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FOREWORD

This report covers a test program which had the objective of determining
if and to what degree shifting cargos affect the handling of heavy
vehicles. In the first phase of the contract several trucking
companies were surveyed to determine the procedures used by the
industry when transporting shifting cargos. The findings helped in
planning the test program, in which two types of cargo were used,
water in tank trailers, and hanging beef halves in refrigerated vans.
Handling performance was evaluated relative to a non-shifting cargo
vehicle. The same tractor was used to tow the different semitrailers,
under varying load conditions."

Tests were conducted in braking, cornering, and combined maneuvers.
Acceleration measurement and driver reaction were used to compare
the handling performance. It was concluded that some handling
deterioration occurred in almost every case of shifting cargo.

~~~~
Charles F. Sch~
Director, Office of Research
Federal Highway Administration

NOTICE

This document is disseminated under the sponsorship of the Department
of Transportation in the interest of information exchange. The
United States Government assumes no liability for its contents or
use thereof.

The contents of this report reflect the views of the researchers at
Dynamic Science, Inc. who are responsible for the facts and the
accuracy of the data presented herein. The contents do not necessarily
reflect the official views or policy of the Department of Transportation.

This report does not constitute a standard, specification or
regulation.

The United States Government does not endorse products or manufacturers.
Trademarks or manufacturers' names appear herein only because they are
considered essential to the object of this document.
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1.0 INTRODUCTION

Cargo shifting is a problem inherent in practically all types
of cargo truck handling operations. The effectiveness of measures
taken to prevent or reduce the problem depends a great deal on the
experience and training of personnel who accomplish the loading
and, to a greater degree, on the ability and judgment of the vehi
cle operators who accept the loads and then accomplish transfer
between given points. Those operators who are unable to counter
the effects of internal load movement in transit often experience
accidents with disastrous effects on their lives and the lives of
others on or near the roadways being traveled. Failure to handle
the pre-accident emergency can be induced by anyone or all of
many human, vehicle, and environmental factors involved - though
the operator is usually faulted in most major cargo truck acci
dents.

To consider cargo shifting, two types of loads can be defined.
Static loads are those which can be stabilized by being placed in
containers such as van body trucks or trailers (examples: crates,
cartons, drums, cans, mail sacks, etc.), or the load can be se
cured to a truck or trailer bed with suitable restraints or tie
downs (examples: pipe, animal feed, logs, building materials,
etc.). Loads of this type do experience some shifting, but not to
the extent that dynamic loads do.

Dynamic loads comprise products or commodities which have an
internal rearrangement capability regardless of containerization
or tie-down methodology, and such rearrangement has a constant and
varying effect on operator and vehicle performance because of criti
cal center of gravity changes. Liquid commodities and free-standing
or free-hanging products are dynamic loads which pose the greatest
threat to operator control in emergency and even routine road con
ditions. Some examples of dynamic loads are: liquid petroleum
products, liquefied gases, livestock, and hanging livestock car
casses (whole, halves, or quarters).

Operator remedial response to dynamic cargo shifting can be
enhanced by various means. These include balanced loading, strap
ping (together) of hanging loads, or internal baffles in liquid
cargo tanks. These methods still leave severe handling problems in
loads of less-than-full capacity.

Recognizing that cargo shifting can cause operator problems,
and that these problems can become more severe with recently in
creased truck loads and requirements for shorter stopping dis
tances,* the Bureau of Motor Carrier Safety of the Federal High
way Administration, U.S. Department of Transportation, authorized
the program reported herein to investigate the effect of cargo
shifting on vehicle handling. Specifically, two cases of dynamic
loads were investigated, liquid cargo and hanging meat, through
full-scale testing as authorized under Contract DOT-FH-11-9l95.

*Federal Motor Vehicle Safety Standard 121, Air Brake systems.
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The contract objective was to determine in full-scale test
ing how dynamic cargo shifting affects the stability of articu
lated trucks and to establish the severity of the problem for:

1. Sloshing of liquid cargo.

2. Swinging of hanging meat.

To accomplish the objective, the program was. organized in two
tasks:

A - Planning and Preparation, with five subtasks.

B - Conduct of Tests, with·four subtasks.

Concurrent with the test program, a study entitled IIComputer
Simulation of the Cargo Shifting Effect on Vehicle Handling ll was
conducted by Johns Hopkins University Applied Physics Laboratory
(JHU/APL). Data from the test program were furnished to JHU/APL
for the simulation effort.

The results of the test program are presented in the follow
ing manner.

Section 2.0 explains the requirements of Task A and details
the planning and preparations necessary to:

• Select eight representative trucking companies engaged
in liquid and meat hauling operations which will pro
vide vehicle, accident, and operator training informa
tion on their fleets.

• Obtain information from the eight companies which will
facilitate selection of test vehicles (tractors and
trailers).

• Select and justify the test vehicles.

• Develop the test program.

• Select necessary instrumentation (electronic and photo
graphic) .

Section 3.0 provides details on conducting the tests, in
cluding:

• Vehicle and instrumentation preparations.

• Instrumenting the vehicles.

2



• Driver selection and operational check-outs.

• Test operations.

Section 4.0 presents the test results by test vehicle type
and a comparative discussion of vehicle performance.

Section 5.0 presents conclusions derived from results of
Tasks A and B activity.

Section 6.0 presents recommendations for work which will re
duce the dangers associated with continued use of existing vehi
cles.

3



2.0 TASK A - PLANNING AND PREPARATION

Effort under Task A was devoted to obtaining information on
hanging meat and liquid cargo loading procedures; identifying
representative test vehicles on the basis of industry usage,
accident exposure, and mileage accumulation; and developing the
test plans, procedures, and instrumentation.

2.1 TASK A-l - INDUSTRY INVOLVEMENT

Requirement: Obtain a listing of large trucking companies
engaged in liquid and meat hauling operations.
Select up to eigh~ companies which are able and
willing to supply the information specified in
Task A-2. The companies shall be selected from
different regions in the continental United
States and shall represent a fraction of the
total United States liquid and meat hauling
operations.

The listing of large trucking companies who engage in liquid
and meat hauling operations was developed through the cooperation
of trucking representation associations in Washington, D.C., and
regional and state associations.

To satisfy the geographic representation requirement, large
trucking companies headquartered in the following locations who
transport meat in refrigerated vans were identified and contacted:

Omaha, Nebraska

Forest Park, Georgia

Dallas, Texas

Auburndale, Florida

Lakeland, Florida

Waterloo, Iowa

Green Bay, Wisconsin

For liquid cargo tanker operations, carriers from the follow
ing locations were identified and contacted:

Los Angeles, California

Glendale, Arizona

Tampa, Florida

Dallas, Texas

These carriers handle a variety of liquid cargoes, e.g., petro
leum products, milk, and other food and agricultural products.

2.2 TASK A-2 - INDUSTRY EXPERIENCE

Requirement: Meet with a representative from each of the se
lected eight companies and obtain the following
information:

4



1. Total number of tractors

2. Total number of trailers

3. Number of tank trailers

4. Number of meat vans

5. For tank trailers and meat vans obtain:

a. Make and model

b. Dimensions and weight

c. Yearly mileage in full, empty, and par
tially loaded conditions

d. Accident involvement over several years
of operation

e. Detailed information on accidents

f. Assessment of handling problems common
to all units and specific to some makes
and models

6. Handling and safety problems with other cargo
types

7. Company policy on driver training:

a. Does company conduct training?

b. Does company require training?

c. Does training cover handling and safety
problems characteristic of various cargo
types?

d. Are all drivers qualified to operate
tractor-trailers with any type of cargo?

8. Does the company operate units which meet
FMVSS No. 121 and, if so, what is the ex
perience so far?

All of the carriers contacted were most cooperative and will
ing to share their experiences and company record matter with the
contractor. This is evidenced by the comprehensive information
presented in Appendix A, a summary of the extensive effort made to
obtain industry information on which to base test vehicle selec
tion and gain firsthand knowledge of carrier operations.

5



2.3 TASK A-3 - SELECTION OF TEST VEHICLES

Requirement: Based on the information obtained in Task A-2,
select a tractor and three trailers (tank without
baffles, tank with baffles, meat hauling van).
Prepare a detailed report on the information ob
tained and give rationale for the proposed selec
tion of tractor and trailers. All three trailers
should be of similar size and weight and be compat
ible with the tractor. The suspension and brake
systems shall be representative of the majority of
similar vehicles on the road. In order to reduce
the cost of the program, select a reasonable sub
stitute to replace the swinging meat.

(In selecting the test vehicles, due consideration was given to
the availability of vehicle data for the simulation conducted by
the Johns Hopkins University [JHU/APL].)

Table 1 summarizes the results of the carrier survey. The
size of the companies contacted, based on tractor and trailer
ownership, varied considerably. The majority of the companies
also have a positive approach to training, either conducting or
requiring training which covers handling and safety problems
characteristic of various cargo types.

The information obtained relative to operation of FMVSS 121
units al$o shows a favorable overall response. Of note, however,
is the fact that, while the survey may be considered geograph
ically representative, it did not include companies operating in
either the northeast or northwest parts of the continental U.S.A.

With regard to selection of the tractor to be used for test
ing, efforts were made to obtain the same model tractor that was
used for a simulation program by the Highway Safety Research In
stitute for the Motor Vehicle Manufacturers Association (thus per
mitting use of available parameters). This was not successful;
however, a tractor with similar characteristics (i.e., cab over
engine, dual-drive axles, and four-leaf spring suspension) was
chosen and used throughout this test program.

Trailer selection centered on two types, vans and cargo
tankers. The vans were to be the baseline vehicle and the hang
ing meat transport, both about 40 feet long. Cargo tanker selec
tion evolved to a compartmented trailer with baffles, typical of
MC-306 construction for low-density products (petroleum), with
capacity around 9,000 gallons. The other type of cargo tanker
was to be for high-density products (acids) with capacity between
4,000 and 4,800 gallons, typical of MC-312 construction; this
configuration was both with and without baffles.
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2.3.1 Tractor Specification

The following vehicle was used for all tests:

Tractor - Unloaded

1966 White Freightliner - cab-over-engine type tractor with
dual rear axle; Model WF T 8164T, Serial Number AP19658.

Bobtail weight:

Empty weight by wheel:

. Right front

Left front

Right front driver

Left front driver

Right rear driver

Left rear driver

Wheelbase length:

Track width:

Front

Inside duals

Outside duals

Frame width:

Number of axles:

Number of tires per axle:

Type of tires:

Right and left front

All drivers

Tire rolling radius:

Front

Rear drivers

14,790 lb

3,670 lb

3,670 lb

2,065 lb

2,065 lb

1,660 lb

1,660 lb

167 in.

74.52 in.

60 in.

86 in.

33 in.

3

2 front, 4 rear

lO.00x20 Goodyear
"Super Hi-Miler"

10.OOx20 Goodyear
"Custom Cross Rib
Hi-Miler"

19.5 in.

20.5 in.

Fifth wheel location:

164 in. aft of front axle; 29 in. forward of rear drive axle;
and 3 in. forward of center of dual driver assembly.
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2.3.2 Baseline Van Specification

The following trailer was used as the baseline vehicle:

Trailer With Non-Shifting Ballast/Freightliner Tractor

Strick - 40-foot, van type, 2-axle, semitrailer; Model
O.OS35SBFVl, Serial Number B22524

Wheelbase length (tractor
5th wheel to center of
dual rear axles):

Track width:

Inside duals

Outside duals

Frame width:

Number of axles:

Number of tires per axle:

9

341. 64 in.

57 in.

84 in.

96 in.

2

4



Fifth wheel location:

135.24 in. aft of center of dual rear axle assembly; 27 in.
to left of longitudinal centerline of vehicle.

Type of tires:

All eight trailer tires - 10.00x20 Goodyear "Custom Hi-Miler"

Inside dimensions of trailer cargo area:

Length

width

Height

472 in.

92.5 in.

101 in.

2.3.3 Refrigerated Van Specification

The following van trailer was used:

Meat Trailer/Freightliner Tractor

1977 American - 45-foot, refrigerator van type, 2-axle semi
trailer, with ceiling meat hanging rails; Serial Number 30261.

Empty weight of trailer: 17,580 lb

Tractor/trailer weight by wheel (lb)

Empty Full Load

Tractor:

Right front 3,925 4,065

Left front 3,925 4,065

Right front driver 4,155 9,725

Left front driver 4,155 9,725

Right rear driver 2,930 7,130

Left rear driver 2,930 7,130

Trailer:

Right front 2,365 5,735

Left front 2,365 5,735

Right rear 2,810 8,190

Left rear 2,810 8,190

Total Vehicle Weight: 32,370 69,690

10



Wheelbase length (tractor
5th wheel to center of
dual rear axles):

Track width:

Inside duals.

Outside duals

Frame width:

Number of axles:

Number of tires per axle:

435.5 in.

~9 in.

85 in.

96 in.

2

4

Type of tires:

All eight trailer tires - 10.OOx20 Goodyear "Custom Hi-Miler"

Inside dimensions of trailer cargo area:

Length 530 in.

Width 89 in.

Height 100 in.

Cargo hung from seven 1.75-in. diameter rails attached to
ceiling 12 in. on center and 97.5 in. above floor. Rails
began 42 in. from front bulkhead, ran 480 in. aft, and were
supported every 24 in. along their length. The supports at
every 24 in. prevented the meat hooks from moving fore and
aft more than 24 inches.

Total weight of meat cargo:

Number of quarters of beef:

