | (27)
where

Y 1is the annual consumption of gaéoTine in Michigan, gal/yr
v is the vehicle payload capacity, gal
and & is the average length of the "loaded” trip, miles
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2. The accident rate (in terms of accidents/million vehicle
miles of exposure) is assumed to be approximately the same for all of
the candidate vehicle configurations.

3. The effects of partial loading are not incorporated into the
calculations of the risk numeric that is used for comparing the candi-
date vehicles. The increment in risk deriving from partia} Toading is
taken to be common to all of the candidate vehicles, and hence, does
not affect the comparison of the various vehicles relative to one
ahother. An overall estimate of the risks deriving exclusively from
the practice of partial Toading is presented separately in Section 7.

_ 4,  The rollover threshold/rollover involvement relationship
established using the BMCS accident data (in Section 3.2) is assumed

to be valid for all types of roadways that are used by gasoline tankers
in Michigan.

5. Fach of the candidate vehicle configurations is considered as
if_it were the only vehicle type making up the entire fleet of gasoline
tankers in the State.

A presentation of the steps involved in the estimation of the
risks of operating each of the candidate vehicle configurations is
| organized under the following subheadings:

1. The total annual gallon-miles of gasoiine transported
by truck in Michigan.

2. The distribution of gasoline tanker travel by type of
roadway. :

3. The distribution of overall accident rates by type of
roadway.

&4, The distribution of accidents by type of impact (head-on,
side~swipe, single~vehicle accident, etc.) for each type
of roadway. '

5. The incidence of rollover occurring as a result of the
various types of accidents.

6. Final prediction of rollover risks.
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We shall discuss each of these steps, in turn, in the sections
which follow.

6.1 The Total Annual Gallon-Miles of Gasoline Transported by Truck
in Michigan

-An eétimate of the annual volume, V: Data on the monthly con-

sumption of gasoline in Michigan [11] is shown in Figure 6.1 for the
years 1960 thrdugh 1975. The figure shows the steady increase in the
consumption of gasoline over the years, atong with a seasonal variation
in consumption during each year. The maximum consumption of_gaso11ne
occurs each year in July and the minimum consumption occurs in February.
More recent data on the . consumption of gasoline in Michigan was collected
in 1978 during the double tanker study [2]. Both of the above data
sources indicate that the current annual consumption of gasoline in

Michigan is in the vicinity of 5.1 x 10° gallons/year. It is assumed
that the seasonal variations in consumption,'and thus tanker-miles, do
not significantly skew the risk factors which are based, in this
analysis, on the total volume of fuel %ransported over the entire year.

-An estimate of the average loaded trip length, L: A survey of

the travel pattern of large gasoline and oil tankers was conducted
during the double tanker study [2]. The survey revealed that, in
Michigan, the average Toaded trip Tength from the storage terminal to
the dé1TVery point was 25 miles.

6.2 The Distribution of Gasoline Tanker Travel by Type of Roadway

Data pertaining to the type of roadways traveled by gasoline
tankers 1in Miéhigan was also collected during the double tanker study
[21. The percentage distribution of the total miles traveled by gaso-
line tankers on each roadway type fs shown in Table 6.7, |

The “urban roads" category in Table 6.1 includes the mileage
traveled on both urban highways and city streets. Similarly, the "rural
roads" category includes rural highways as well as county roads. Dis~
tinctions between these road types are needed, however, in order to make
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Table 6.1

Road Type % of Mileage
Urban Freeways 28.3
Urban Roads 13.3
Rural Freeways 29.2

i Rural Roads 29,2

: Total 100.0

use of existing accident rate data. Lacking a base of data breaking

down the "road" categories into "highway” and "city street" or "county
road" components, it was assuwed that 40 percent of the tanker mileage
traveled on "urban roads" is on highways and 60 percent is on city

- streets, Of the mileage traveled on "rural roads," it is Tikewise
: assumed that 60 percent is on rural highways and 40 percent is on
Fi» county roads.  Upon incorporating the above assumptions, we obtain the
distribution of mileage traveled by gdasoline tankers in Michigan as
shown in Tahle 6.2.

Table 6.2
Road Type % of Mileage
Urban Freeways - 28.3
Urban Highways 5.3
5 bity Streets ' 8.0 :
s Rural Freeways 29.2 i
\ Rural Highways 17.5 i
E County Roads 11.7 ‘ ;
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6.3 The Distribution of Overall Accident Rate by Type of Roadway

~ The rate at which vehicles are involved in accidents is sensitive
to the type of roadways on which they travel. For example, because of
the féwer traffic conflicts that occur on freeways, accident rates are
Tower on freeways than on the other roadway types. Accident rate data
pubtished by the Michigan State Police [12] are shown in Table 6.3 for
the years 1974-78. The accident rates are in the units of accidents/
million vehicle miles. . The data used to generaté the accident rates
shown in Table 6.3 contain accidents involving all veh1c1e types, a
very large portion of which are passenger cars.

