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DISCLATMER

This publication is produced under the augpices of the Technical
Steering Committee of the Vehicle Weights and Dimensions Study. The
peoints of view expressed herein are exclusively those of the autrhors
and do not necessarily reflect the opinions of the Techpical Stear-
ing Committee, Canroad Transpertation Research Corporation or its
supporting agencies.

This report has been published for the convenience of individuais or
agencies with interests in the subject area. Readers are cautioned
that the use and interpretation of the data, material and findings
contained herein is done at their own risk. Conclusions drawn from
this research, particularly as applied to regulation, should include
consideration of the broader context of Vehicle Weights and Dimen—
sion issues, some of which have been examined in other elements of
the research program amd are reported on in other volumes in thig
series.

The Technical Steering Committee will be congidering the findings of
these research investigations in preparing dts "“Final Technical
Report” (Volume 1 & 2), scheduled for completion in December 1986.



PREFACE
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regulations.
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EXECUTIVE SUMMARY

The effects of weight and dimension parameters on heavy truck stability
and control and on pavement response are being examined in the CCMTA/RTAC
Vehicle Weights and Dimension Study. The objective of the study is to
compile technical information to provide a basis for the provinces to
amend their truck weight and dimension regulations. The goal is to simp-
1ify interprovincial trucking through greater uniformity in these
regulations.

A baseline vehicle was selected to represent each of six major configura-
tions: the tractor-trailer; A-, B- and C-train doubles: and A- and
C-train triples. The Ontario Ministry of Transportation and
Communications subjected each of these baseline vehicles to a standard
series of tests for turning; the brake system; lateral/directional and
roll stability; trailer sway; and a demonstration of straight-line
braking.

The primary objective of the test program was to assemble a body of tech-
nical and visual data that described the stability and control character-
istics of the baseline vehicles with respect to certain performance mea-
sures. These tests would be used as a background to complement the find-
ings of a comprehensive computer simuTation that was used to evaluate
variations in weight, dimension, and equipment for the six
configurations.

Vehicle turning performance depends primarily on trailer length and the
number of trajlers. It is not strongly dependent on the method of hitch-
ing. As trailer length or number of trailers increases, so does the space
required to make turns.

Air brake system performance depends upon the number of vehicle units and
selection and installation of components.

Lateral stability is strongly dependent upon vehicle configuration. The
semi was the most stable, doubles were more stable than triples of similar
configuration, and B- or C-trains were more stable than the A-train. This
ranking follows the number of articulation points ~-- the more articulation
points, the lower the stability.



EXECUTIVE SUMMARY (CONT'D)

Roll stahility in a steady turn is essentially independent of vehicle
configuration where vehicles have the same suspension, axle load, and
centre of gravity height. The roll thresholds found for the steady turn
were in good agreement with the roll thresholds found in a £il1t test of
the vehicle.

An extensive computer simulation using measured test inputs, actual vehi-
¢le dimension and mass properties, and generi¢ suspension and tire data
showed that responses of all vehicles could be predicted quite well both
for individual runs and as a trend over a number of runs. Differences
between simulation and test results often raised more questions about the
Tnterpretation of the measurement than the credibility of the simulation.

The specific results presented here apply to the vehicles tested for the
particular fest conditions. Results different in some respect might be
expected for other vehicles or test conditions.



1/ INTRODUCTION

The effects of weight and dimension parameters on heavy truck stability
and control and on pavement response are being examined in the CCMTA/RTAC
Vehicle Weights and Dimensions Study. The objective of the study is to
compile technical information that, with an earlier study of the effects
of heavy trucks on bridge loading [11, would provide a basis for the
provinces to amend their truck weight and dimension regulations. The
goal 1s to simplify interprovincial trucking through greater uniformity
in these regulations.

The truck population of Canada was surveyed [2], and six generic families
were defined, based on the number of trailers and hitching methods. One
vehicle Tn common use in at least some provinces was selected as repre-
sentative of each family and designated as the baseline vehicle configur-
ation. Each baseline vehicle served as a yardstick against which
variations in weight, dimension, or equipment were to be evaluated by
means of a comprehensive series of computer simulations. The Ontario
Ministry of Transportation and Communications {MTC) was asked to test the
51X baseline vehicles as part of its contribution to the study.