Fore

Hind

Average weight of quarters:

Fore

Hind

Hook length from rail to
quarter:

11

37,320 Ib

110

110

177.7 Ib

161. 6 Ib

24 in.



Number and description of swing loads (3 types):

110 single hindquarter loads:

Average weight:

Estimated C.G. height
above trailer floor:

Average length:

Average diameter:

10 double forequarter loads:

Average weight:

Estimated C.G. height
above floor:

Average length:

Average diameter:

30 triple forequarter loads:

Average weight:

Estimated C.G. height
above floor:

Average length:

Average diameter:

Top

Bottom

l6l~6 lb

45 in.

52 in.

15 in.

355.4 lb

51 in.

70 in.

12 in.

533.1 lb

40 in.

70 in.

12 in.

24 in.

Average swing load pendulum lengths from ceiling rail to
bottom of load:

Single hindquarter:

Double forequarter:

Triple forequarter:

70 in.

ao in.

ao in.

Figure 1 shows the refrigerated van, and Figure 2 shows a
typical load of hanging meat.

2.3.4 Low-Density Cargo Tanker Specification

The following cargo tanker was used:

Gasoline Tank Trailer/Freightliner Tractor

1971 Pennco - 34-foot, 5-compartment, elliptical-tank type
a,OOO-gallon capacity, 2-axle semitrailer; Type MC-306,
Serial Number 2-11734-3.

12
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Empty weight of trailer: 9,650 lb

Tractor/trailer weight by wheel (lb):

~mpty

3/4 Load
(6,000 gal)

Tractor:

Right front

Left front

Right front driver

Left front driver

Right rear driver

Left rear driver

3,765

3,765

2,930

2,930

2,075

2.'075

4,020

4,020

9,215

9,215

7,275

7,275

Trailer:

Right front

Left front

Right rear

Left rear

Total Vehicle Weight:

Wheelbase length (tractor
5th wheel to center of
dual rear axles) :

Track width:

Inside duals

Outside duals

Frame width:

Tank width:

Number of axles:

Number of tires per axle:

1,195 7,415

1,195 7,415

2,255 10,090

2,255 10,090

24,440 76,030

328.5 in.

58.5 in.

85 in.

38 in.

95 in.

2

4

Type of tires:

All eight trailer tires - 10.00x20 Goodyear "Custom Hi-Miler"

15



Inside dimensions of trailer cargo area:

Tank overall length: 404 in.

Elliptical cross-section:

Width: 95 in.

Height: 62.5 in.

Compartment lengths and
capacities from front
to rear:

#1

#2

#3

#4

#5

132 in.; 2,500 gallons

56 in.; 1,200 gallons

48 in.; 1,000 gallons

60 in.; 1,300 gallons

·108 in.; 2,000 gallons

Dimension, weight, and locat~on of load:

Loaded with water weighing 8.4 Ib/gallon to the following
volume load:

3/4 vol: 6,000 gal; 51,590 Ib; 44 in.
fluid in tank

Description of baffles:

Compartment No. 1 - 2 baffles located at 24 in. and at 75
in. aft of front tank bulkhead.

Compartment No. 5 - 1 baffle located at 48 in. forward of
rear tank bulkhead.

Baffles conformed to elliptical shape of tank and had a
20-in. diameter hole in their centers.

Figure 3 shows the MC-306 cargo tanker.

2.3.5 High-Density Cargo Tanker With Baffles Specification

The following trailer was used:

Tank Trailer With Baffles/Freightliner Tractor

1969 Beall - 40-foot, single compartment, cylindrical-tank
type, 4,700-gallon capacity, 2-axle semitrailer, Type MC-312,
Model 137, Serial Number D 280 69 701.

Empty weight of trailer:

16

10,920 Ib
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Tractor/trailer weight by wheel (lb):

1/2 Load 3/4 Load
(2,350 (3,525

Empty gal) gall

7/8 Load
(4,113
gal)

Tractor:

Right front

Left front

Right front driver

Left front driver

Right rear driver

Left rear driver

3,710 3,855 4,005 3,785

3,710 3,855 4,005 3,785

3,035 5,735 6,835 7,805

3,035 5,735 6,835 7,805

2,225 4,010 5,555 6,005

2,225 4,010 5,555 6,005

Total Vehicle Weight 25,710

Trailer:

Right front

Left front

Right rear

Left rear

1,770

1,770

2,115

2,115

4,305 5,295 6,030

4,305 5,295 6,030

4,925 6,450 7,040

4,925 6,450 7,040

45,660 56,280 61,330

. Wheelbase length (tractor
5th wheel to center of
dual rear axles):

Track width:

Inside duals

Outside duals

Frame width:

Tank width:

Number of axles:

Number of tires per axle:

385 in.

59 in.

84.75 in.

42 in.

56 in.

2

4

Type of tires:

All eight trailer tires - 10.00x20 Goodyear "Custom Hi-Miler"

Inside dimensions of trailer cargo area:

Tank length:

Diameter:

18

473.5 in.

56 in.



Dimension, weight, and location of load:

Loaded with water weighing 8.4 lb/gallon to the following
volume loads:

1/2 vol: 2,350 gal; 19,740 lb; 28.0 in.
fluid in tank

3/4 vol: 3,525 gal; 29,619 lb; 39.3 in.
fluid in tank

7/8 vol: 4,113 gal; 34,549 lb; 45.8 in.
fluid in tank

Horizontal centers of gravity (distance from front tractor
axle) :

Tractor

Trailer

Unloaded

95.6 in.

327.9 in.

1/2 Load

116.4 in.

351. 3 in.

3/4 Load

124.2 in.

352.7 in.

7/8 Load

128.4 in.

351.9 in.

Description of baffles:

2 baffles located at 150 in. and 330 in. forward of rear
tank bulkhead. Baffles were 56 inches in diameter with a
20-inch diameter hole in the center.

Figure 4 shows the MC-3l2 cargo tanker with baffles.

2.3.6 High-Density Cargo Tanker Without Baffles Specification

The following trailer was used:

Tank Trailer Without Baffles/Freightliner Tractor

1975 Fruehauf - 44-foot, single compartment, cylindrical
tank type, 3,850-gallon capacity, 2-axle semitrailer; Type
MC-3l2, Serial Number OMW 717002.

Empty weight of trailer: 12,950 lb

Tractor/trailer weight by wheel (lb):

19
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Tractor:

Right front

Left front

Right front driver

Left front driver

Right rear driver

Left rear driver

1/2 Load 3/4 Load 7/8 Load
(1,925 (2,888 (3,369

Empty gal) gall gal}

3,810 3,850 3,990 3,780

3,810 3,850 3,990 3,780

3,235 5,790 6,625 7,740

3,235 5,790 6,625 7,740

2,560 4,000 5,310 5,530

2,560 4,000 5,310 5,530

Total Vehicle Weight 27,740

Trailer:

Right front

Left front

Right rear

Left rear

1,590

1,590

2,675

2,675

4,430 4,380 7,815

4,430 4,380 7,815

3,885 5,935 3,515

3,885 5,935 3,515

43,910 52,480 56,760

Wheelbase length (tractor
5th wheel to center of
dual rear axles):

Track width:

Inside duals

Outside duals

Frame width:

Tank width:

Number of axles:

Number of tires per axle:

434 in.

58.63 in.

84 in.

38.25 in.

49 in.

2

4

Type of tires:

All eight trailer tires - 10.00x20 Goodyear "Custom Hi-Miler"

Inside dimensions of trailer cargo area:

Tank length

Diameter

21

521 in.

49 in.



Dimension, weight, and location of load:

Loaded with water weighing 8.4 Ib/gallon to the following
volume loads:

1/2 vol: 1,925 gal; 16,170 Ib; 24.5 in.
fluid in tank

3/4 vol: 2,888 gal; 24,259 Ib; 34.4 in.
fluid in tank

7/8 vol: 3,369 gal; 28,300 Ib; 40.0 in.
fluid in tank

Figure 5 shows the MC-312 cargo tanker without baffles.

2.4 TASK A-4 - TEST PROGRAM DEVELOPMENT

Requirement: Prepare a test program prescribing required speeds
and including at least the following four ma
neuvers:

1. Braking

2. Cornering

3. Lane changing

4. Cornering with braking.

All maneuvers shall be performed at limit condi
tions with appropriate safety margins, as required
by an experienced driver. Each maneuver is to be
performed at a minimum of three loading conditions
and be repeated at least three times. The ex
pected number of tests is therefore at least:

4 maneuvers x 3 loads x 3 repetitions x 2
surface conditions (dry and wet) x 4 vehicle
types (the van is to be used as a baseline
vehicle while loaded with non-shifting cargo),
i.e., 288 tests. Provide for up to 25 per
cent additional tests as may be needed.

The effect of cargo shifting was determined by subjecting the
test vehicles to four closed-loop, manually-controlled maneuvers.
The maneuvers were:

• Straight-line Braking

• Trapezoidal Steer (~ornering)

• Sinusoidal Steer (lane changing)

• Braking in a Turn (~ornering with braking)

22
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The test series was performed on a high skid number surface (65
to 85) and a low skid number surface (20 to 40) except that the
trapezoidal steer was performed only on the high skid number sur
face. A brief description of each maneuver follows.

Straight-line Braking
..

This maneuver was designed to determine the braking capabil
ity of the vehicle. The test consisted of determining the mini
mum stopping distance from an initial speed of 40 mph.

Trapezoidal Steer

This maneuver was designed to examine the cornering capabil
ity of the vehicle. The test consisted of determining the maxi
mum speed at which a fixed curved course can be traversed.

Sinusoidal Steer

This maneuver was designed to determine the lane changing
capability or obstacle avoidance capability of the vehicle. The
test consisted of determining the maximum speed at which a given
lane change can be performed.

Braking in a Turn

This maneuver was designed to determine the stopping capa
bility and directional control stability of a vehicle that is
turning. The test consisted of determining the minimum stopping
distance when the vehicle is in a given turn at 40 mph.

The overall scope of the testing for each tractor/trailer
loading condition is summarized in Figure 6, the test vehicle
matrix. Table 2 shows the total test maneuver requirements.

2.5 TASK A-5 - INSTRUMENTATION, FACILITIES, AND DATA ACQUISITION

Requirement: Select the required instrumentation for measuring:

1. Vehicle acceleration, at least longitudinal
and transverse.

2. Dynamic wheel loads on all wheels, at least
in the vertical direction (normal load).

3. Field instrumentation for measuring speeds,
trajectories, and stopping distances.

4. Instrumentation for filming the motion of
the hanging load.
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Table 2. Test matrix.

Total
Test Test Test No.

Maneuver Condition Variable Repetition Surfaces Tests

Straight-line 40 mph Stopping 4 2 8
Braking Distance

Trapezoidal 420-ft Velocity 4 1 4
Steer radius

curve

Sinusoidal 1 lane Velocity 4 2 8
Steer change

Braking in a 420-ft Stopping 4 1 4
Turn - Dry radius Distance
Surface curve at

40 mph

Braking in a 300-ft Stopping 4 1 4
Turn - Wet radius Distance
Surface curve at

30 mph

Total minimum tests per
tractor combination and
load condition 28

2.5.1 Instrumentation

The basic instrumentation requirements were as follows:

Driver Variables:

Steering Wheel Torque

steering Wheel Angle

Brake Pedal Force.

Vehicle Variables:

Trailer Roll Position

Trailer Longitudinal Acceleration

Tractor Lateral and Longitudinal Acceleration

Tractor/Trailer Angle
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Loads at Each Wheel

Vehicle Speed

Stopping Distance~

Vehicle Trajectory (tractor)

Meat Motion.

Table 3 is a list of instrumentation used to accomplish these
measurements. Figure 7 is a schematic showing typical instrumen
tation locations on the tractor. Figure 8 shows instrumentation
locations on the trailer.

The first three parameters measured the level of driver in
put during the maneuver. The steering wheel torque was measured
by strain gauges attached to the steering wheel shaft (Figure 9).
Steering wheel angle was measured by a string potentiometer and
pedal force was measured by a load cell (Figure 9).

Vehicle dynamics were documented by the remaining instrumen
tation. The trailer roll was measured by a gyro (Figure 10).
Acceleration was measured by accelerometers. These instruments
were part of a self-contained Humphrey gyro package (Figure 11)
which was attached to the underside of the trailer and later to
the tractor. The tractor/trailer angle was measured by a string
potentiometer.

Wheel loads were calculated from a measurement of spring dis
placement and unsprung mass acceleration. The displacement and
acceleration were measured by string potentiometers and acceler
ometers, respectively. Vehicle speed and stopping distance were
obtained from a fifth wheel (Figure 12) in conjunction with an
integrating circuit to obtain stopping distance which was digi
tally displayed for the driver.

Vehicle trajectory was calculated from tractor yaw position
and acceleration after the data were digitized. Originally, it
was planned to measure trajectory directly on the track from a
physical marker attached to the vehicle, but this proved too time
consuming because of the large number of test runs required, so,
with approval of the Government Contract Manager, the trajectory
was calculated as just explained. A motion picture (64 frames per
second) camera documented motion of the meat during the swinging
meat tests. Real-time motion pictures (24 frames per second)
documented representative testing of each type. Black-and-white
photographs and color slides also documented the test vehicles,
instrumentation, test configurations, and unusual occurrences.

2.5.2 Facilities

The tests were performed on the skid pad and the high and low
skid number braking lanes of the Dynamic Science Facility (see
Figure 13).
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Figure 9. Steering instrumentation.
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Figure 10. Gyro installation.

2.5.3 Data Acquisition System

The data acquisition system is shown schematically in Figure
14. Instrumentation and signal conditioning were mounted on board
the vehicle. All data except camera data were transmitted to a
ground-based data recording station via a telemetry system. At the
data receiving station, the data were recorded on a tape recorder
for a permanent record of the test as well as for access at a fu
ture date. The data were also discriminated and played out on a
line-type recorder for the purpose of obtaining quick-look evalua
tion data. This quick-look data served to give a check as to
whether test conditions had been achieved, and also provided a view
of the critical test parameters to ensure that good data were ob
tained during the test period. Data from selected test runs were
then converted from analog to digital in the Dynamic Science data
reduction facility. Trajectories, wheel loads, roll angles, yaw
angles, and tractor-trailer angles were calculated and the data
were written on a magnetic tape for more detailed evaluation and
comparison with computer simulation work.
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3.0 TASK B - CONDUCT OF TESTS

Task B was devoted to preparing the vehicles and instrumenta
tion; mounting the instrumentation and performing the necessary
calibrations; driver selection, training, and systems orientation;
conducting the tests; and data acquisition and analysis.

3.1 TASK B-1 - VEHICLE AND INSTRUMENTATION PREPARATIONS

Requirement: Prepare the vehicles and the required instrumenta
tion.

Each test vehicle was inspected when received, and the Vehi
cle Description Sheet shown in Figure 15 was completed.

A Vehicle Log was then initiated and maintained to collect
the completed forms during the testing program. The log was kept
current by performing the following tasks:

• Include copies of all completed forms.

• Enter activity in Chronological Log (Figure 16).

• Enter repairs in Maintenance Log (Figure 17).

• Enter modifications in Modification Log (Figure 18).

Prior to receipt of the vehicles, preliminary data system de
sign was accomplished and effort was taken to provision the neces
sary instrumentation supplies and support logistics (tractor fuel,
fabrication metals, etc.).

3.2 TASK B-2 - ON-VEHICLE INSTRUMENTATION INSTALLATION AND CALI
BRATION

Requirement: Mount the instruments on the vehicles and position
the field instruments. Perform calibrations and
record calibration data. Check for reliability.