Table 6.3
Type of Road 1974 1975 1976 . 1977 1978 Average
Freeway 1.427 1.432 1.36 1.492 1.536 1.45
US & Michigan Highways 4.447 4.288 5.342 5.038 5.713  5.00

City Streets & County Roads 8.438 8.872 8.352 8.141 7.427 8.25

The overall accident involvement rate of trucks involved in
petroleum transportation can be estimated from the annually published
"Accident Facts® [13] of the National Safety Council (NSC). From 1976
to 1979, a'samp1ing of some 40 to 61 petroleum transport fleets (the

number of participating fleets varied from year to year) showed aggre-

gate accident rates which averaged 5.25 accidents per million vehicle

miles. Over the same years of reporting, the passenger car rate averaged ;ﬁ
6.15 accidents per'miT}ion vehicle miles. Thus, it was determined that l
the accident rates of petroleum distribution fleets could be conserva-
tively estimated by using the lumped, passenger-car dominated, overall
rates such as were listed in Table 6.3 from State Police files.
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6.4  The Distfibution of Accidents, by Type of Impact, for Each Type
of Roadway

The expected number, N, of gasoline tanker accidents of a given
collision type, A, which occur on a given roadway type, R, can be
determined from the following equation:

NRSA = L x FR x AR X FA . (28)

where:

total number of Joaded vehicle miles (in millions)

—
i

traveled by the gasoline tanker fleet in one year
(Section 6.1)

FR'= fraction of the total travel that is done on roadway
type R {Section 6.2)

AR = gccident rate, in units of accidents/million vehicle
miles, on roadway type R (Section 6.3)

FA = fraction of the total accidents that occur on roadway
type R which are of the collision type A (Section 3.3)

For examp?e,'if we want to determine the number of single-vehicle
accidents that can be expected to occur on rural highways for a total
gasoline tanker exposure, L, of one miliion vehicle miles, it can be
computed as follows.

We know that

-
]

.29 (Table 6.2}

Ay = 1.45 acc/million vehicle miles {Table 6.3)
F, = 0.402 (Section 3.3) | | |
Therefore, g%i5-= .169

The expected number of accidents for each ¢f the six roadway con-
ditions and each of the six eccident types are listed in Table 6.4 for
a gasoline tanker exposure of one million vehicle miles.
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Table 6.4, Expected Number of Aécidents for Each of the Roadway and Accident Types
for a Total Gasoline Tanker Exposure of 1 Milion Vehicle MiTes.

Urban Rural

Accident Type S ' Freeways - Highways Reoads Freeways Highways Roads Total
Sing]e-Vehic1e .0595 .0339 . 1346 169 - .2275 .304 . 9285
Head-0n .0029 .00371 .0194 . 0055 L0439 L0309 .1053
Rear-End . 1859 .1055 .2818 . . 1567 L3211 ..2789 1.3259¢9
Side-Swipe .0702 .0318 .0544 - .0474 .0665 L0714 .3417
Angular Impact L0271 .0681 .14 L0144 177 .246 .667
Multiple Vehicle . 0648 .0228 .02 .0296 .0438 .0314 .2219

Total L4704 .2658 .6592 AZ26 .8728 .9632 1 3.594




Table 6.4 indicates that gasoline tankers in Michigan can be
expected to have an aggregate accident rate of 3.594 accidents/million
vehicle miles of exposure. Of the various types of accidents, the
Targest percentage (37 percent) can be expected to be rear-end colli-
sions, followed by single-vehicle accidents which account for about 26

percent of all accidents. Almost half of all the accidents can be
expected to happen on rural highways and county roads.

The data in Table 6.4 will be used in the ultimate determination
of tanker visk only as regards the incidence of single-vehicle accidents
that ére shown in the table. Single-vehicle accidents become the focal
interest because, as will be shown below, rollover is predominantly a

single-vehicle accident problem—and rollover constitutes the primary
risk scenario for tankers carrying flammable Tiquids.

6.5 The Incidence of Rollover Occurring as a Result of Various Types
of Accidents

One can appreciate, even on an intuitive basis, that the Tikeli-
hood of rollover is not the same for all types of accidents. For
example, a gasoline tanker is Tess Tikely to roll over as a result of
an accident in which it is hit from the rear by a passenger car, as
compared tb,an accident in which the vehicle runs off the roédway.

Three: sources of accident data were investigated with the aim of
quantifying the extent to which single-vehicle accidents are responsible
for the incidence of rollover. The accident data sources included
(1) Michigan State Fire Marshall data for the years 1978 and 1979;

(?) FARS data for the years 1978 and 1979; and (3) tractor/semitrailer
accidents in the United Kingdom for the period 1971-73.