The primary objective of the test program wasz to assemble a body of tech-

nical and visual data that described the stability and control character-

istics of the baseline vehicles with respect to certain performance

measures. These tests would be used as a background to complement the

findings of the computer simulation. Test manceuvres were conducted to

examine the following:

« turning performance;

¢ the air brake system;

e Jateral/directional stability characteristics of an empty vehicle on a
tow-friction surface, with and without braking;

e lateral/directional response characteristics of a Toaded vehiclie on a
high-friction surface;

s steady-state roll characteristics of a loaded vehicle on a high-
friction surface;

o dynamic stability characteristics of a Toaded vehicle on a
high-friction surface;

e traller sway.

A secondary objective was to conduct computer simulations using the
measured test inputs and actual vehic¢le unit properties to demonstrate
that simulation can represent vehicle responses for a wide range of



vehicles and test manoeuvres.

This report presents a summary of the baseline vehicle tests. 1t will
refer to reports describing test procedures common to all six vehicles
131, to the test results of the six baseline vehicles [4-9], and to a
report describing the computer simulation results in comparison with the
test data [101. The content of this report is also summarized in a
companion videotape, with narration, which illustrates the vehicle
responses.



2/ TEST VEHICLES

The set of vehicles to be tested was defined and provided to MTC by the
study.

The tractor-trailer family was represented by a 45 ft (13.72 m) semi.

The A-, B-, and C-train doubles families were all represented by 8-axle
combinations with two trailers, each with a bed Tength of 7.92 m (26 ft).
Two triples families, the A- and C-trains, were represented by 8-axle
combinations with three 8.53 m (28 ft) trailers. All equipment was typi-
cal of that used in at least one region of the country. The 45 ft

(13.72 m) semi is & utility vehicle. The three doubles are all used for
heavy haul and are closely comparable with each other from a usage stand-
point. They are not comparable to the semi, because all provinces allow
a higher gross weight for a combination with a greater number of axles.
An operator whose primary business 5 wmoving heavy loads would tend to
select the vehicle with the highest possible gross weight over a 5-axle
semi. The triples are used only by special permit at relatively Tow
gross weights, primarily for volume-Timited cargo. While they are com-
parable with each other, they are not comparable either with the semi or
the doubles by current usage. Clearly, if the triples were permitted
higher gross weights than the doubles, they might be used in heavy-haul
applications.

The test vehicle consisted of an MTC tractor [3] and the trailer or
trailer combination being tested. The 1976 MTC Freightliner 6x4 was used
for all except two turning tests. The Freightliner, seen in Figure 1,
has been used in many previous test programs and was already fully
instrumented for the requirements of these tests. It consists of a cab-
over-engine chassis with integral sleeper, powered by a Detroit Diesel
V-12 engine rated at 465 bhp at 2100 rpm. The front axle was rated at
8182 kg {18 000 1b), and the tandem drive axles used a Hendrickson
RTE-440 walking beam suspension rated at 20 000 kg {44 000 1b). The
wheelbase was 4.40 m (174 in), the tandem axle spread was 1.83 m (72 in),
and the drive axle wheel track was 2.44 m (96 in). The fifth wheel was
installed 0.20 m {8 in} forward of the midpoint of the drive tandem. The
normal operating weight of the Freightliner was about 9790 kg

(21 540 1b), including driver and typical quantities of fluids. The
Freightliner front axle used Michelin XZA radial tires, load range G,
size 11R24.5, and the drive axles used Michelin XM+$4 radial tires, load
range G, size 11R24.5. The Freightliner is somewhat atypical of Tate-
model tractors used in interprovincial trucking, where the typical front



axle rating is 5455 kg (12 000 1b), drive tandem spread is 1.52 m
(60 in), and weight is 7730 to 8409 kg (17 000 to 18 500 ib) [2].

A 1974 4xz International Loadstar was used for two turning tests because
it allowed the Freightiiner to be available for other tests and vehicle
preparation activities critical to the test schedule. This tractor is
not typical at all of tractors which would haul the fest trailers in
interprovincial trucking. However, with a 3.81 m (150 in) wheelbase, and
a fifth wheel 0.15 m (6 in) forward of the drive axle, its turning char-
acteristics were regarded as sufficiently close to those of the Freight-
Hner that the substitutjon was acceptable. Other specifications of this
tractor are irrelevant to the test program, so are not presented.