Each vehicle was prepared for installation of instruments by
fabricating brackets and fixtures to mount and secure the instru
ments, cables, signal conditioning, and transmitters as listed in
Tables 4 and 5. Typical instrument installations were provided
in Figures 9 through 12.

The equipment for determining the motion of the meat was in
stalled immediately after the loaded trailer was received. The
motion of five selected carcasses was determined from two LED
light sources attached six inches apart on each carcass. These
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VEHICLE DESCRIPTION SHEET

Date Received: _

Program Vehicle Identification: Contract#: __

discdrum

Make:

Model:

Pwr S tee ring: yes 0 no 0 Seats: Bench:

0 no 0
(fron t)

Auto Speed Cont: yes Bucket:

Anti Skid Brake: yes 0 no 0 Split

0 no 0
Bench:

Air Conditioning: yes

0 no 0
Split

Rear Window Def. : yes Back
Bench:

Brakes:

no 0
no 0
no 0
no 0
no 0
no 0
no 0

o
o
o
o
o
o
o

yes

yes

Auto Trans: yes

Radio:

VIN:

Tinted Glass: yes

Year: Colo r : _

Clock:

Pwr Brakes: yes

Pwr Window: yes

Pwr Seats: yes

Ti re Size: Ply Ra ti n g : Mfg. (, Line: ~__;_::-;-----------

Total
Bias Ply: Belted: Radial: ~/Eng. HP: Cylinders: Displ: __

Trans. # Fwd. Speeds: Shipping Weight: __ Odometer: __

Vehicle As-Received Weights (lb)

RF: LF: ---------
RR: LR: __

Tota I: __

Date Purchased: Purchase Order #: Purchase price: _

Wholes ale Pri ce : S ugge s ted Ret. P ri ce : _

Remarks; (list additional accessories not listed above) : _

-------------------

--------------------------------
------------ --------------- ------- ----------

------------------- ------------------- ------- -----------

------------------------------- ------ ----------

---- ---------------------

Figure 15. Vehicle description sheet.
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,.-------------------------------------,'"
CHRONOLOGICAL LOG 0

1------ --------------.---------------,-----1::
VEHICLE NO. I DATE 0

TIME ODOM- INITIAL
ETER

EVENT
o
....

1-----+----+------- -----------~--------------------j

----+----- -'--------'----------~---------------------------j

----- ---------------- ---------------------1

I-------+----t---- ---------------------------------------j

1------ ----- ---f--------------------------------------j

1-------+------ -------+--------------- ---------------1

1------1-------- ------+---------------------------

DSEO Form 1342

Figure 16. Vehicle chronological log.
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3

MAINTENANCE 0

'"Ul
~ 0

H
>< Ul Z ODOM- 0

0 Ul H INITIAL WORK DONE
0 ~

t.9 DATE ETERZ 0
III :r:

~ I"-
U

I---+__j-t------- ------ ---------- -------------------------~---

1--+---1-+----+-----+-------- -------------------------~_

I---+~j--+------+---------- -~------ -----------------------~--------------__l

.---+-+--+--~--I-------I---------------------------

I---+~+--+-------I-------+----+----------------------___l

------- ---------------~-------

1---+-+-_+_--------- --------

I--+--i-+-----+------------ --------------- --- ------------ --

f--- - --------t----- ---------------------------j

I---+~+--+-----~--------------- ----- -----~--------------------- ----------

1--+-+--+----.------1----- 1---- ------------------ --------------__j

I---+-+-_+_----t----t---~-I__----------------------------__j

~--+-+-+----I-----j-------------------------------~

DSEO Form 134 <1

Figure 17. Vehicle maintenance log.
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MODIFICATIONS
U)

fLIH>< U) Z ODOM-Cl U) H DATE INITIAL WORK DONE
0 ~

~ ETER
tIl ::x:: Z

U fLI

----

-- ---- -_. ._------- ------

- _. ----_._-_.

,

._.._---
I,

DSEO Form 1343

Figure 18. Vehicle modification log.
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SPECIFICATION, _

MAKE YEAR MODEL

FRONT WHEELS

LOAD

WHEEL WHEEL. _

DISPLACE- DISPLACE-
LOAD MENT LOAD MENT
(LB) (IN.) (LB) (IN.)

WHEEL _

DISPLACE
LOAD MENT
(LB) (IN.)

WHEEL-----
DISPLACE

LOAD MENT
(LB) (IN.)

Normal

#1

#2

#3

#4

#5

#6

#7

REAR WHEELS

DISPLACE
LOAD MENT
(LB) (IN. )

DISPLACE
LOAD MENT
(LB) (IN. )

DISPLACE
LOAD MENT
(LB) (IN. )

WHEEL WHEEL WHEEL WHEEL _

DISPLACE
LOAD MENT
(LB) (IN.)LOAD

Normal

#1

#2

#3

#4

#5

#6

#7

Figure 19. Suspension test form.
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light sources were the only light in the van except for a time
of-day clock, a timer clock, and a small correlation light that
signalled start of test. Figure 20 shows LED light sources at
tached to meat carcasses, which were viewed by the camera shown
in Figure 21.

On a daily basis, the calibration of the primary instruments
was checked physically. For instance, known reference weights
were placed on the brake pedal load cell, the string potentiome
ters were displaced to accurately-measured distances, moments
were applied to the steering wheel to calibrate torque by apply
ing known weights at precise distances, and the fifth wheel was
spun at a known speed by a synchronous motor with an independent
speed readout which accurately counts revolutions. The longitud
inal acceleration was checked by decelerating the vehicle and
dividing the velocity change (~V) by the corresponding change in
time (~t). Velocity, lateral acceleration, and yaw rate were cor
related with each other by driving the vehicle around a lOa-foot
radius circle at constant speed. The correlation equations are

where A = lateral acceleration
y

V = vehicle velocity

R = radius of circle (100 ft)

w = yaw rate

This check was also used to check the computer simulation. The
physical check was documented using the forms presented in Figures
22 and 23 for the tractor and trailer, respectively. Electrical
calibration was generated and recorded prior to each day's testing.

3.3 TASK B-3 - DRIVER SELECTION AND SYSTEM CHECKOUT

Requirement: Select a driver experienced in operating the vehi
cles and cargoes in the program and make sure he
understands the test program and his role in it.
The same driver is to be used throughout the pro
gram. Conduct one day of exploratory tests to ver
ify that the program can be conducted as planned.

After some driver changes due to conflict with schedule com
mitments, Mr. Patrick Ryan was selected as the test driver. Mr.
Ryan was selected because of his experience in compliance driving
to controlled R&D test conditions in the service. Most of this
experience was gained as a heavy-vehicle operator before retiring
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VEHICLE. Tractor

CALIBRATION CHECK SHEET

TEST TYPE------- DATE

Data
Channel

Measurement
Description

How to Perform
Physical Check

Measurement Value

Desired Measured

1 Steering wheel torque Apply moment

2 Steering wheel angle Rotate wheel ±3600

3 Brake pedal force Apply force

4 Tractor/trailer angle Displace string
Potentiometer

5 Wheel displacement None

6 Wheel displacement None

7 Wheel displacement None

8 Axle acceleration None

9 Axle acceleration None

10 Axle acceleration None

11

12

13

14

Comments:

Checks performed by: __

Figure 22. Calibration check sheet.
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VEHICLE Trailer

CALIBRATION CHECK SHEET

TEST TYPE DATE

·Data
Channel

1

2

3

4

Measurement
Description

Vehicle velocity

Lateral acceleration

Longitudinal acceler
ation

Yaw rate

How to Perform
physical Check

Calibration
motor

100-ft circle,
compute ~ =
v2/R

Stop vehicle,
compute a =
(6V)/(6t)

100-ft circle,
compute W = ViR

Measurement Value

Desired Measured

52.95
mph

5 Wheel displacement

6 Wheel displacement

7 Wheel displacement

8 Axle acceleration

9 Axle acceleration

10 Axle acceleration

11 Roll

12

13

14

Comments:

None

None

None

None

None

None

None

Checks performed by:-----------

Figure 23. Calibration check sheet.
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from the Air Force in 1974, and included involvement in fuel trans
port, hanging meat delivery, and all types of military munitions
transport, both overseas and in the continental U.S.A. Since re
tirement, he has driven for R. T. Platka Fuels in Vermont; he is
presently living in Mesa, Arizona and is employed as a line haul
driver for Professional Drivers, Operators, and Pilots Service
(PDOPS) out of Phoenix.

Because of his in-s~rvice experience in R&D test driving, Mr.
Ryan was able to perform the required vehicle maneuvers of the
cargo shift program with relative ease. He was thoroughly briefed
on his responsibilities, including emphasis on his discretion in
determining braking and steering input limits. He was required to
use the tractor restraint system and wear a crash helmet at all
times. In addition, an observer was positioned at a safe distance
from the testing to witness vehicle response (in particular, signs
of imminent limit conditions).

The exploratory testing was conducted using the baseline con
figuration (tractor and van with non-shifting cargo) after verify
ing data system function and limit responses.

3.4 TASK B-4 - TEST PROCEDURES, CONDITIONS, AND DATA OPERATIONS

Requirement: Conduct the tests as planned and keep accurate
records of test results and conditions during test
ing, including photographic records. Temperature,
weather, and surface conditions should be reason
ably constant during testing. Make sure vehicle
conditions do not change. Inflation pressures,
brake, and tire conditions should be checked.

The tests were conducted using the vehicles specified in Sec
tion 2.3 to perform the maneuvers outlined in the Test Matrix pre
sented in Table 2. The test vehicle configurations were:

• Tractor and van trailer with non-shifting cargo (base
line) •

• Tractor and compartmented, low-density liquid cargo
tanker with baffles (MC-306).

• Tractor and high-density liquid cargo tanker with
baffles tMC-312).

• Tractor and high-density liquid cargo tanker without
baffles (~C-3121.

• Tractor and refrigerated van trailer with hanging meat.

Basic determinations for each configuration were:
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• Braking

• Cornering

• Lane Changing

• Cornering With Braking.

3.4.1 Test Procedures

On each test day, the skid pad and braking lanes were cleaned
as required, and the high and low skid number surfaces were mea
sured. Typical data are presented in Appendix B. Following this,
the test course was laid out, using traffic cones as shown in Fig
ure 24.

Before each test run, a check procedure was followed to make
sure all personnel (driver, observer, photographer, and data moni
tor) and the test vehicle were ready for test (see Figure 25). The
procedure also accounted for post-test activity on a check-off
basis. Daily copies of the procedure checklist were filed in the
Vehicle Log Book, along with the Daily Operating Log Sheet (Figure
26) which served to record individual vehicle performance and main
tenance.

3.4.1.1 Braking Test

The procedure for Straight-line Braking and Braking in a Turn
is outlined below:

1. The vehicle is driven to approach the test course.

2. The stopping distance and initial speed display units
are reset.

3. The vehicle speed is stabilized at 40 mph and the
Central Data Acquisition and Control Station is noti
fied of start of test.

4. The vehicle is accelerated to slightly above test speed
and the clutch is disengaged.

5. The vehicle is driven through the course:

• At the initiation point, when the test speed is
reached, the brakes and clutch are applied to try
and stop the vehicle in the shortest distance.

• The vehicle is steered to stay within the lane.
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Figure 24. Test course reference markers.
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Task

Record test conditions

Perform calibration of instruments

Check driver instructions

Check speed setting

Check tire pressure

Take pre-test photo

position photographer

Alert observers

Verify recorders operational

Perform test

Take post-test photos

Take post-test comments and
measurements

Check post-test condition of vehicle
and prepare for next test

Checked by Time

The test conditions recorded will include:

• Vehicle

• Weight (loading condi
tion)

• Run direction

• Date

• Time

• Temperature

• Wind velocity

• Tire pressure

• Tire type (and condi
tion)

• Surface conditions
(wet or dry)

• Test speed

• Driver comments

• Observer comments

Figure 25. Pre-test checklist.
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DAILY OPERATING LOG SHEET

TEST VEHICLE DATE---------------- ------------
TEST _

SHIFT _

ODOMETER

Finish

Start

Total

Temperature

Wind

Weather

START FINISH

Fluids added during start-up inspection:

• Fuel gal

• Ensure that the following fluid levels are as specified
by the manufacturer

engine oil--------
brake fluid--------
radiator---------

transmission oil-------
power steering--------
battery _

Corrective action for deficiencies noted on previous day's log:

Fluids added at finish fill-up: Fuel gal---------
Deficiencies at end of day needing corrective action:

Operable: Yes------ No

Operator _

Figure 26. Daily operating log sheet.
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6. Upon stopping the following items are recorded:

• Stopping distance

• Initial velocity

• Number of cones knocked over

• Driver's ~omments on vehicle stability

• Observer's comments on vehicle stability

• Stopping distance, d is corrected

2
dcorrected = dtest (40 mph/initial test speed)

7. Two laps around the track are made before the next stop.

8. Steps 1 through 7 are repeated 3 additional times. The
best performance is indicated by the stop that yields
the smallest corrected stopping distance and stays with
in the lane.

9. For the Braking in a Turn on the wet surface the radius
of the turn is 300 feet and the initiation speed is 30
mph.

3.4.1.2 Non-Braking Tests

The procedure for Trapezoidal Steer and Sinusoidal Steer is
outlined below:

1. The vehicle is driven to approach the test course.

2. The vehicle speed is stabilized at the desired test
speed and the Central Data Acquisition and Control
Station is notified of start of test.

3. The vehicle is driven through the course maintaining
speed and steered to stay within the lane.

4. Upon traversing the complete course, the vehicle is
stopped and the following items are recorded:

• Average speed through the course from the real-
time line-type recorder.

• Number of cones knocked over.

• Driver's comments on vehicle stability.

• Observer's comments on vehicle stability.

• Trajectory measurements.
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5. Steps 1 through 4 are repeated 3 additional times at
higher initial velocity or until an unsafe vehicle re
sponse is observed.

3.4.2 Test Conditions

Tests were conducted on days with environmental conditions
conducive to good photographic coverage and low winds.

Water was used as ballast for the liquid cargo tankers, and
gallonage was removed or added as necessary to achieve desired
volume for the various test configurations.

Ballast for the hanging meat tests was an actual meat load
which was obtainedifrom a local processor.

Ballast for the baseline van tests was concrete block, loaded
as shown in Figure 27. These blocks have a greater density than
typical cargo, resulting in a lower center of gravity for the base
line van. Thus the baseline results are biased toward non-stable