State Fire Marshall Data: The Michigan State Fire Marshall data
has been described in Section 3.1. OFf the 27 gasoline tanker overturns
ana1yzéd, 27 (Qr 81 percent) were found to be the result of single-
vehicle accidents. Despite the fact that collision accidents contribute
a large portion of the total accidents that occur each year, they account
for only 5 (or 19 percent) of the gasoline tanker roliovers,
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-Since the size of tne data set is sma]i, however, the percentage
figures given above can only be taken as a rough estimate of the frac-
tion of rollovers that vesult from single-vehicle and collision-type
accidents.

FARS accident data: FARS (Fatal Accident Reporting System) con-
stitutes a computerized file of accident data, maintained by the

National Highway Traffic Safety Administration (NHTSA) and contains
information on fatal motor vehicle traffic accidents occurring in the
U.S. Accidents involving truck-tractors pulling semitrailers were -
extracted from this data set. The examihed data were restricted to only
those accidents which resulted in the fatality of a truck occupant. The
data showed that, in 1978, there were 486 rollovers which resulted in

“a fatality to the truck occupant and in 1979 there were 533 such roll-
overs, The rollover data is shown broken down into single-vehicle and
collision rollovers in Table 6.5. We see that the FARS data confirm

Table 6.5
1978 1979
No. % - No. 5
_Sing]e—Vehic1e Rollover 391 80 437 82
Collision Rollover 95 20 96 18
Total 486 100 533 100

the finding obtained from the State Fire Marshall data; namely, that
80 percent‘of the rollovers are due to single-vehicle accidents, while
accidents which involve a collision with another vehicle account for
only 20 percent of the rollovers.

Tractor/semitrailer accidents in the U.K.:  Fatal and injury-

producing accidents occurring in the United Kingdom were analyzed by
the Transport and Road Research Laboratory (TRRL) of the United Kingdom.
Results of the analysis of accidents which involve articulated vehicles
were reported in Reference [14]. Table 6.6 shows the rollover involve-
ment of articulated vehicles for the years 1971-73.

214




Table 6.6

1971 1972 1973 Total Percent

Single-Vehicle Accidents 186 166 208 560 77
Collision Accidents 64 62 44 160 23

From the percentagé distributions seen in the right-hand column,
we conclude that the U. K. data, as well as that deriving from the two
previously described data sources, support the conclusion that tractor-
semitrailer rollovers are primarily a single-vehicle accident phenomenon,
In the catculations that follow, we have therefore assumed that 80
pércent of the gasoline tanker overturns occur as a result of single-
vehic¥e accidents while the remaining 20 percent are due to accidents
which involve a collision with another vehicle. '

6.6 Final Prediction of Rollover Risks

The expected number of gasoline tanker rollovers which would
result from the adoption of a particular tanker design in Michigan is
influenced by (1) the rollover threshold of the vehicle and (2) the
payload capacity of the vehicle.

An estimate of the number of rollovers, N, that can be expected
to happen in'a year, given the exclusive use of each of the candidate
vehicles, can be determined from the following equation:

. 5 )
e .
= Q
N L x iisv * Prysy * ;é? o1, PR/coJi:} (29)

L. - is the exposure associated with a vehicle of payioad
volume, v (miltions of vehicle miles)

P oy is the single-vehicle accident rate (accidents/
milTion vehicle miles)
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Prol is the collision accident rate for a collision
;

of type i (accidents/million vehicle miles)

PR/SV is probability of rollover in a single-vehicle
accident

Pr/co], 1S Probability of rollover in a collision of type i
i

If the steady turning rollover threshold of a candidate vehicle
is known, the probability of a rollover in a single-vehicle accident

(Prysy) _
ment relationship which was established using the BMCS accident data

can be determined from the rollover threshold/rollover involve-

in Section 3.2. The influence of rollover threshold on the probability
of rollover during accidents which involve a collision with other
vehic1e§ (PR/coi-) cannot be determined from existing data. Neverthe-

_ ol _

less, the analysis in Section 6.5 has revealed that single-vehicle
accidents account for approximately 80 percent of all tractor-semitrailer
rollovers that take place each year. Therefore, an estimate of the

total number of rollovers to be expected in one year has been derived
using a modified form of Equation (2), as shown below:

- : 10
N = L ox i%V X g % PR/SV

= | = P (30)

sv = Prysy

where PSV = Pgy X %9-constitutes a pseudo-single-vehicle accident rate

that accounts for the collision accidents term, P 1 that appeared in
_ | €Ot
Equation (29).