No modifications were made to any equipment except for purposes of
attachment of test equipment, which had no effect on the operation of the
vehicle, though unit weights and polar moments of inertia were siightly
affected.

The empty weight of the vehicle as tested exceeds that which would nor-
mally be seen on the highway, because the tractor is considerably heavier
than late-model equipment and because of the weight of test equipment
instailed, particularly the outriggers. The study set a target load of
8000 kg (17 600 1pb) for all axles except for the steer axle.

2.1/ 45 ft Semi

The test vehicle consisted of the MTC Freightliner and a 45 ft (13.72 m)
tandem-axle semitrailer. The combination is typical of equipment used in
Atlantic and Western Canada and the US. Semitrailers used in Central
Canada now typically have a tandem-axle spread of 1.83 m (72 in) or more,
compared with the 1.37 m (54 in} of this trailer.

The trailer was manufactured by RAM Highway Trailers of Canada in June
1981 and bore the serial number 381-13648. The trailer had a nominal
fength of 13.72 m (45 ft) and a nominal width of 2.44 m (96 in). Suspen-
sion was a four-spring leaf system with torque rods and equalizers. The
spring centre width was 0.96 m (38 in), and the overall track width was
2.44 m (96 in). The trailer was rated at 8000 kg/axle (17 600 1b/axle).
The axle spacing was 1.37 m (54 in). The combination had an overall
length of 17.77 m (68.30 ft).

The test vehicle is shown in Figure 1, in test condition with outriggers



installed. The dimensions of the test vehicle are presented in Figure 2.
Empty weight of the combination in test condition was 18 299 kg

(40 260 1b). Concrete blocks were used to obtain a loaded weight of

31 205 kg (68 650 1b). Axle loads in these conditions are given in
Table 1. The legal gross weight for the vehicle tested varies between 36

500 and about 41 000 kg {80 300 and 90 200 1b), depending upon the
province.

Table 1/ Axle Loads, 45 ft Semi

Empty foaded
Axle No. {kg) {1b) (kq) (1b)
1 5 009 11 020 5 118 11 260
Z 4 209 9 260 6 114 13 450
3 3 791 8 340 6 114 13 450
4 2 472 5 440 6 882 15 140
5 2 818 & 200 & 977 15 350
Total 18 299 40 260 31 205 63 65D

The height of the centre of gravity of the empty trailer sprung mass was
estimated as 0.24 m (9 in) below the top of the floor. The centre of
gravity height was estimated as 0.17 m (7 in) above the top of the floor
in the loaded condition.

2.2/ A-Train Double

The test vehicle consisted of the MIC Freightliner and two tandem-axle
flathed semitrailers with a single-axle A-type converter dolly. The
combination is typical of equipment used in all regions of Canada, except
the Atlantic provinces.

The trailers were manufactured by Fruehauf in Winnipeg and were model
PB-F2-26-102-5F, with serial numbers DXT2796-08 and DXT2796-06. Fach
trailer had a nominal length of 7.93 m {26 ft) and a nominal width of
2.44 m (96 in). Each had two axles spaced 1.24 m (49 in} apart and sus-
pended from a Reyco 21B four-spring leaf system with torque rods and
equalizer arms. The spring centre spacing for each trailer was 0.96 m
(38 in), and the overall track width was 2.44 m (96 in). The A-dolly
comprised a standard A-dolly frame and a Reyco 21B itwo-spring leaf
suspension system with a torque rod. It had a spring centre width of
0.97 m {38.5 in), and the overall track width was 2.44 m (96 in}. The
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fifth-wheel-to-hitch distance was 2.14 m (7 ft). The combination had an
overall length of 21.07 m (69.13 ft).

The test vehicle is shown in Figure 3, in test condition with outriggers
installed. The dimensions of the test vehicle are presented in Figure 4.
Empty weight of the combination in test condition was 24 368 kg

(53 610 1b). Concrete blocks were used to obtain a 1oaded weight of

47 699 kg (104 940 1b). Axle loads in these conditions are given in
Table 2. Both trailers were loaded in the same fashion. The legal gross
weight of the vehicle tested varies between 52 300 and 61 600 kg (116 160
and 135 520 1b), depending on the province.