performance, and comparisons between baseline and other vehicles
tested should be evaluated with this in mind.

3.4.3 Data Operations

Each test run was documented on the Tape Data Log Sheet shown
in Figure 28.

3.4.3.1 Data Reduction and Analysis

The test variables of interest included:

• Test speed

• Number of cones knocked over

• Stopping distance (braking tests)

• Peak steering wheel torque

• Number of steering reversals

• Front steering wheel angle in both directions

• Pedal force (praking tests)

• Longitudinal acceleration

• Lateral acceleration

• Yaw rate
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• Roll rate and angle

• Tractor/trailer angle

• Wheel loads.

These data were tabulated and compared between vehicles, and
an assessment of the magnitude of the effect of the shifting type
cargo was made.

3.4.3.2 Input to Digital Analysis

The data generated during the testing (except camera data
and stopping distance) were input to the Dynamic Science Accident
Avoidance Computer Program (AVOID). The flow of the data is
shown in Figure 29. The test data were converted from analog to
digital form using a Hewlett-Packard 2l00A minicomputer. A pre
sample filter of 6.3 Hz and a sample rate of 20 samples per sec
ond for each data channel were used. The digital data were then
processed using the AVOID program.

AVOID PROGRAM

The AVOID program performed the following analysis on the
test data:

• Converted the output of each instrument to engineering
units.

• Computed trajectory parameters of the tractor using the
following equations:

V =y f (A + V ) dt
y xr

V = V + f (A + V ) d tx x . x yr
o

and

y = f 0Jy
coslji + V sinlji) dtx

x = f <-Vy sin~ + V coslji) dt
x
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Figure 29. Data schematic.
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where A = tractor longitudinal acceleration
x

A = tractor lateral acceleration
y

r = tractor yaw rate

w = tractor yaw position relative to some
fixed time in the maneuver

v = t~actor longitudinal velocityx

v = tractor lateral velocity
y

x = longitudinal displacement of tractor
from reference point

y = lateral displacement of tractor from
reference point

v = the value of the fifth wheel at the
x o reference point

Initiation
of Steer

Note: The reference points for the various maneuvers
are:

Sinusoidal steer,
wet and dry

Trapezoidal steer,
wet and dry

Braking in a turn,
dry

Straight-line braking,
wet and dry

Braking in a turn, wet

Initiation
of Braking

2 Sec Before
Initiation
of Braking

• Tractor/trailer angle using the tractor/trailer displace
ment reading and the installation configuration of the
displacement transducer.

• Front wheel angle using the,front wheel displacement
reading and the installation configuration of the dis
placement transducer.

• Trailer roll angle by integrating the trailer roll rate.
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Front wheel angle

Yaw position

Fifth wheel velocity,
yaw rate, longitudinal
and lateral accelera
tion, suspension de
flections, axle accel
erations, tractor roll
angle.

• The changes in the wheel loads on the pavement (relative
to the steady state value for the particular load) using
the following equation:

Force on pavement
generated by an = (Amass. 1 (A.) - (AK.) (P .. )
axle side - 1.. 1.. 1. 1.J

where: Amass. = the mass of axle i
1.

A. = the acceleration of axle i
l.

AK. = the spring constant of the suspension
1. for axle i

P .. = the change in deflection (relative to
1.J steady statel for side j of axle i

Note: Three groups of axle parameters were used (front
tractor, rear tractor, and trailer).

• To compensate for instrumentation drift, some of the
instruments were zeroed at the following times for
each test:

Just before reference
point

At reference point

At end of test after
vehicle is stopped

DATA PROCESSING

Two runs were processed for each maneuver for a load/trailer
configuration; one run to represent a low effort case and the
other to represent the limit case. Selected instrumentation
check runs were also processed. The instrumentation check runs
consisted of the following types of tests:

• Straight-line braking at a low level of pedal force.

• Traveling around an approximate lOO-foot circle at con
stant speed.

61



The measured data and computed data were divided into two groups
(one for each Remote Signal Conditioning Module IRSCM]*) and
printed for each data point digitized during a test. Samples of
computed data for each RSCM are included in Appendix C.

The first group was for instruments on the first RSCM and
consisted of the following:

• Time (sec)

• Longitudinal acceleration of tractor (G)

• Lateral acceleration of tractor (G)

• Yaw rate of tractor (deg/sec)

• Heading of tractor (deg)

• Fifth wheel velocity at rear of trailer (ft/sec)

• Computed tractor longitudinal velocity (ft/sec)

• Computed tractor lateral velocity (ft/sec)

• Computed tractor longitudinal displacement referenced
to vehicle coordinate system at time = 0 (ft)

• Right front wheel steer transducer displacement (in.)

• Right front wheel steer angle (deg)

• Tractor-trailer angle transducer displacement (in.)

• Tractor-trailer angle (deg)

• Roll angle of tractor (deg)

• Trailer roll rate (deg/sec)

• Trailer roll angle (deg)

• Steering wheel torque applied (ft/lb)

• Tractor right front axle vertical displacement (in.)

• Tractor left front axle vertical displacement (in.)

• Tractor front axle vertical acceleration (G)

*A Remote Signal Conditioning Module provides signal conditioning
(amplifier) and frequency modulation (voltage controlled oscilla
tor) for 14 data channels.

62



• Change from steady state in tractor right front wheel
dynamic force (lb)

• Change from steady 'state in tractor left front wheel
dynamic force (lbl

• Event marker (near 850 when activatedl.

The second group was for instruments on the second RSCM and
consisted of the following:

• Time matched to RSCM #1 (sec)

• Tractor brake pedal force (lb)

• Trailer longitudinal acceleration (G)

• Tractor right front drive axle vertical displacement
(in. 1

• Tractor left front drive axle vertical displacement
Cin. )

• Tractor front drive axle vertical acceleration (G)

• Change from steady state in tractor right front drive
wheels dynamic force (lb)

• Change from steady state in tractor left front drive
wheels dynamic force (lb)

• Right rear drive axle vertical displacement (in.)

• Left rear drive axle vertical displacement (in.)

• Tractor rear drive axle vertical acceleration (G)

• Change from steady state in tractor right rear drive
wheels dynamic force (lb)

• Change from steady state in tractor left rear drive
wheels dynamic force (lb)

• Trailer right front axle vertical displacement (in.)

• Trailer left front axle vertical displacement (in.)

• Trailer front axle vertical acceleration (G)

• Change from steady state in trailer right front wheels
dynamic force (lb)

63



• Change from steady state in trailer left front wheels
dynamic force (lb)

• Trailer right rear axle vertical displacement (in.)

• Trailer left rear axle vertical displacement (in.)

• Trailer rear axle vertical acceleration (Gl

• Change from steady state in trailer right rear wheels
dynamic force (lb)

• Change from steady state in trailer left rear wheels
dynamic force (lbl

• Event marker (correlated with RSCM #1).

The printout of each test was put on tape and sent to JHU/
APL for validation of their computer model of the cargo shift
dynamics. The tractor and trailer parameters were also sent to
define each tractor/trailer configuration.
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4.0 TEST RESULTS

The test maneuvers described in Section 3.4 were used to ob
tain information on longitudinal and lateral stability. The ob
ject of each of the test runs was to drive the tractor-trailer to
a maximum performance limit within the confines of a twelve-foot
wide course laid out on the test track. The variable, then, was
the drfver's ability to·drive as fast as possible around the turns
(trapezoidal steer) and through the lane changes (sinusoidal steer),
and to stop as quickly as possible in the braking maneuvers. As a
result of the driver's opinions and those of outside observers as
to when they felt the truck had performed to its maximum limit,
and by using the electronic transducer information from the trailer,
the testing was accomplished at or near the limits of the trucks'
capabilities. Deviations from the course which knocked marker
cones down was considered disqualifying, hence no mention is made
in the results on the number of cones knocked over.

Typically, four runs were performed for each trailer-maneuver
load condition. The first run was at a low performance level for
the purpose of driver familiarization, the second was at an inter
mediate level, and the last two runs were performed at what the
driver and observers felt was a maximum performance level. The best
results of these last two runs are presented in this section.

For the braking maneuvers, the stopping distance is shown in
the tables, followed by a value in parentheses. This value is the
ratio of the theoretically achievable stopping distance (in a
sliding stop on that particular surface) to the measured stopping
distance. The theoretically achievable value is determined by
equating work done during the stop to kinetic energy dissipated:

where

1 2
Fd = '2 mV

F = mg Cf (that is, the product of the weight [mg]
of the vehicle and the coefficient of friction)

d = stopping distance

m and V = mass and velocity of the vehicle

By making the substitutions shown and simplifying the equa
tion, stopping distance becomes:

d =
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It should be noted that this is not a highly refined theoret
ical value of stopping distance, since it does not consider driver
or system delay times., It should also be noted that Cf is the co
efficient of sliding friction, and most stops are made without
sliding the wheels but are made at incipient lockup, where a co
efficient of static friction would be more applicable. There may
be a significant difference between the coefficient of sliding and
that of static friction, particularly on the low coefficient sur
faces.

With these qualifications in mind, the parenthetical values
can be considered quasi-braking efficiency which is useful in pro
viding an approximate comparison of stopping with the different ve
hicle configurations and at different speeds. For braking tests,
stopping distance and the braking efficiency factor were taken as
the principal evaluation factors. Considering possible variations
in driver actions and other variables common to such test proce
dure, a variation of ±10 percent in results is not considered sig
nificant, and evaluations and comparisons among the vehicles and
vehicle configurations are made on this basis.

For the trapezoidal and sinusoidal steer maneuvers, two prin
cipal criteria are presented: (1) the maximum speed that the vehi
cle could be driven successfully through the course (with related
driver comments and subjective evaluation) and (2) trailer roll
angle. As in the braking tests, differences of less than 10 per
cent are not considered significant.

Data are presented in several formats:

.• Section 4.1 presents a summary of performance for each
vehicle as a function of load for each of the test
maneuvers (Tables 6 through 10).

• Section 4.2 presents a summary of performance in each
test maneuver for all vehicles in each of their respec
tive configurations (Table 11 through Table 17 and
graphical data in Figures 30 through 36).

• Section 4.3 presents a summary of all results, providing
a convenient means of comparing vehicle performance
(Table 18).

4.1 TEST PERFORMANCE LEVELS BY VEHICLE TYPE

Results of all tests for each vehicle are presented in this
Section. Definitive test results such as stopping distance or
attainable speed are presented, together with driver comments and
observed control difficulties. The reader may find it convenient
to refer to Figures 30 through 36 in Section 4.2 which provide
graphical representations of the key evaluation parameters.
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4.1.1 Baseline Van Trailer With Non-Shifting Ballast

The maximum levels of performance of the baseline trailer are
presented in Table 6. A discussion of each of the maneuvers and a
comparison of performance versus loading is contained in the follow
ing·subsections.

Straight-line Braking - Dry and Wet Surface

Stopping distances at the different loads were within ±10 per
cent of the average. This is the variation that can be expected
in a group of stops all conducted under the same condition. For
this reason, the performance in all straight-line braking steps is
considered to be equivalent and not a function of load.

No directional control problems were encountered with the
baseline trailer when performing the dry surface stops. However,
some directional control problems were encountered on the wet sur
face, with the truck at incipient jackknife with the brakes locked.
The stopping distances on the wet surface were about double those
obtained on the dry surface due to the reduced coefficient of fric
tion.

Braking in a Turn - Dry and Wet Surface

Stopping distances again are within 10 percent of the average
and can thus be considered equivalent. No directional control
problems were encountered on the dry surface.

On the wet surface, some tendency towards jackknifing was en
countered but was controlled by modUlating the brakes. The wet
surface stops were made with more efficient utilization of the
roadway friction (achievable stoppinq distance divided by the
actual stopping distance). As discussed in the introduction to
this section, however, this is at least partially attributable to
the coefficient of static friction being higher than the coeffi
cient of sliding friction on this surface.

As noted earlier, the initiation speed for the wet surface
stops was ten miles per hour slower than on the dry surface, and
the turn radius was 300 feet rather than 420 feet.

Sinusoidal Steer - Dry Surface

The maximum speed at which the driver was able to negotiate
the maneuver was essentially constant for the three load conditions.
No directional control problems were experienced.
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Sinusoidal Steer - Wet Surface

The maximum speeds obtained were about equal for all loading
conditions and about ten percent lower than the speeds obtained
for the same maneuver on the dry surface. A small amount of fish
tailing was encountered as the vehicle completed the last turn in
the maneuver.

Trapezoidal Steer - Dry Surface

No significant variation in maximum attainable speed as a
function of load was encountered. No abnormal directional con
trol problems were encountered.

4.1.2 High-Density Tank Trailer With Baffles

The maximum levels of performance of the high-density tank
trailer with baffles are presented in Table 7. The maneuvers and
a comparison of performance versus loading are discussed in the
following subsections.

Straight-line Braking - Dry and Wet Surface

The stopping distance at 7/8 load was approximately 30 percent
greater than at 1/2 load. Comparison with the baseline shows a
slightly lower braking efficiency.

The measured stopping distances increased slightly with load
due to small speed differences in the stops. The normalized