From Table 6.4, we know that pc, = 0.9285 accidents/million
vehicle miles. Therefore
10

PSV = 8285 x 8 - 1.1606 acc/million vehicle miles
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Hence, Equation (3) can now be used for computing the expected
number of gasoline tanker rollovers which would occur per year as the
result of a hypothetically exclusive usage of each of the candidate
vehicle configurations. Listed in Tables 6.7 and 6.8 are the payload
capacity, exposdre, rollover threshold, probability of rollover in a
single-vehicle accident, expected number of accidents per vear and the
expected numbef of rollovers per year for each of the examined tractor-
semitrailer and TSS combinations, respectively. The expected number of
rollovers per year are plotted as a function of vehicle payload volume
in Figure 6.2. The expected number of rollovers for a conventional
8,800-gallon tanker, which meets the MC306 specifications, is also shown
superimposed on this figuyre.

The four recommendéd vehicles are seen to range, in predicted
number of rollovers per year, from 4.06 to 4.45, while the reference
MC306 tanker shows a value of 8.608, i.e., approximately twice as high d
total incidence of rollover. ” '

The tota?'projection of 8.6 rollovers/year with a fleet of con-
ventional MC306 tankers can be compared with Michigan's actual experi-
ence of 15 gasoline tanker rollovers in 1978 and 12 in 1979. The fleet
in 1978 was comprised largely of doubles which accounted for two-thirds
of the rollovers. In 1979, a much greater fraction of the fleet was of
the single-trailer configuration, such that singles accounted for three-
fourths of the rollovers. Given that many of the singles running in
Michigan in 1979 were of the same nominal capacity as the typical MC306
tankers, but with higher centers of gravity, a projection of 8.6.appears
to be in reasonable harmony with the actua1 rotlover freguencies recentTy
experienced. Moreover, the absolute rate at which rollovers will occur
is not so significant to the evaluation of the recommended tanker con-
figuratioﬁs as 1s the relative risk posed by the recommended vehicles
versus the typical MC306 variety.

Finally, shown in Figure 6.3 is a plot of the simple hyperbolic
relationship existing between the annual number of accidents of all kinds

which would be encountered as a function of tank payload volume. We see
that the larger volume tank vehicles offer large reductions in overall
accident involvement sim?]y by the reduction in vehicle-miles of exposure.
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Table 6.7. Tractor/Semitrailer Combinations

PayTload Exposurg Rollover S Eé??gsggsin
) Capacity Veh. Mi.x10%/Yr. Threshold P Expected # L x P w P
Config. # v L g's R/SV'  Acc./Yr. SV R/SV
1 8,090 15.76 0.402 .335 56.6 6.13
2a 8,730 14,61 0.408 .322 52.5 5.46
2b 10,833 11.77 0.385 . 382 42.3 5.22
3a 10,210 12.49 0.414 . 307 44.9 4.45
3b 10,920 11.68 0.403 .335 42.0 4.54
4a 11,700 10.90 0.406 .33 39.2 4.18
4b 12,400 10.28 0.394 .36 36.9 £.30
5a 13,180 9.67 0.393 .362 34.8 4.06
5b 13,880 9.19 0.383 .38 33.0 4.05
6 14,670 8.69 0.382 .392 31.2 3.96
7 16,150 7.89 0.369 417 28.4 3.82
MC306. 8,800 . 14.5 0.34 512 52.1 8.608




Semi

65' Tracter/Semi/ §9' Tractdr/Semi/
Semi

Table 6.8. Tractor/Semitraiier/Semitraiier Combination

_ Expected #

E:gggﬁiy Veh.Eﬁﬁ?i$5g/Yr. $gl;§;§¥d p Expected # LRs]éove:séYr?

Config. # v L. g's R/SV - Acc./Yr. SV R/SY
1 10,620 11.9 .45 .235 43.1 3.27
IIa : 12,110 10.53 .433 .27 37.8 3.30
ITb 13,100 9.73 .400 .341 35.0 3.86
I11 13,590 9.38 421 .294 33.7 3.20
IVa 12,110 10.53 . 455 .225 37.8 2.75
IVb 13,100 9.73 422 .292 35.0 3.29
v o - 13,590 9.38 444 .245 33.7 2.67
VI 14,570 8.75 .408 .322 31.4 3.27
VII 16,060 7.94 .398 .35 28.5 3.23

*Please note that the expected rollovers/year for 7SS combinations have been calculated solely on
the basis of the PR probabilities deriving from the steady-state rollover thresholds. Other
rollover or collision problems deriving from Tower dynamic rollover thresholds or poor high-speed
offtracking performance have not bee accounted.
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7.0 INCREMENT IN RISK DERIVING FROM SLOSH

Although slosh has a negative effect on the tanker rollover Timits,
the appropriateness of any countermeasuves is best judged on the basis
of its effect on accident statistics. For example, simply outlawing
partial compartment loading could result in more vehicle exposure as
the available compartments'wou1d have to be used more selectively. Alter-
natively, more compartmentalization or baffeling would be reguired at
the expense of additional complexity and higher initial costs. There-
fore, an analysis of the expected accident experience was performed. |
The purpose of the analysis was to estimate the increase in roliover
accidents expected if slosh loading is allowed with the new tanker de-
signs. A three-step method was emp]oyed:

1. Determination of representative loading patterns with
Michigan gasoline tankers today. '

2. Application of that pattern to a typical new configura-
tion tanker to determine the net effect on rollover
Timits.

3. Estimating the difference in frequency of rollover
accidents which would occur if slosh loading were per-
mitted in contrast to its being prohibited.