Table 2/ Axle Loads, A-Train Double

Empty Loaded ]

Axle No. (kg) (1b)} (kg) (1b}

1 5 082 11 180 5 127 11 280
2 3 845 8 460 5 327 11 720
3 3 027 6 660 5 436 12 070
A 2 205 4 850 5 250 11 550
5 2 277 5 010 6 882 15 140
6 3 323 7 310 7 400 16 280
7 2 950 6 490 6 936 15 260
8 1 659 3 650 5 291 11 640
Total 24 368 53 610 47 699 104 940

The height of the centre of gravity of the empty trailer sprung mass was
estimated as 0.37 m (15 in) below the top of the floer. The centre of
gravity height was estimated as 0.20 m (8 in) above the top of the floor
in the loaded condition.

2.3/ B-Train Double

The test vehicle consisted of the MTC Freightliner and a B-train double
trailer combination with a centre triple axle and rear tandem axle. The
combination is typical of equipment used in Central Canada in heavy-haul
applications.

The trailers were manufactured by Pullman Trailmobile Canada in February
1980 and bore serial number 2.80.1110.1028.002. Both trailers had a
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nominal length of 7.92 m (26 ft) and a nominal width of 2.44 m (96 in).
The lead trailer was provided with a triple-axle unit with an axle spac-
ing of 1.52 m (60 in) and a Reyco six-spring suspension system with
torque rods and equalizers. It had a fifth wheel mounted above the rear
axle of the triple-axle unit. The tandem-axle rear traijer had an axle
spacing of 1.79 m (70.5 in} and a Reyco four-spring suspension system
with torque rods and equalizers. On both trailers, the spring centre
spacing was 0.96 m (38 in); the overall track width, 2.4 m (96 in); and
the axle rating, 9616 kg (21 165 1b). The combination had an overall
length of 22.1 m (72.5 ft).

The test vehicle is shown in Figure 5, in test condition with outriggers
installed. The dimensions of the test vehicle are presented in Figure 6.
Empty weight of the combination in test condition was 26 1565 kg

(57 540 1b). Concrete blocks were used to obtain a loaded weight of

52 764 kg (116 080 1b). Axle loads in these conditions are given in
Table 3. The legal gross weight of the vehicle tested is 56 600 kg

(124 560 1b) in Quebec and 60 500 kg {133 100 1b) in Ontario, and would
be about 52 000 kg (114 400 1b) where permitted in the prairie provinces.

Table 3/ Axle Loads, B-Train Double

Empty Loaded

Axle No. (kg) (1p) (kg) {1b)

1 4 650 10 230 4 991 10 980
? 3 996 8 790 6 082 13 380
3 3 500 7 700 5 723 12 590
4 3 386 7 450 7 864 17 300
5 2 918 6 420 7 827 17 220
6 ? 664 5 860 7 232 15 910
7 3 077 6 770 7 536 16 580
8 1 964 4 320 5 509 12 120
Total 26 155 ' 57 540 52 764 116 080

The height of the centre of gravity of the empty trailer sprung mass was
estimated as 0.37 m (15 in) below the top of the floor. The centre of
gravity height was estimated as 0.22 m {9 in) above the top of the floor
in the loaded condition.



2.4/ C-Train Double

Tne test vehicle consisted of the MIC Freightliner and two tandem-axle
flatbed semitrailers with a single-axle B-type converter dolly. The
combination is typical of equipment used in provinces where C-train
double trailer combinations operate.

The trailers were the same as those used in the A-train double (Section
2.3}, but in the reverse order. The B-dolly was made up from an ASTL SSD
frame, used in previous tests [11], and a Sauer model RLZ10041
automotive-type self-steering axle rated at 10 000 kg (22 000 19) and
placarded for a speed of 80 km/h. Suspension was a Reyco two-spring leaf
system with a torque rod. The B-dolly had a spring centre width of

0.76 m (30 in), and the overall track width was 2.44 m {96 in). The
fifth-wheel-to-hitch distance was 1.98 m (6.5 ft}. The combination had
an overall length of 20.97 m (68.8 ft).