(efficiency) values are approximately the same for each stop but
about 20 percent lower than in the baseline stops. Some direc
tional control problems were encountered with the truck tendency to
jackknife if the brakes were locked on the wet surface.

Braking in a Turn - Dry Surface

The stopping distance increased slightly with increasing load
but is not significantly different than baseline stops. No direc
tional control problems were experienced.

Braking in a Turn - Wet Surface

The stopping distances tended to increase as the load was in
creased. Braking efficiencies are approximately the same as the
straight-line wet surface runs with this vehicle configuration.
Some jackknifing was encountered but was corrected by modulating
the brakes. In general, the heavier the load, the more difficult
it was to stop.
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Sinusoidal Steer - Dry Surface

The maximum speed attained through the maneuver increased as
the weight of the vehicle was increased. No directional control
problems were encountered. The driver commented that the load
felt more stable as the vehicle's weight was increased, and hence
he could drive faster through the maneuver.

Sinusoidal Steer - Wet Surface

The performance with the three-quarter and seven-eighths
loads was about equal, with the maximum speed from 15 to 20 per
cent higher than in the half-loaded condition. The driver indi
cated that a more stable feel with the two fuller loads allowed
him to drive faster.

Trapezoidal Steer - Dry Surface

The performance with the three-quarter and seven-eighths
loads was about equal. The half-loaded condition produced results
about fifteen percent lower. The driver indicated that the half
load felt less stable.

4.1.3 High-Density Tank Trailer Without Baffles

The maximum levels of performance of the high-density tank
trailer without baffles are presented in Table 8. A discussion of
each of the maneuvers and a comparison of performance versus load
ing is contained in the following subsections.

Straight-line Braking - Dry Surface.

The stopping distances were lowest (and most efficient) at
the 1/2 load condition but, in general, approximated those made
with the tank equipped with baffles. No directional control prob
lems occurred during the performance of this maneuver.

Straight-line Braking - Wet Surface

The stopping distances decreased with increasing load with
braking efficiencies approximating (except for 1/2 load) those ob
tained in the baseline test and better than obtained with the tank
with baffles. Some directional control problems were encountered
with the truck trying to jackknife if the brakes were locked.

Braking in a Turn - Dry Surface

The stopping distance decreased with increasing load but can
be considered equivalent. No directional control problems were
encountered.
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Braking in a Turn - Wet Surface

The stopping distance became slightly longer as the load was
increased with braking efficiencies at all three load conditions
being lower than for the tank with baffles. Some tendency towards
jackknifing was encountered but was corrected by modulating the
brakes.

Sinusoidal Steer - Dry Surface

The maximum speed at which the driver was able to negotiate
the maneuver was approximately the same for the one-half and
seven-eighths loaded conditions. The speed attained for the
three-quarter load was about eight percent higher. No direc
tional control problems were experienced.

Sinusoidal Steer - Wet Surface

The maximum attainable speeds were about equal for all load
ing conditions and were approximately the same as the speeds ob
tained for the same maneuver on the dry surface. Some fishtailing
was encountered as the vehicle completed the last turn in the ma
neuver.

Trapezoidal Steer - Dry Surface

The maximum speeds attained were approximately equal for all
loading conditions. No abnormal directional control problems
were encountered.

4.1.4 Low-Density Tank Trailer With Baffles

The maximum levels of performance of the low-density tank
trailer are presented in Table 9. The maneuvers are discussed in
the following subsections.

Straight-line Braking - Dry Surface

The stopping distance was essentially the same as with the
high-density tank trailer with baffles. No directional control
problems were encountered.

Straight-line Braking - Wet Surface

The stopping distance was the shortest measured with any vehi
cle configuration under this condition. Some directional control
problems occurred due to a tendency for the truck to jackknife with
the brakes locked.
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Table 9. 1Maximum performance levels for low-density
tank trailer with baffles.

Nominal Pavement Maximum Performance

Test Condition Loading - Three Quarters
Test Initiation and Skid (76,030 lb -

Maneuver Speed Number Total Vehicle Weight)

Straight- 40 Dry-78.1 166.7 feet (.43 )
line 40 Wet-20.4 310.7 feet C.87)Braking

Braking 35 Dry-74.5 118.3 feet (.49 )
While in 30 Wet-26.4 176.7 feet (.68 )
a Turn

Sinusoidal Note 1 Dry-78.l 36.0 mph
Steer Note 1 Wet-20.4 37.8 mph

Trapezoidal Note 1 Dry-74.S 37.5 mph
Steer

Note 1: The purpose of this test was to determine the maximum
speed at which the maneuver could be performed.

Braking in a Turn - Dry Surface

Test initiation speed was from 35 mph rather than 40 mph due
to the vehicle's inability to negotiate the 420-foot radiup turn
at a greater speed. Braking efficiency was the same as with the
high-density tank with baffles. No directional control problems
were experienced.

Braking in a Turn - Wet Surface

The stopping distance was within 8 percent of that achieved
in stops with the high density tank with baffles.

Some jackknifing was encountered but was corrected by modu
lating the brakes.

Sinusoidal Steer - Dry Surface

No directional control problems were encountered when perform
ing this maneuver. The attainable speed was lower than that for
the baseline vehicle and that of the other tankers.
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Sinusoidal Steer - Wet Surface

Some fishtailing occurred as the vehicle completed the sec
ond turn in the maneuver. Attainable speed was about equal to
that of the baseline vehicle and the other tankers.

Trapezoidal Steer - Dry Surface

No significant directional control problems occurred. The
driver felt that this load was relatively unstable and tailored
his performance accordin~ly. The vehicle tended to roll consid
erably.

4.1.5 Refrigerated Trailer With Hanging Meat

The maximum levels of performance of the refrigerated trailer
containing hanging meat are presented in Table 10. The maneuvers
are discussed in the following subsections.

Table 10. Maximum performance levels for refrigerated
trailer with hanging meat.

Nominal Maximum Performance
Test Pavement

Initiation Condition Loading - Full
Test Speed and Skid (69,690 lb -

Maneuver (mph) Number Total Vehicle Weight)

Straight- 40 Dry-78.l 184.2 feet (.37)
line 40 Wet-20.4 322.7 feet (.87 )
Braking

Braking 27 Dry-74.5 79.8 feet (.43 )
While in 22 Wet-26.4 94.7 feet (.68)
a Turn

Sinusoidal Note 1 Dry-78.l 27.2 mph
Steer Note 1 Wet-20.4 26.6 mph

Trapezoidal Note 1 Dry-74.5 31.6 mph
Steer

Note 1: The purpose of this test was to determine the maximum
speed at which the maneuver could be performed.
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Straight-line Braking - Dry Surface

Braking efficiency was the lowest of any recorded, indicating
low utilization o~ the available friction.

No directional control problems were encountered when perform
ing this maneuver.

Straight-line Braking-Wet Surface

Braking efficiencies were on the same order as those measured
with the other vehicle configurations. Some directional control
problems occurred due to a tendency for the truck to jackknife
with the brakes locked.

Braking in a Turn - Dry Surface

Test initiation speed was from 27 mph rather than 40 mph due
to the vehicle's inability to negotiate the 420-foot radius turn
used for dry surface tests at a greater speed. As in the dry sur
face straight-line stops, braking efficiencies were the lowest re
corded. No significant directional control problems were experi
enced.

Braking in a Turn - Wet Surface

Test initiation speed was from 22 mph rather than 30 mph due
to the vehicle's inability to negotiate the 300-foot radius curve
used for wet surface tests at a greater speed. Braking efficien
cies were on the same order as those measured with previous vehicle
configurations. During the maximum performance test run, the vehi
cle jackknifed slightly to the right while traversing the left-hand
curve.

Sinusoidal Steer - Dry Surface

No directional control problems were encountered at the speed
at which this maneuver was performed. Considerable sway of the
trailer resulted during the maximum limit test run.

Sinusoidal Steer - Wet Surface

No directional control problems were experienced. The maxi
mum speed attained was approximately the same as that for the dry
surface. There was less trailer sway than during the same ma
neuver performed on the dry surface. The driver felt that the
load was slightly more stable when going through the wet maneuver
as compared to the dry maneuver at the same speed.
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Trapezoidal Steer - Dry Surface

The vehicle rolled considerably during this maneuver. The
driver had to make a significant correction in steering wheel angle
during the maximum performance test run in order to avert wheel
lift-off and a possible tipover.

4.2 COMPARISON OF VEHICLE PERFORMANCE BY TEST MANEUVER

The following sections summarize the test data for each of the
seven maneuvers performed during the program. These sections con
tain tables for each maneuver which compare the results of all five
of the test vehicles at their various loading conditions. Graphs
are provided for convenient comparison of vehicle performance for
each test.

The tables containing the data for the braking maneuvers list
the following test variables:

• Loading

• Total vehicle weight

• Estimated center of gravity height

• Test run number

• Test initiation speed

• Minimum stopping distance.

• Peak brake pedal force

• Peak tractor deceleration

• Peak trailer deceleration

• Peak tractor roll

• Peak trailer roll

• Peak tractor-trailer angle

• Peak steering wheel torque.

The tables with the data for the trapezoidal and sinusoidal
steer maneuvers list the following test variables:
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• Loading

• Total vehicle weight

• Estimated center of gravity height

• Test run number

• Maximum velocity attained

• Peak tractor lateral acceleration

• Peak tractor yaw rate

• Peak tractor-trailer angle

• Peak tractor front .wheel angle

• Peak tractor roll

• Peak trailer roll

• Peak steering wheel torque.

All data were filtered with analog filters (cutoff frequency
6.3 Hz), then digitized. Analyses and values presented were all
taken from the digital data. Peak values presented are instantan
eous peak values from the digital data.

4.2.1 Straight-line Braking - Dry Surface

Test vehicle data for the straight-line braking maneuver on a
dry surface are presented in Table 11 and Figure 30.

Comparisons of stopping distances and brake efficiency factors
between vehicles and loads indicate that the vehicles with shifting
cargoes had poorer braking performance with their larger loads than
did the baseline trailer with non-shifting cargo at equivalent loads.
The trailer with hanging meat performed poorest of all vehicles.

The films of the five pieces of hanging meat in the refriger
ated trailer showed them to move forward in unison as the braking
was begun. They remained there until the stop was completed, at
which time they swung back to a vertical position.

4.2.2 Straight-line Braking - Wet Surface

Test vehicle data for maximum performance runs of the straight
line braking maneuver on a wet surface are presented in Table 12 and
Figure 31.
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At higher loads the tanker trailers and meat trailer performed
within 10 percent of the baseline vehicle except that the high dens
ity tanker with baffles was significantly poorer in performance (jn
both stopping distance and brake efficiency factorsl. This differ
ence cannot be explained from the test results. For all vehicles,
brake efficiency factor was better for the wet surface than for the
dry surface.

The films of the hanging meat in the refrigerated trailer
showed it to behave as it had for dry surface braking.

4.2.3 Braking in a Turn - Dry Surface

Test vehicle data for the braking in a turn maneuver on a dry
surface are presented in Table 13 and Figure 32.

The baffled and unbaffled high-density tank trailers had some
what the same stopping distance trend as they did in the previous
maneuver - the unbaffled tank stopping slightly faster the heavier
it was, and the baffled tank stopping in a greater distance as the
load increased. Both, however, took approximately the same distance
as the correspondingly loaded baseline trailer. With the unbaffled
tank there would be a reduced tendency for sloshing cargo when the
tank carries a higher volume of liquid.

Direct comparisons between the low-density tank trailer or re
frigerated trailer with hanging meat and the baseline trailer cannot
be made due to the fact that neither of these vehicles with shifting
cargoes could negotiate the 420-foot radius course at the desired
test initiation speed. The amount of speed reduction necessary to
stay on the course is indicative of the degree of instability in
duced by the shifting cargo.

The trailer containing the load of hanging meat had a signifi
cantly higher initial center of gravity than the other vehicles and
the films indicate a shift in the center of gravity of about eight
inches laterally and one to two inches vertically due to the turn.
During braking, the meat swung forward and as the vehicle speed was
reduced with the corresponding decrease in centrifugal force, it
moved back inward toward the center of the turn.

The low-density tank trailer had an estimated center of gravity
height of 73 inches which was only five inches above that of the
correspondingly loaded baseline trailer. Its performance during
braking was not unusual, but the reduced speed around the course was
necessitated by a substantial shift of its center of gravity to the
outside of the turn. It is estimated that the shift was about five
inches laterally.
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4.2.4 Braking in a ~urn - Wet Surface

~est vehicle data for maximum performance runs of the braking
in a turn maneuver on a wet surface are presented in Table 14 and
Figure 33.

~he baffled and unbaffled high-density tank trailers had sim
ilar stopping distance trends in this maneuver. That is, they both
tended to take longer to stop as the loads became heavier. At the
highest load, they both performed approximately the same. At the
lower loads, however, the baffled tank produced the shortest stop
ping distances.

The low density tank truck stopped in an uneventful manner dur
ing this maneuver and had a stopping distance commensurate with its
load.

The refrigerated trailer with hanging meat was unable to nego
tiate the 300-foot radius course used for wet surface tests at the
desired speed of 30 mph due to instability. It successfully per