7.1 Gasoline Loading Patterns

The field survey of tanker Operatﬁons in the State of Michigan
performed in the previous study [2] documented 208 tanker trips hauling
gasoline, of wﬁich 38 involved loads satisfying the "slosh criterion"”
as a result of Fluid occupying between 20 and 80 percent of the.compartm
ment yolume within one or more compartments. These trips involving -
sToshing loads represented 775 miles out of a total of 5400 miles of
gasoline haulageé reported in the survey. Hence it is inferred that 13
percent of the gasoline hauling miieage-occurs under the defined.s1osh1hg
condition.



The loading pattern for each trip involving slosh was analyzed
to determine the load as a percentage of the total capacity, and the
percentage of the compartments in the fill range of 20 to 80 percent.
The Toad carried on slosh trips ranged from 34 to 99 percent of capacity
(4,000 to 15,000 gallons). The percentage of Toad that was free to slosh
ranged from as little as 6 percent of the fluid in the tank (700
gallons) to 100 percent (7,500 gallons).

7.2 [ffect on Rolloveyr Threshold

The specific effect of a sTosh Toad on rollover threshold is depen-
~dent. on the vehicle and the maneuver. Hence it is only possible to
estimate the relative significance of these operating conditions for
‘given vehicies. Since the purpose of this analysis is to assess the
importance of the slosh problem with the future tanker configurations,
the 13,200-gallon tanker has been used. Though other tanker confiqura-
tions have been recommended also, all have similar rollover thresholds
such that the relative significance of slosh loading with each tanker
would be quite like that determined for the 13,200-gallon vehicle.

The type of maneuver used in the assessment must also be duly
considered. A liquid tanker can be characterized by three types of roll-
over threshold, as discussed earlier in Section 4.3.7, namely:

1) The steady-state cornering limit,

2) the step—steér cornering limit where the "liquid"
pendulum is assumed to overshoot its final (steady-
state) position by a factor of two, and

3) the transient (lane-change) maneuver 1imit where the
Tiguid moves first one way and then the other with a
severity that depends upon the nominal period of the
reversing motion.

Much of the risk analysis in this study has been built on the observed
relationship between the freqUency of rollover in single-vehicle acci-
dents and the measure of steady-state rollover threshold. A prediction

of risk based upon the steady-state rollover 1imit of tankers having
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unrestrained liquids, however, would fail to reflect fully the dynamics
peculiar to these vehicles. On the other hand, a prediction of risk

based upon lane-change performance 1imits would appear unrealistic

because of 1its dependence on fluid resonance in the maneuver. Accordingly,
the step-steer rollover limits, seen previously in Figure 4.55, were
selected as a suitably conservative basis for estimating the relative
effect of sloshing loads on the aggregate risk of transporting gasoline.

Each of the 38 load patterns identified previously as satisfying
the slosh criteria were evaluated using Figure 4.5b, at the app1icab]e
percentages of total load, to determine the estimated rollover Timit for
each of two cases; namely, -

1) with stosh - the 1imit was determined based on the actual
' pércentage of the compartmental capacity that was loaded _
in a slosh condition, and '

2} without stosh - the Timit was determined for the same
total load percentage at the zero slosh Tine.

The first case represents the typical performance 1imit that would
be obtained if no slosh countermeasures were employed and a comparable
Toading practice was used with the future tanker configuration. The
second case reflects the improvement in rollover 1imit that would accrue
from eliminating the slosh condition by means of some mechanical counter-
measure. By averaging over all the load patterns, then, an estimate of
the average rollover Iimjts:with and without siosh is obtained.

With 510559 an average rollover threshold of 0.374 ¢'s was obtained
(with values ranging from 0.295 to 0.43 g's). Considering that the fully
Toaded vehicle has a rollover threshold of 0.393 g;s, it is evident that
the average'sTosh~Toaded vehicle is actually worse than a fully loaded

vehicle.