The test vehicle is shown in Figure 7, in test condition with outriggers
installed. The dimensions of the test vehicle are presented in Figure 8.
Empty weight of the combination in test condition was 24 196 kg

(53 230 1b). Concrete blocks were used to obtain a loaded weight of

43 668 kg (107 070 1p)}. Axle loads in these conditions are given in
Table 4. Both trailers were loaded in the same fashion. The legal gross
weight of the vehicle tested varies between 52 800 and 61 600 kg (116 160
and 135 520 1b}, depending on the province.

Table 4/ Axle Loads., C-Train Double

Empty Loaded
Axle No. (kg) (1) (kg) (1)
1 4 832 10 630 5 127 11 280
Z 3700 g8 140 5 445 11 980
3 3 218 7 080 5 464 12 020
4 2 073 4 560 b 664 12 460
5 2 3565 5 180 6 536 14 380
6 3 518 7 740 7727 17 000
7 z 445 5 380 €& 8i4 14 980
8 2 055 4 520 5 891 12 960
Total 24 196 53 230 A5 668 107 070




The height of the centre of gravity of the empty trailer sprung mass was
estimated as 0.37 m (15 in) below the top of the floor. The centre of
gravity height was estimated as 0.20 m (8 in) above the top of the floor
in the loaded condition.

2.5/ A-Train Triple

The test vehicle consisted of the MTC Freightliner and three single-axle
van-type semitrailers with single-axle A-type converter dolljes. The
combination is typical of equipment used in provinces where triple
trailer combinations operate under special permit. The equipment was
inspected before the test by a representative of the owner on behalf of
the Canadian Trucking Association, with no deviations from the specifica-
tions reported.

The trailers and dollies were manufactured by Trailmobile in February

1985 and were new. The trailers had serial numbers 2TCH281B6EA303117,
2ZTCH281B93A303130, and 2hCH281B93A303127 and fleet numbers 7784, 7807,
and 7804, from front to rear, respectively. The A-dollies had serial

numbers 2ZTCTLQ0LAXEA303207 and 2TCTL01A3EA303209 and fleet numbers 0747
and 0745 for front and rear, respectively.

Each trailer had a nominal length of 8.53 m (28 ft) and a nominal width
of 2.59 m (102 in). Each trailer had a tapered nose section and a 1.22 m
{4 ft) kingpin set back so that they could also be operated as a legal
doubles combination in some provinces. The trailers were insulated, and
a propane heater was installed at the front near the roof Tine. The
traiier suspension had a single tapered leaf spring and was rated at

9616 kg (21 155 1b). The spring spread was 1.09 m {43 in), and the over-
all track width was 2.59 m {102 in). The spring lash space was 38 to

41 mm {1.5 to 1.63 in). The trailers were equipped with an air-actuated
no-stack pintle hook. The dollies had the same suspension as the
trailers, a drawbar length of 2.13 m (84 in), and a fifth wheel set 25 wmm
(1 in) forward of the axle centreline. The combination had an overall
length of 31.26 m (102.6 ft). ‘

The test vehicle is shown in Figure 9, in test condition with outriggers
installed. The dimensions of the test vehicle are presented in

Figure 10. Empty weight of the combination in test condition was

33 087 kg (72 790 1b). Concrete blocks were used to obtain a loaded
weight of 55 942 kg {123 070 1b}. Axle Joads in these conditions are
given in Table 5. The loaded weight is somewhat greater than that
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aliowed by provinces where this combination runs under special permit.
Typical loaded weights on the highway for such combinations are often
much less than that allowed because of the nature of the cargo. All
three trailers were loaded in the same fashion, consistent with normal
practice. This caused the tracior drive axles to be less loaded than
each trailer axle.

Table 5/ Axle Loads, A-Train Triple

Empty Loaded
Axle No. (kg) (1b) {kg) (1)
1 4 864 10 700 5 286 11 630
2 3 945 8 680 5 914 13 010
3 3 705 g 150 5 168 11 370
4 4 177 9 190 7 800 17 160
5 4 091 g 000 g 073 17 760
6 4 377 9 630 7 964 17 520
7 3 855 8 480 8 005 17 610
8 4 073 8 960 7 732 17 010
Total 33 087 72 790 55 942 123 070

The height of the centre of gravity of the empiy trailer sprung mass was
estimated as 0.40 m (16 in) above the top of the floor. The centre of
gravity height was estimated as 0.33 m (13 in)} above the top of the floor
in the loaded condition.