formed the maneuver from an initial speed of 22 mph. During the
stop with this vehicle, the meat swung forward and stayed as in pre
viously described braking maneuvers. The tractor brakes locked mo
mentarily and the vehicle started a slight jackknife to the right.
As the vehicle had been traversing a left-hand course, the sudden
change in direction of the trailer to the right caused the beef to
swing left relative to the inside of the trailer and consequently,
towards the inside of the turn. This maneuver was apparently stabi
lized by this motion.

4.2.5 Sinusoidal Steer - Dry Surface

Test vehicle data for maximum performance runs of the sinusoidal
steer maneuver on a dry surface are presented in Table 15 and Figure
34.

The maximum speeds attained by the baseline trailer through the
course for all three of its loading conditions were about equal. The
driver felt that the change in load with the corresponding small in
crease in height of vehicle center of gravity had no significant
effect on stability.

The two high-density tank trailers had centers of gravity fac
tors similar to the baseline vehicle for their larger loads. They
attained test speeds close to that of the baseline with no direc
tional control problems or instabilities noted.

The peak roll angles for the high density tank trailers were 56
to 100 percent higher than that of the baseline trailer. Suspension
spring rates may influence roll, and comparison of roll angles could
be normalized to spring rates; however, suspension properties were
not available so absolute roll angles will be compared here with
this caution in mind.
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The low-density tank trailer's speed through the maneuver was
24 percent lower than that of the baseline trailer. Its center of
gravity was about 7 percent higher and some allowance must be
given due to its somewhat higher total weight. The peak trailer
roll angle experienced by this vehicle was three times that of the
baseline vehicle. The steering wheel torque was also higher.
These measurements indicate that stability was less than in the
baseline vehicle and that more driver effort was required to con
trol the vehicle through the maneuvers.

The maximum speed at which the meat trailer was able to nego
tiate the lane change maneuver was 41 percent lower than that of
the baseline trailer. The center of gravity of the baseline
trailer was approximately 31 percent lower than that of the meat
trailer. The films of the behavior of the hanging meat showed
that as the vehicle first turned to the right at the beginning of
the maneuver, the meat came off of the right wall and compressed
together against the left wall. As soon as the turn was reversed
back to the left to complete the lane change, the meat came off of
the left wall and compressed together against the right wall. When
the vehicle straightened at the end of the maneuver, the meat set
tled back to the vertical position. The driver felt that after
the initial turn to the right, the load shifts during subsequent
turns back to the left and to straighten the vehicle did not
greatly influence vehicle stability. .

Peak vehicle roll angle was over three times that of the base
line and over twice that of the high density tank trailers. Peak
steering wheel torque was also highest for the meat trailer. These
results indicate greater instability and greater effort .required by
the driver to negotiate the course.

4.2.6 Sinusoidal Steer - Wet Surface

The test vehicle data for maximum performance runs of the sinu
soidal steer maneuver on a wet surface are presented in Table 16 and
Figure 35.

Little difference was noted in the attainable speeds for the
baseline and high density trailers on the wet surface compared to
the dry surface. The baseline experienced a greater roll angle on
the wet surface and high density tankers experienced roll angles two
to three times greater on the wet surface. The low density tanker
and the meat trailer performed about the same as on the dry surface.
Thus they were less stable than the other vehicles. (Note, however,
that the high density tanker with baffles had a higher peak roll
angle at its highest load.)
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The trailer with meat appeared to sway less through the ma
neuver and the film record of the hanging meat showed the same be
havior as described in the previous section but with slightly less
swinging.

4.2.7 Trapezoidal steer - Dry Surface

The test vehicle data for maximum performance runs of the trap
ezoidal steer maneuver on a dry surface are presented in Table 17
and Figure 36.

The maximum speeds attained by the baseline trailer through
the course were about equal for the empty and fully loaded condi
tion.

As with the sinusoidal steer on the dry surface, the two high
density tank trailers had speeds and centers of gravity similar to
the baseline vehicle for their larger loads. Their maximum attain
able speeds were slightly lower than for the baseline but their
peak roll angles were two to three times higher than the baseline.

The low density tank trailer's speed through the maneuver was
about 21 percent lower than that of the baseline trailer. Its cen
ter of gravity was about seven percent higher. The peak steering
wheel torque and the amount of peak trailer roll angle experienced
were significantly higher for this vehicle than for the baseline.
These measurements indicate that stability was less and that more
driver effort was required to control the low density trailer
through the maneuver.

The maximum speed that the meat trailer was able to negotiate
the trapezoidal steer maneuver was 34 percent lower than the base
line trailer's speed. The center of gravity of the baseline trailer
was approximately 31 percent lower than that of the meat trailer.
The films of the behavior of the hanging meat showed that as the ve
hicle entered the 420-foot radius left-hand turn from the straight
course, the meat came off of the left wall of the trailer, compressed
together against the right wall, and stayed there throughout the ma
neuver. Some of the pieces of meat originally adjacent to the left
wall swung as much as 16 degrees to the right before being stopped by
the compressed stack of the other pieces. An analysis of the film
for the maximum performance run resulted in an estimate that the cen
ter of gravity moved 9.7 inches to the right and2.1 inches upward.
This horizontal and vertical movement would contribute significantly
to an unstable condition.' During the maximum performance run at the
point of greatest center of gravity change, the driver felt that a
significant steer angle change towards reducing the rate of turn was
necessary to keep the trailer wheels on the pavement. The driver
made the correction to the right and continued successfully along
the trapezoidal course. The film shows the piece of meat which was
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displaced farthest l16 degreesl, swinging back to 6 degrees and
then returning to a relatively steady state position of approxi
mately 10 degrees displacement for the remainder of the maneuver.
This piece of meat was in the aft section of the trailer which had
a very loosely packed configuration (there were no pieces hanging
from the center railland could therefore swing considerably. The
forward section of the trailer was packed tightly and the piece
adjacent to the left wall swung only 12 degrees initially, moved
to about 7 degrees displacement after the driver took corrective
action, and subsequently returned to about 10 degrees displacement
for the remainder of the maneuver.

Peak steering wheel torque and trailer roll angle measured
during the maneuver were significantly greater than those of the
baseline trailer and were indicative of increased instability and
extra driver effort needed to control the vehicle.

4.3 SUMMARY AND DISCUSSION OF RESULTS

In the two previous sections, detailed quantitative results
were presented by discussing the test results for each vehicle and
then by comparing vehicle performance in each of the seven tests to
which they were subjected.

To put results into proper relative perspective, the signifi
cant findings are summarized in Table 18. These findings are dis
cussed on a test-by-test basis in this section.

4.3.1 Braking Test Results

All vehicles with shifting types of cargo experienced a longi
tudinal kick or surge at initial brake application, caused by the
cargo shifting as the vehicle begins to stop and before the cargo is
restrained by forward bulkheads (liquid cargo) or hook swing travel
(hanging cargo). Initially, these vehicles' deceleration rates are
relatively high, become noticeably reduced when the load catches up,
and then behave like vehicles carrying non-shifting cargo for the
remaining major portion of the stopping period. This phenomenon in
dicates that during braking maneuvers, the shifting cargoes move for
ward against their restraints or bulkheads and remain there until
the stop is completed. (~his was verified by the films in the case
of the trailer with hanging meat.l A sloshing fore and aft condi
tion is not indicated during this type of maneuver.

The effect of the surge on overall stopping distance and hence
vehicle safety is thought to be minimal. During this test program,
it was our opinion that longitudinal surge during the braking ma
neuvers primarily affected the driver's willingness to stop in a
minimum distance. The driver remarked that he could feel the surge,
and to counteract this, reduced his braking effort.
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For dry surface braking the baseline vehicle performed best at
the higher loads. The vehicles with shifting loads were less effi
cient as the load increased. The meat trailer was the only vehicle
exhibiting directional control difficulty (jackknifing).

Wet surface braking was more efficient (relative to theoretic
ally achievable performance) than dry surface braking. For higher
loads, all vehicles except the high density tanker with baffles per
formed better than the baseline. On the wet surface all vehicles
showed a directional control problem, tending to jackknife, requir
ing corrective action by the driver.

4.3.2 Braking in a Turn Test Results

As for the straight-line braking, during braking in a turn
tests, shifting cargoes moved laterally during the turn and forward
at brake application but no surge or sloshing affecting the vehicle
performance was observed.

For dry surface tests, some degradation in performance was ob
served with increasing load except for the high density tanker with
out baffles, which improved with increasing load. The baseline and
high density tankers were close in performance. The low density
tanker and meat trailer could not negotiate the turn at the nominal
speed (40 mph) and their initial speeds had to be reduced to 35 mph
and 27 mph, respectively, indicating stability problems at these con
ditions. No directional control difficulties were encountered for
any vehicles.

For wet surface braking in a turn tests, all vehicles were
braked more efficiently than for the dry surface. The baseline ve
hicle performance improved as load increased, the tanker's perfor
mance degraded. The baseline vehicle performance was better than
those with shifting cargo. The meat trailer initial speed was re
duced from the nominal 30 mph to 22 mph in order that it could
safely negotiate the turn, indicating less stability than the other
vehicles. No directional control difficulties were encountered.

4.3.3 Sinusoidal Steer Test Results

The baseline vehicle performed better than other vehicles dur
ing sinusoidal steer tests. For dry surface tests the attainable
speed for the baseline vehicle was a little higher than that of the
high density tankers and significantly higher than the low density
tanker and meat trailer. There was no significant variation with
load.

The poorer stability of the vehicles with shifting cargo was
further demonstrated by peak roll angles during the maneuver; the
high density tankers had roll angles about twice that of" the base
line and the low density tanker, and meat trailer roll angles were
each about three times that of the basline. No directional control
problems were encountered.
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Similar results were obtained for wet surface sinusoidal
steer tests. On wet surface, attainable speeds were essentially
the same as for dry surface tests. Roll angles for the wet sur
face were higher with the shifting cargo vehicles showing signifi
cantly greater increases than the baseline. Fishtailing was ob
served on all vehicles except the high density trailer with baf
fles and the meat trailer.

4.3.4 Trapezoidal Steer Test Results

Trapezoidal steer tests were consistent with the sinusoidal
steer tests. The attainable speed was higher for the baseline
than for the high density tankers and significantly higher than
for the low density tanker and the meat trailer. There was no
significant variation with load.

Roll angles were higher in the trapezoidal steer tests and
increased significantly with load. All vehicles with shifting
loads had significantly higher roll angles than the baseline,
especially the high density tanker with baffles. No directional
control problems were encountered.
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5.0 RECOMMENDATIONS

This test program was undertaken to determine, by full-scale
testing, how dynamic cargo shifting affects the braking perfor
mance and lateral/roll stability of articulated trucks. Reviewing
all the data presented in the preceding sections, test results can
be summarized as follows:

• The baseline was braked with greater efficiency and
shorter stopping distance on the dry surface. For
shifting cargo vehicles the driver perceived the cargo
movement forward and compensated for it which contrib
uted to this result. On the wet surface some of the
shifting cargo vehicles made better use of the avail
able friction and were stopped more efficiently. We
can correctly conclude that shifting cargo vehicles
do brake differently and require more driver skill.

• In braking in a turn tests, shifting cargo vehicles
tested at the same initial speed as the baseline were
stopped with about equal or lower efficiency than the
baseline and required greater stopping distances. As
for straight-line braking, all vehicles were stopped
with greater efficiency (used available friction more
efficiently) on wet surfaces, but, of course, required
greater stopping distance because of the lower fric
tion. The low density tanker and meat trailer could
not be driven through turns at speeds as great as the
other vehicles, indicating less lateral stability.

• In sinusoidal steer tests the maximum attainable ve
locity was less than the baseline for all shifting
cargo vehicles and significantly so for the low dens
ity tanker and the meat trailer. Roll angles (not
corrected for suspension spring rates but still in
dicative of stability) were higher than for the base
line, especially for the low density tanker and meat
trailer and more so on the wet surface.

• Trapezoidal steer tests correlated with sinusoidal
steer tests, with all shifting cargo vehicles less
stable than the baseline, and more driver skill was
required to control these vehicles.

The degree of stability problems encountered when transport