Without siosh, an average rollover threshold of 0.424 g's was
obtained (with values ranging from 0.396 to 0.501 g's). This higher
threshold reflects an improvement in vehicle performance obtained at
partial Teading-when stosh is avoided.
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Atthough partial loading represents a less efficient transport
mode with more accident exposure per gallon-mile of fuel movement,
operation without slosh compensates to some extent by capitalizing on
the improved performance possibie at Tighter loads. 0On the other hand,
operation with slosh not only increases exposure, but does so with a
vehicle compromised by a lower performance capability.

7.3 Estimated Rollover Accident Freguency

The degree of significance that can be applied to the above results
is best judged by estimating the impact of fhe sTosh condition on acci-
dent fréquency. It is assumed here that slosh, in itself, is not an
accident caUsative factor except as an influence on rollover. That is,

“we assume that the presence of unrestrained liquid in the tanker does
not influence the frequency of driving conflict situations leading to
accidénts,* but does influence the frequency of rollovers in these
situations.

The reduced rollover thresholds cited above as abplying to slosh-

Toaded cases can be translated into meaningful estimates of accident fre-
quency bn the basis of the relationship, developed in Section 3.2, between

rolTlover frequency in single-vehicle accidents and the estimated roll-

over threshold.

‘Using the previously-described survey data, with 13 percent of
tanker mileage accrued with a partial load, the overall equation (30)

for prediction of rollover risk can be written as:

N = .13L x P + .87L «x Poy

v > Prpysy Pr/sy (31)

_ *This assumption is a little weak in that drivers may be less
willing to take effective evasive action with a sloshing load. MNever-
theless, no data exists by which to estimate this effect.
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where
PSV = single-vehicle accident rate (acc./mile)

pRP/SV = probability of rollover in a single-vehicle
" accident for the partially loaded vehicle
= .41 for partially loaded vehicles with sliosh
,'(ro11over 1imit = 0.374 g's)
= 285 for partially anded vehicles without
sTosh (rollover 1imit = 0.424 g's)

PR/SV = probability of rollover in a single-vehicle
accident for the fully loaded vehicle (rollover
Timit = 0.393)
= ,362

. = load miles traveled by a complete fleet of
.13,200-gatlon tankers
o= 9,670,000 miles

Using the above relationships, the total annual number of roli-
overs occurring with slosh Toading permitted would be calculated as:

N = 4.13 rollovers/year

iF the stosh condition is prevented by means of a totally effective
countermeasure, the total annual number of rollovers would be

N = 3.95 rollovers/year

Hence, the effect of slosh loading would be to increase accident
frequency by .18 rollovers/year, or youghly, one rollover every 5 years.
This influence has been deemed sufficiently small from the viewpoint of
overall accident production that no countermeasure has been recommended
for inclusion in Michigan legislation. Nevertheless, certain other con-
cluding remarks are in order. It is important that tank transport
operators and dispatchers understand that dramatﬁcaTTy increased risks
accompany the operation of individual vehicles having significant amounts
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of slosh loading, as outlined previcusly. In the worst cases, such as
when the tank is half full and all compartments are involved in the
partial-fill condition, any fairly rapid steering motion or run-off-road
event is highly Tikely to produce a rollover. Thus, while various prac-
tical considerations argue strongly against recommending a regulation to
prevent the sTosh problem, it should not be construed that the authors
see the slosh issue as "no problem."
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8.0 CONSIDERATIONS RELATED TO THE TILT-TABLE REQUIREMENT

Tilt-table facilities have been employed for measurement of
vehicle rollover stability levels in Germany [6], England [14], and
Sweden [15]. The rollover stability of English buses has been regulated
by means of tilt-table tests for a number of years and the development
of such regulations has been proposed in both Sweden and Australia [16].
The tilt-table approach to assessing the compliance of Advanced Michigan
Tankers has been chosen as the simplest means of specifying performance
without unduly constraining the details of vehicle design. 1In this
section, the tilt-table test, itself, will be discussed, as will the
considerations which led to the specified tilt-table angles that are
récommended‘for reguiation.

8.1 The Tilt-Table Test

‘When a vehicle is cornering at its rollover 1imit on a  flat,
‘horizontal surface, it experiences the nominal tire and centripetal
force Toadings diagrammed in Figure 8.1. By contrast, a vehicle sub-
jected to a tilt-table experiment experiences a somewhat different set
of loads, as shown in Figure 8.2.

As shown, a higher resultant force at the tire-road interface is
achieved with the vehicle in an actual cornering maneuver than with the
vehicle on the tilt-table. Also, a higherrnet loading of the vehicle's
suspension s experienced in the actual cornering case since the full
weight of the vehicle is still being supported along the nominal line of
action of the suspension springs. Computer simulation of both the
cornering and tilt-table cases, however, has established that, for a
heavy vehicle such as the tankers studied here, the tilt-table-derived
rotlover threshold is approximately 2 percent higher than the rollover
threshold which is found from a steady cornering maneuver, Thus, with
the excellent agreement achieved between computed tilt-table results and
reported ti?t~tab1e tests (see Section 4.1.3), the computer-derived
tilt angle ]1m1tq are seen as a sound basis for spec1fy1ng the rolTover
thresho1ds of the recommended tankers.