2.6/ C-Train Triple

The test vehicle consisted of the MTC Freightliner and three single-axle
van-type semitrailers with single-axle B-type converter dollies. The
combination is typical of equipment used in provinces where triple
trailer combinations operate under special permit.

The trailers were those used for the A-train triple, described in Section
2.5. The B-dolly from the C-train double, described in %ection 2.4, and
another identical one, were used to couple the trailers.

The test vehicle is shown in Figure 11, in test condition with outriggers
installed. The dimensions of the test vehicle are presented in
Figure 12. Empty weight of the combination in test condition was
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33 997 kg (74 790 1b). Concrete blocks were used to obtain a loaded
weight of 56 386 kg (124 050 1b). Axle loads in these conditions are
given in Table 6. A1l three trailers were loaded in the same fashion,
consistent with normal practice. The tractor drive axles, therefore,
were loaded less than each trailer axle.

Table 6/ Axle Loads, C-Train Triple

Empty Loaded —‘

Axle No. (kg) (1b) (kg) (1b)

1 5 014 11 030 5 286 11 &30
Z 4 114 9 050 5 914 13 010
3 3 523 7 750 5 168 11 370
4 4 305 9 470 7 800 17 160
5 4 286 9 430 g8 295 18 250
6 4 409 9 700 7 964 17 520
7 3 223 9 290 g 227 18 100
8 4 123 9 Q70 7 732 17 010
Total 33 997 74 790 he 386 124 08O
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3/ TEST PROGRAM
3.1/ Test Facilities

Empty vehicle, Tow-Triction surface tests were conducted at the Ministry
of Transportation and Communications (MTC) Commercial Vehicle Test
Facility (Centralia). This test facility is located at Huron Industrial

~ Park, Centralia, 45 km {28 mi) north of London, Ontario. The test area
includes a low-friction surface 200 m (656 ft) long with a wet skid num-
ber of about 18 to 24. A sprinkler system is used for continuous wetling
of this surface. The test facility also has about 2000 m2 (21 529 ft2)
of work space which was used for vehicle preparation and storage. It
includes basic shop facilities, an electronics lab, office space, and a
ground station for data acquisition and processing [3].

Loaded-vehicle, high-friction surface tests were conducted at the
Transport Canada Motor Vehicle Test Centre, located at Blainville,
Quebec, 35 km (22 mi) Montreal [31. This facility was made available for
the study by Transport Canada. In addition, tilt tests were conducted on
the 45 ft (13.72 m) semi and the three doubles by others, using a tilt
table installed for the study [12].

3.2/ Yehicle Preparation

The test trailers were equipped with the following:
e new tires

« outriggers

« safety cables

+ instrument packages

« load

The trailers and dollies were fitted with new Michelin XZA radial tires,
in load range H and size 11R22.5. These tires were run a nominal dis-
tance before any testing and were then, subsequently, used for all tests.
Tire pressure was set cold at 689 kPa (100 psi), which is the manufac-
turer's recommended value for full load on all tires. This was used for
all tests and represents the commen operating practice of not reducing
tire pressure when running empty.

Detachable beam-type underslung outriggers were specially designed, and
three sets were fabricated for these tests, as can be seen in Figure 9.
The outriggers were set with a ground clearance of 0.25 fo 0.30 m
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(10 to 12 in), which corresponds to a trailer roll angle of 6 to 7° at
outrigger touchdown. Some local strengthening of flatbed trailers was
conducted so0 that the structure could resist touchdown loads without
permanent deformation.

High-speed dynamic testing of combination vehicles on a low-friction
surface carries the hazard of tractor or dolly Jjackknife, or trailer
swing. To prevent damage from such loss of control, safety cables were
jnstalled between each consecutive pair of vehicle units to limit articu-
lation angles to about 20°.

Each vehicle was tested nominally empty, without payload, but equipped
with instrumentation, outriggers, and safety cables. Each trailer there-
fore weighed about 1500 to 1800 kg (3300 to 4000 1b} more than it would
on the highway.

Each vehicle was also tested at one nominal gross weight. This gross
weight was achieved by loading trailers with concrete blocks, weighing
about 936 kg (2060 1b) each. Blocks were tightly secured with chains.

gefore testing, the vehicle was assembled in 1ts test configuration, and

the following additional measures were taken:

e The vehicle was checked for general mechanical fitness.