ing partial loads of liquid cargo can be reduced through driver
training and instruction, and by recommending that this type of
operation be kept to a minimum. The problems with transporting
swinging meat loads could be abated by driver training and instruc
tion and a concerted effort on the part of packers and shippers to
pack each load as tightly as possible. Because of the importance
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of driver education we recommend that a more complete evaluation
be made of existing driver training practice and, if necessary,
that the government prepare and disseminate suitable driver educa
tion packages.

A test effort should be undertaken to develop practical de
vices for restraining the motion of swinging meat cargoes, e.g.,
tie-down straps, inflatable bladders to take up excess space and
tighten the packing, better methods of loading the meat for a
tighter pack, and lowering the hanging points to reduce the height
of the center of gravity.

The performance of the test vehicles during the turning ma
neuvers used in the test program indicates that their lateral sta
bility is principally affected by the location of their center of
gravity (C.G.). This is primarily determined by the static config
uration of truck and 1 lad, and the C.G. locations changes when the
vehicle is in motion if the load dynamically shifts relative to
the trailer. The stability problems of vehicles transporting
shifting cargo are influenced by the fact that their static C.G.
heights are relatively high. One of the most striking examples of
this was in the case of the refrigerated van carrying hanging meat.
It had an estimated static C.G. height approximately 25 percent
higher than the other test vehicles and had correspondingly more
severe lateral instability characteristics. Reducing the vehicle's
C.G. would be an appropriate course of action to reduce the lateral
stability problems.

It must be remembered that the testing conducted for this pro
gram relied on the manual control of the test vehicles by a driver,
and that each maneuver was influenced by the subjective performance
and evaluations of the driver and the observers. One way to miti
gate the inaccuracies inherent in this method of testing in the
future would be to exclude driver input as much as possible by con
ducting further testing using mechanical control inputs such as
those provided by steering and braking machines.

For example, during a braking in a turn test, while the meat
trailer was executing a left turn, the wheels locked momentarily and
the trailer began to jackknife, moving to the right. The meat
shifted toward the inside of the turn, tending to stabilize the ma
neuver. Without doubt, there are other combinations of speed,
braking, and steering for which cargo will shift in a destabilizing
manner and these conditions should be determined and communicated
to the industry. We recommend that a test program of open loop test
ing be conducted to establish the characteristics of destabilizing
maneuvers and more completely determine the nature of problems
caused by shifting cargo. During such a program, trailers should be
instrumented to document, to the extent possible, the dynamic shift
in C.G. location.
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This program has made significant progress into the investl
gation of the effects of cargo shifting on the handling and brak
ing characteristics of articulated vehicles. It is recommended
that further testing be performed on a larger cross section of
vehicles and a wider variety of loading conditions than has been
accomplished thus, far, in a continuing effort to reduce the haz
ards associated with the transportation of shifting cargo.
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1.0 INTRODUCTION

This report presents a survey assessing the effect of cargo
shifting on the stability of articulated trucks. The types of
cargo shift involved are:

• Sloshing of liquid cargo

• Swinging of hanging meat.

The object of the survey was to obtain op1n1ons and informa
tion from various trucking companies engaged in the transporta
tion of liquid and hanging meat cargoes. Achieving this objec
tive involved obtaining the companies' opinions, based on their
experience, of the magnitude of the safety and stability prob
lems related to shifting cargoes; and gathering data concerning
accident involvement, typical equipment, and loading and hauling
procedures. The results of the survey will be used as input in
full-scale testing. (For instance, the definition of the test
vehicles and loading procedures will be finalized, based on this
information.) The testing will determine how dynamic cargo shift
ing affects tractor-trailer handling performance.

107



2.0 SURVEY OF CARRIERS

To assess the severity of the cargo shift problem, a repre
sentative cross section of trucking companies was surveyed. Nine
companies were selected, based on combinations of:

• Size of company

• Type of cargo (meat, petroleum, dairy products, chemi
calor food additives, and viscous fluid)

• Geographic location

• Topographical and climatological environments.

Various types of cargo (e.g., meat and dairy products) are concen
trated in a few geographic regions; thus, not all combinations
were possible.

The survey consisted of a two-part questionnaire. The first
part (Figure 37) was concerned with the overall company size, views
on handling and safety problems, driver's training, and experience
with FMVSS No. 121 brakes. The second part of the questionnaire
(Figure 38) was concerned with the various types of trailer, in
cluding size, weight, yearly mileage traveled, accident history,
and assessment of handling problems. The results of the survey
(summarized in Table 19) are discussed below:

1. Information about the carriers

• They had from 6 to 1,345 trailers and from 5 to
1,040 tractors. The trailer to tractor ratio ranged
from 1.0 to 1.7.

• The majority of the refrigerated van trailers were
manufactured by Great Dane, Fruehauf, American,
Tempte, and Trailmobi1e. The majority of the liquid
tank trailers were manufactured by Butler and Hail,
Temple, and Fruehauf.

• The empty weight of the trailers ranged from 14.8 to
17.0 Klb for the refrigerated vans and 7.6 to 20.0
Klb for the tankers.

• The length of trailers ranged from 40 to 43 feet.

• The total annual mileage of the carriers ranged from
0.05 to 134.5 million miles.

• All the carriers either required driver training (to
some extent) or hired only experienced drivers.
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Company: Location:---------------- -------------

1. Total No. of Tractors

2. No. of Tank Trailers

3. Assessment of ~andling

Problems Common to
Both Types of Cargo

4. Loading Procedures:
Packing Density, Hang-
ing Procedure, etc.

5. Handling and Safety
Problems With Other
Cargo Types

6. Company Policy on Driver Training:

, Trailers

, Meat Vans

a. Does company conduct training?----------------
b. Does company require training?----------------
c. Does training cover handling

and safety problem charac
teristics of various cargo
types? _

d. Are all drivers qualified to
operate tractor/trailers with
any type of cargo?

7. Does Company Operate units Which Meet FMVSS No. 121 (air
brake sys tern) ? _

a. Per.cent of vehicles----------------------
b. What is the experience so far?

8. Miscellaneous:---------------------------

Figure 37. First part of questionnaire.
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Company: Location:-------------- -------------
1. Tank Trailer

2. Make: Model:--------

or Meat Van

No. Units:

3. Dimensions: Empty Weight:----------
4. Yearly Mileage Mileage Fully Loaded--------- --------

Mileage Partially
Loaded---------------
Mileage Empty-----------

5. Accident Involvement over
Last Several Years of
Operation

6. Detailed Information on Accidents:

a.----------------------------------

b • _

c.----------------------------------

7. Assessment of Handling
Problems Specific to
Make and Model

8. Miscellaneous: -------------------------

Figure 38. Second part of questionnaire.
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• The percentage of units with FMVSS 121 brake systems
ranged from zero to 45 (on the trailers). The range
of experience with the 121 brake systems ranged from
unacceptable to excellent (on trailers). Comments
about 121 brake systems included:

When on the tractor, the front wheel tends to
pull to the side.

121 brakes on the tractor and non-12l brakes on
the trailer causes harder steering and increases
the chances of jackknifing.

2. Accident information

• The percentage of accidents involving vehicles con
taining shifting cargo out of the total number of
accidents ranged from zero to 13. The rate of acci
dents containing shifting cargo for millions of
miles traveled ranged from zero to 2.

• The following comments about the influence of cargo
shift on accidents were taken from responses to the
questionnaire. Explanatory comments are adaed in
parentheses.

Overturns typically do not begin with the cargo
shifting but begin because of front tire blowout,
running off the road, etc., which causes the vehi
cle to reach an uncontrollable situation. (Drivers
and carriers generally feel that they are capable
of transporting potentially shifting cargo under
normal circumstances. All admit, however, an un
usual steering, braki~g, or other abr~pt input can
cause severe problems that are a result of the
cargo shift.)

Any top-heavy load (such as paper, bananas, etc.)
is a potential problem if the driver is not safety
minded. (Carriers point out that loads with high
c.g. have roll stability problems. While this pre
sents a related handling stability problem, it
should not be confused with the more complex prob
lem of cargo shifting.)

Accidents have occurred while the vehicle was in
a turn or just after turning.

One carrier of refrigerated and frozen food prod
ucts reported approximately 20 to 22 percent of
freight movement involved hanging meat and the
same percentage of accidents involved hanging
meat. (This particular carrier indicated that
driver care compensates for the more hazardous
condition and thus accident rates are not higher
for shifting cargo.)
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Shifting of load depends on amount of cargo
loaded in the trailer, and in the case of hang
ing meat, a loosely packed load adds to the po
tential problem. (Tighter packing effectively
provides a partial restraint for meat loads,
thus reducing the severity of the problem.)

Accidents have occurred when correction in the
steering was made after the vehicle had drifted
off course.

3. The following comments on handling problems were taken
from the responses to the questionnaire:

• When carrying hanging meat, the van's length does
not affect handling but its height can.

• Hanging meat can shift more when hung from pipe rail
than when hung from I-beams.

• Hazardous material must be loaded with a tolerance
for expansion, thus allowing the liquid to slosh.
(Fluid surging is particularly noticeable when haul
ing a liquefied compressed gas cargo).

• The shifting of the cargo can cause the tractor to
move forward or backward after coming to a complete
stop, or can cause the trailer to tip over after
making an accident avoidance maneuver.

• Experienced drivers reduce the chances of an acci
dent when carrying a cargo that can shift.

• Overturn problems occur from any cargo that has a
high center of gravity.

The accident data in Table 19 indicates some variation in the
accident rate from 0 to 2.0 accidents per million miles traveled.
This is probably due primarily to the fact that each company had
their own accident data acquisition procedures and no uniform cri
teria for recording the accident. Some companies were extremely
small and did not have enough vehicles or mileage to generate rates
of statistical significance. In the accidents involving cargoes of
liquid or hanging meat, it is not established whether or not the
shifting cargo caused the accident, but only that a potentially
shifting cargo was being hauled at the time of the accident.

None of the carriers considered shifting cargoes unsafe. The
general feeling was that if due care was exercised in driving a load
of shifting cargo, it was within the driver's capability to safely
deliver his load. Everyone agreed that special care must be exer
cised when handling a shifting cargo load.
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The general consensus among the carriers interviewed was that
meat was more of a handling hazard than liquid, due to cargo shift
ing. Livestock was reported to be an even more severe problem.

3.0 LOADING PROCEDURES

with liquid cargo, only the level of the fluid in the tank
trucks, not the loading procedure, is important relative to vehi
cle handling stability. However, for hanging meat, the loading
procedure can be significant. In order to define a typical load
ing during testing on the van trailer with hanging meat, several
meat packing plants were contacted. The loading procedures are a
function of the packing plant, type of route (distance, number of
stops, etc.), and customer requests. A commonly used loading pro
cedure consists of loading 40,000 pounds of meat in a 40-foot van
in which the front 4 feet is not loaded. The forward end of the
van contains space for the refrigeration unit. The average weight
of a dressed beef carcass is around 720 pounds, with approximately
55 dressed beef carcasses in a typical load. The carcass is cut
into quarters prior to hanging in the truck. The typical loading
procedure is to alternate two rows of fores and four rows of hinds
with the fores loaded first. The high and low hanging procedure
is used for the fores. A row of fores is composed of 6 quarters
(using one long IS-inch hook) and 10 quarters hung low (using two
long hooks) as illustrated in Figure 39. A row of hinds comprises
8 quarters all hung from the same height using long hooks as illus
trated in Figure 40. There are minor deviations in the loading
procedure between packing plants. Another loading procedure con
sists of hanging the meat similarly but loading fores on one side
of the van and hinds on the other side. Less common loading pro
cedures include loading fores on one van and hinds on another.
The meat van tests will be conducted with a typical meat loading.

The beef sides are ribbed between the 12th and 13th ribs and
separated into forequarters and hindquarters as illustrated in Fig
ure 41. The figure also contains the average dimensions of various
meat sections. Then, the forequarter represents 52 percent and the
hindquarter 48 percent of the beef side. The overall envelope for
the forequarters amounts to approximately 42 inches in length, 34
inches in width, and 9-1/2 inches in depth; correspondingly, the
overall envelope of the hindquarters is approxmately 55 inches long,
22 inches wide, and 11 inches deep.

The amount of load in a tank trailer is dependent on various
factors which include the weight limit of the trailer, number of
stops on route, and requirements on expansion room.
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Figure 39. Loading of forequarters.

Figure 40. Loading of hindquarters.
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HINDQUARTER
(48% OF BEEF SIDE)

LOIN (25.0 IN.)~.--~~~

FOREQUARTER
(52% OF BEEF SIDE)

""...
on

'"<>
<D
<>
<D