]
Y
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Figure 8.1. Loads experienced during cornering.

Figure 8.2. Loads experienced on a tilt-table arrangement.
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An actual device for conducting the Timit tilt angle measurement
can be construtted in a number of ways. Among the English, German, and
Swedish facilities are hydraulic and mechanical jacking mechanisms which
actuate tilt plates comprising either a collection of individual support
beams, with one under each axle, or a single heavy table long enough to
accommodate the entire vehicle. The existing devices have been of both
the fixed and portable variety.. '

Regardless of the specifics of table design, there are at least
five features which a tilt-table facility must provide; namely,

1. A structure capable of supporting the vehicle without
introducing tilt angle differences exceeding +0.1 dearee
“from axle to axle.

2.- A single hinge about which the table pivots.

3. Actuation elements capable of rotating the table ihrough
the tilt angles of interest.

4. A means for measuring tilt angle.

5. A mechanism for tethering the vehicle so that, upon
finding the rollover threshold, the vehicle's ensuing
roll motion is restrained. '

The tilt angle test is conducted with the vehic]e-fu??y Toaded. Inscofar
as a gasoline load would pose unnecessary risks for such experiments,

it is presumed that the preferred fluid would be Stoddard's solvent, a
Tiquid having very nearly the same density as gasoiine; but charécte?ized
by a flash-point which 1is well above that of gasoline. A full load of
such solvent could be "rented" from a bulk supplier for the few hours
requ1red for conducting the tilt test.

Having situated the subject vehicle on the tilt-table, the table
is raised slowly until a point is reached at which the vehicle continues
to increase its roll angle without further table inclination. A table
rate of 0.1 deg/sec in the vicinity of the 1imit angle should be slow
enough to permit ready observation of the beginning of vehicle roll
instabitity. The rolT-unstable point will be observed rather near to :
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the tilt angle condition at which trailer tirés have Tifted off of

the table, but probably before the up-side tire on the tractor's steer-
ing axle has Tifted off. Since the recommended tilt angle Timits are
in the vicinity of 22 degrees, there will be no problem with “"s1ippage"
of the vehicle's tires on the table surface as long as a reasonably
gritty or textured finish is attained.

Aside from the above considerations, there may arise an interest,
among vehic?e manufacturers, in simplified means of assuring that
vehicles comply with a specifically required tevel of tilt-table angle
performance. In such cases, no measurement of the Timit capability is
needed, but rather the need is simply to subject the vehicle to the
required inclination angie to determine whether or not a stable condi-
tion prevails. For such a purpose, a paved slope might be prepared
permitting one to drive the subject vehicle up onto thé slope in the
empty condition, and then to conduct the test by filling the tank, in
sifu.' By such a scheme, of course, tethering would still be needed to
prevent a rollover from actually occurring. In fact, it Might be
necessary to more tightly tether the vehicle during the filling pro-
cess and then, subsequently, to relieve the tether to test for roll
stability since it is possible that the laterally-shifted mass center
occurring at some intermedidate fill condition will prematurely de-
stabilize the vehicle. Following such a fixed-slope test, the tank

 could, again, be emptied for removal of the vehicle.

8.2 Tilt~Table Performance Requirements

Listed in Table 8.1 are tilt-table angles at which roliover has
been caltculated to occur for representative examples of each of the
four Advanced Michigan Tanker vehicles. Also shown are the tilt-table
rollover angles which constitute the recommended requirements for the
four respective configurations. The reader will note that the recommended
requirements'have been set Tower than the expected levels of performance

- capability for each vehicle. Such an "allowance" has been based on

certain observations regarding the inaccuracy of the ca]cu]ation method,
as well as philosophical considerations regarding the setting of
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Table 8.1

SCHEMATIC  |DESIGN |TILT TABLE o

' (gallons) [Calculated| Specified
10,200 | 225 21.5
11,700 22.0 21.0
12,400 215 20.5
13,200 2.5 205
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performance requirements tc attain operational safety. Scurces of
both real and potential inaccuracies in the calculations of ¢ are
given below.