# Brake slack was checked and adjusted as necessary.

e Tire inflation pressure was set.

e Relevant vehicle dimensions were measured.

e The vehicle was weighed by axle, empty and loaded.

e Detailed measurements and an inventory of trailer structural numbers,

fittings, and other components were made.

Instrumentation was installed, as described in Section 5.2.

e The vehicle as a whole, parts thereof, and instrumentation installa-
tions were photographed and videotaped.

Detailed descriptions of vehicle preparation are presented elsewhere
{31.

3.3/ Instrumentation

The MTC Freightliner has been used in many previous test programs. It
was already equipped to measure the following driver inputs and vehicle
responses:

e road wheel steer angle;
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e speed;

« distance travelled;

« brake on/off;

e brake treadle valve pressure;

o brake chamber pressures,;

s roll, pitch, and yaw angles.

s roll, pitch, and yaw rates;

e longitudinal, lateral, and vertical accelerations measured from an
inertial platform;

e lateral load at the fifth wheel;

¢ an optical sensor for precise speed and position measurements;
e others, not required for this test program, such as steering wheel
angle and rate, other wheel speeds, etc.

The tractor was equipped to control the instrumentation either by an
automatic or a manual start that uncaged the gyroscope package, initial-
ized the distance counter, commanded the data acquisition system through
a calibration seguence, and finally returned it to data status. The
automatic start was triggered by means of a downward facing optical sen-
sor mounted beneath the tractor, which responded to a highly reflective
tape marker placed on the ground a suitable distance ahead of the point
where the test manoeuvre was t0 be made. This created a common start
point, which simplified the development of computer data processing.
Since the optical sensor would trigger on any light colour, it was nor-
mally inactive and was armed by the driver on the approach just before
the starting marker.

Each trailer was instrumented to measure the following basic responses:
¢ articulation angle

« lateral acceleration

& roll angle

e outrigger touchdown

# brake chamber pressures

A single self-contained package housing the accelerometer and roll gyro-
scope, signal conditioning, multiplex system, and power supply formed the
builk of the instrumentation for each trailer. This package was mounted
on the deck of the trailer midway between the kingpin and the centre of
the trailer axles.

Each A-dolly was instrumented to measure the hitch articulation angle.
Fach B-dolly was instrumented to measure its axle steer angle by means of
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a rotary potentiometer. Each dolly alsoc had an accelerometer installed
o measure lateral acceleration at a point close to the trajler kingpin.

A pressure transducer was also installed in a brake chamber for the brake
tests.

Detailed descriptions of instrumentation are described elsewhere [31.
3.4/ Definition of Tests

The tests and demonstration conducted on all vehicles are broKen down
into four categories:

1/ Stationary
e Air brake system
e 111t test

2/ Low-5peed Turns
e Steady-state offtracking
¢ Right-hand turn
e Channelized right turn

3/ Low-Friction Dynamic, Empty Vehicle
s Straight-line braking demonstration
¢ Evasive manoeuvre

4/ High-Friction Dynamic, Loaded Vehicle
Sinusoidal steer

l.ane change

Straight-line driving

Steady circular turn

* & 9

The following subsections present the rationale for each test and outline

the procedure followed. Detailed procedures are presented elsewhere
£31.

For all driving tests where a sequence of runs at increasing speeds was
required, speeds were selected that resulted from the driver using full
throttle in the appropriate gear. The engine speed control then acted as
a limiter to hold speed to the required value. This was beneficial, as
manual speed control at the stability thresholds proved to be difficult
to majntain because of vehicle cab vibration, high drag during an aggres-
sive manceuvre, and driver work load. The actual speeds used in the
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various tests were 34, 40, 47, 55, 63, 72, 77, 80, 84, 89, and 94 km/h.
The nominal speeds used by the driver were in miles per hour and differed
somewhat from the actual values at the highest speed.

All tests except for the two right turns were conducted with outriggers
and safety cables installed.