~~~ LENGTH OF LEG
(29.6 IN.)

LENGTH OF BODY
(47.7 IN.)

RIBBING

DEPTH OF
THORACIC
CAVITY

Figure 41. Beef carcass measurements.
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4.0 ACCIDENT STATISTICS

To aid in the assessment of the influence of cargo shifting
on vehicle handling, some accident data were reviewed. The per
centage of tanker accidents reported to the Bureau of Motor
Carrier Safety that had a classification of cargo shift was 0.09,
0.07, 0.19, and 0.11 for the years of 1973, 1974, 1975, and 1976,
respectively. The primary event statistics for non-collision
accidents in the 1974 Accident of Motor Carriers of Property Re
port listed 1.6 percent under cargo shift. The results of review
ing some accident reports indicate that cargo shifting did not
cause the accident by itself, but could have contributed to the
cause. Typically, accidents ocqur when the vehicle is placed in
a compromising situation which can be aggravated by cargo shifting.
Representative compromising situations include turning too fast,
allowing the vehicle to drift off the road, and applying a sudden 
accident avoidance maneuver. Table 20 briefly summarizes the
accidents involving shifting cargo reported by participants in the
survey. Table 21 summarizes additional cargo shift accidents. A
majority of the carriers surveyed commented that the best accident
avoidance technique is the use of experienced drivers who are
safety minded and drive in accordance with the load and driving
conditions.
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Table 20. Summary of accident information
from survey accidents reported.

Over
Time

Location Period

Midwest 7 yr

South 1 yr

Southwest 1 yr

Midwest

-Accidents Reported

Total of 16. 6 involved shifting of cargo; 2
during turning, 2 steering mechanism failure,
2 reckless driver (one when wind caught
trailer between hills and moved it, then lost
control when turned back) .

Total of 139. 14% of overturns (36) and 69%
of other reported accidents (103) had sus
pended meat; 40% of time load is boxed meat.

Ten accidents per million miles - 20 to 22% of
accidents involved hanging meat.

Not answered.

South

Pacific

Southwest

South

Southwest

1 yr

2 yr

Average of 2 involving meat carcass (one dur
ing a turn on a wet road and the load shifted
causing overturn, one car crossed center and
hit tractor causing it to go off the road).

One accident (driver fell asleep and vehicle
left road, then lost control when steered back
causing overturn).

Several.

Two or three involving shifting cargo (one
while in turn with partly full trailer due to
weight limit, one on the freeway exit ramp
with an inexperienced driver.

None.
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Table 21. Summary of accident survey.

Source Cargo

Bureau of Motor Tankers
Carrier Safety

1974 Accidents All
of Motor
Carriers of
Property

Accident Report Hanging Meat

Accident Report Liquid

Accident Report Hanging Meat

Accident Report Cattle

Accident Report

Accident Report Liquid

Accident Report Tomatoes

Accident Report Culverts

Accident Report Cattle

Cause of Accident

Accidents involve cargo shift are
0.09% in 1973, 0.07% in 1974,
0.19% in 1975, and 0.11% in 1976.

Primary event statistics for non
collision accidents was cargo
shift was 104 out of total of 6656
accidents or 1.6% of accidents.

During slight turn, vehicle ran
off road onto shoulder (du€ to
driver inattention) and hit guard
rail causing front tire to blow.
The cargo shifted and caused
trailer to swerve and overturn
(driver was inexperienced) - in
vestigator suggested adding bars
to restrain meat.

Slowed to make turn and cargo
shifted to one side causing over
turn.

While on freeway ramp, cargo
shifted causing overturn.

Driver fell asleep and ran off
road.

After turned onto freeway from on
ramp, cargo shifted and slowly
tipped vehicle over.

While turning, the half-filled
load shifted causing overturn.

Trailer ran off road onto dirt
shoulder. Driver ovcrcorrected
when trying to pull vehicle back,
causing load to shift and overturn.

Load shifted due to failure of a
chain and caused overturn.

Driving too close to edge and
tires fell off edge (4- to 6-inch
drop) causing cattle to shift to
one side and overturn vehicle.
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5.0 TEST VEHICLE SELECTION

The carriers surveyed all indicated that in their 0p1n1on
there is no significant difference in handling or accident in
volvement between the various makes and models of tractors and
trailers. A trailer of typical size will then be selected.

Some of the respondents to the survey specified the capacity
of the trailer, others the dimensions.

Table 22 summarizes the trailer descriptions obtained from
the survey.

All refrigerated trailers for meat had seven rails along the
roof to suspend the meat. A 40- to 42-foot meat van appears to
be an adequate specification for a typical refrigerated meat van.

A typical tank trailer for a dense product (acid, water) has
a capacity of 4,000 to 4,800 gallons, and up to about 9,000 gal
lons for a low density product (petroleum) trailer. Petroleum

120



tankers typically are not single compartment or nonbaffled. High
density trailers (acid) will be selected so single compartment
tanks, water ballast, and a nonbaffled trailer can be used.

Conversation with a manufacturer of tractors indicated that
each tractor is custom manufactured to the customer's require
ments. Thus, it is impossible to define an average tractor.

A typical tractor must then be selected. An important con
sideration is that vehicle properties are required for the com
puter simulation, and the choice of a vehicle with known proper
ties would be helpful. An effort was made to obtain a tractor
used by HSRI on a truck simulation project sponsored by MVMA.
Efforts to secure that vehicle were unsuccessful. A tractor with
similar characteristics must then be selected. The tractor should
have the following characteristics:

• Cab over engine

• Dual-drive axles

• Four leaf spring suspension.
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APPENDIX B

SKID RESISTANCE OF PAVED SURFACES USING A FULL-SCALE TIRE

The following method lS used to measute the skid resistance of our
paved surface:

• The test apparatus consists of an automotive vehicle tow
ing a specially instrumented trailer with full-scale auto
motive tires. The trailer contains load cells which are
placed such that the tractive force (i.e., horizontal
force applied to the test tire at the tire-pavement con
tact patch) can be measured.

• The test apparatus is brought to the desired test speed
of 40 ±l mph. (If required, the track is watered before
testing.) The braking system is then actuated to lock
the test tire. The resulting frictional force, F, acting
between the test tire and the pavement surface and the
speed of the test vehicle are measured and recorded with
the aid of suitable instrumentation.

• The skid numbers are calculated from the following equa
tion:

SiN = 100 x
w

o

F
H

- - F
L

where: F = tractive (frictional) force (horizontal
force applied to the test tire at the tire-
pavement contact patch) , lb.

W = static vertical load on the test tire, lb.
0

H = hitch height, in.

L = trailer wheelbase length (center of axle to
center of hitch) , in.

A copy of typical data is included. These data were taken at the
conclusion of this program.
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APPENDIX C

SAMPLES OF COMPUTED DATA FROM

REMOTE SIGNAL CONDITIONING MODULE 1 AND

REMOTE SIGNAL CONDITIONING MODULE 2 INSTRUMENTS
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