‘T. The tilt-table angle equivalent of the rollover thresholds for
each of the four recommended vehicle configurations were computed using
a horizontal plane, steady-turning-type caiculation of the rollover limit.
By this method, the eguivalent tilt-table angle, drs is defined by the
expression

e e
$p 7 tan g

where Ayc is the steady turn rollover threshold that was simulated.
Additiona1 calcutations have shown that, due to trigonometric factors,
the value of o1 that is determined by this approach is approximately
0.5 degree lower than the value which can be achieved by the subject
~vehicle if actually taken to its rollover threshold on a tilt-table.
Thus, the calculated tilt-table rollover angles are approximately 0.5
degree Tower, because of the calculation method, than the Timit tilt

angle capabilities that should be expected for each of the four recom-
mended vehic]e'configurations,

2. The reference calculations included a hypothetical tractor
which was representative of tractors in normal line-haul service with
80,000-1b gecw combinations. This vehicle introduces an approximate 0.5~
degree reduction in the calculated tilt angle capability of each tanker
compared to the tiTt angle which might be attained using a heavier tractor
such as would be more typically employed in combination with the higher-
gCcw tankers. The simulated tractor was represented with:

a) a four-spring tandem suspension having 1-1/2 inches
of lash space as opposed to a lash space dimension
of 3/4 +inch, which would typify the walking-beam
suspensions more commonly found pulling high gross
weight trailers
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b) suspension spring rates which were, perhaps, 30 per-
cent ‘lower than might be commonly found on tractovs
suited to the higher gcw combination.

Accordingly, the "calculated" 1imit tilt angles can be Tooked upon
as containing an additional 0.5 degree margin below the values which are
possible with heavier tractor suspensions.

3. It has been assumed that the two mechanisms,inf1uencing the
development of overturning moment on the outermost tire on each axle are
equal to one another in magnitude and of opposite polarity, such that
they cancel one another. As had been shown earlier in Figure 4.15, these
two mechanisms are (1) the overturning moment due to the inboard trans-
Tation of the vertical Toad center deriving from the lateral compliance
of the tire and (2) the overturning moment due. to the outboard transla-
tion of the vertical load center deriving from inclination of the wheel
plane. While only very limited measurements on one truck tire have heen
made to confirm this assumption, more extensive data on car tires [17]
show that a rather complex trade-off exists between the two mechanisms
cited above. Further, it may be that some differences in the overturning
moment mechanisms may occur between bias- and radial-ply tires. Accord-
ingly, the projection of 1imit tilt-table angles contains some uﬁcertainty
as regards the role played by the Tire. We estimate that variations in
the actual 1imit tilt-table angle deriving from errors in simu?ating
these mechanisms could be as Targe as + 0.25 degree.

4. The existence of free play in the fifth wheel coupling between
- tractor and semitrailer was neglected in'computer calculations of Timit
tilt-table angles. A limited set of measurements on actual vehicles has
shown that fifth wheel free play invoives an included angle between the
tractor and trailer sprung masses that is as large as 2.5 degrees. Cal-
cu]atiohs show, however, that for a reasonably stiff trailer suspension,
the fifth_whée]_free play will be encountered at roll angles just beyond
those_occurwing at the Timit tilt-table angles recommended for the
advanced tankers. Thus, while it is not anticipated that fifth wheel
free play will influence the tilt-table performance of most vehicles, it
is possible that a given manufacturer's design parameters could so adjust
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behavior away from the cases represented in our calculations that

fifth wheel free play might be encountered, thereby significantly Tower-
ing the Timit tilt-table angle performance. Having cited fifth wheel
free play as a potential issue in determining a given vehicle's tilt-
table performance, we do not identify this free play mechanism as a

source of finaccuracy in the calculations.

The nature of vehicle performance regulation is such that many-
facturers wish to build vehicles sufficiently exceeding the required
performance capabilities that the risk of non-compliance is minimized.
Thus, it would be unreasonable to write a regulation which requires the
maximum level of performance of which vehicles are thought to be capable.
Such an approach allows the manufacturer no margin for assurance of com-
pliance. Accordingly, it was determined that the setting of limit tilt-
table angles should include a margin, permitting manufacturers to build

to exceed the performance Tevel needed for compliance. The trade-off
consideration that argued for minimizing the "margin" discussed above
is that the Tower the Timit tilt-table requirement, the greater is the
risk of rollover of the regulated tankers. Given the nominal rollovey .
thresholds characterizing the four recommended tank vehicles, a one- ;ié
degree reduction in the tilt-table angle requirement suggests that the -

rollover risk increases by approximately 0.6 rollovers per year.

On the basis of the above considerations, the recommended Tevels
of 1imit table angle were reduced below the "calculated" levels by
one degree, thus providing vehicle manufacturers with an effective
margin of 1.75 to 2.25 degrees given that:

a) the calculation method provided an approximate 0.5-
degree under-estimate of the actual tilt-table 1imit

angle for each recommended vehicle,

b) tractors with the suspension properties accompanying
a suitably tailored gcw rating are expected to bhe the
norm, providing an additional 0.5-degree margin above
the originally calculated tevel, and
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c) the cited tire mechanisms could bring about as much as
a + 0.2b-degree alteration in 1imit tilt angle perfor-
- mance with respect to the calculated numbers.

ax
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