3.4.1/ Offtracking

The interaction of large trucks with highway geometrics was not specifi-
cally included in the study. It is, however, perhaps the most evident
manifestation of increasing truck size to the motoring public in urban
communities. Large trucks take more space and time to make turns than
smaller trucks and, thus, appear to impede traffic. Three tests, there-
fore, were added to illustrate the space requirvements needed for turns
and to demonstrate the swept paths.

Steady-state offtracking is the most widely understood measure of the
turning capability of large trucks. In normal driving, however, a
steady-state offtracking situation would only likely be encountered in a
270° cloverleaf turn on a freeway ramp. In many cases these ramps are
made up not of a principal circular arc with entry and exit spirals, but
of several spirals and curves to accommodate the local space and terrain
requirements. Trucks using these less regular ramps may not reach a true
steady state. MNevertheless, steady-state offtracking provides a useful
ranking of the space required to turn a large truck, though it may be
somewhat misleading for some turns.

Steady-state offtracking was determined by driving the Toaded vehicle en
a high-friction surface at low speed, less than 5 km/h, in a circle of
radius 29.87 m (98 ft). The turn was made with the truck on the inside
of the circle with the tractor outer front wheel following the circumfer-
ence. The vehicle traversed the circle until steady-state of ftracking
had been achieved and continued to about one full revolution. The dis-
tance from the centre of the circle to each axle's innermost tire was
measured using a steel tape. The test was repeated in the opposite
direction to determine if axle or chassis misalignment affected the
results. The test course is shown in Figure 13. This test was conducted
at Blainville.
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3.4.2/ Right-Hand Turn

The 90° right-hand turn is probably the most demanding turning manoeuvre
for large trucks. In urban areas, or where there are low truck volumes,
small curb radii are often found. When a long truck comes to such an
intersection, where the truck is too large to make the turn with a simple
steady steer input by the driver, there are two strategies available to
create more space for the turn. Either the driver can move to the Jeft
of the entry lane to increase the radius or ahead and intrude into lanes
beside the exit lane in the roadway into which the turn is being made.

In either case, the driver is using the space of other vehicles, which
increases the hazard of the turn. In the first case, it is possible that
the driver of a small vehicle alsc intending to turn right could misun-
derstand the truck driver's intention in the initial wove to the left and
become trapped to the right of the truck as the vehicle started to turn
to the right. This strategy is, therefore, considered undesirable. The
second strategy also uses the space of other vehicles, but at least the
presence and intention of the truck are clear throughout, and the truck
driver would not normally enter that space if oncoming vehicles were too
close.

Vehicle trajectory in a right-hand furn was evaluated using a 15 m

(49 ft) curb radius, with entry and exit lane widths of 3.66 m (12 ft),
as shown in Figure 14. This has been used in highway geometric design
standards for many years for turns from a two-lane two-way road into &
four—lane two-way road, where the vehicle may exit in the left-hand lane
rather than the right-hand lane. The drivers task 1s to approach the
turn in the entry lane and make the "best" turn possible to exit ulti-
mately in the right-hand exit lane. The “best” turn is a turn that in
the opinion of the driver and the test director caused the rearmost axle
right wheel to track parallel and as close to the circumferential curb as
possible. The swept path of the tractor left front wheel, and rear
trailer right rear wheel, were marked with marker cones on the rays shown
in Figure 14. When the “best" turn was achieved, the positions of the
cones were measured, and hence, the turn swept path was recorded. This
test was conducted at Centralia. The MTC International tractor was used
as the power unit for all vehicles, and the trailers were empty.

3.4.3/ Channelized Right Turn

vehicle trajectory in a channelized right-hand turn was evaluated using a
25 m (82 ft) curb radius with a channel width of 5.5 m (18 ft). Entry
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and exit Tane widths were 3.66 m (12 ft), and deceleration and accelera-
tion taper Tengths were 75 and 50 m (246 and 164 ft), respectively. The
overall course, with island geometry, is shown in Figure 15. This is a
typical highway geometric design standard for use in urban areas, where
property presents a constraint problem and speeds are low. The taper
lengths assume entry and exit roadway speed limits of 60 km/h. The turn
might be superelevated and would have an advisory speed limit of 25 or
30 km/h.

This test was conducted at Centralia, with the MTC International used as
the power unit for all vehicles and the test trailers emply.

This procedure results in measurement of the transient offtracking of the
vehicie during passage through the channel, with the tractor following
the most favourable Tine. In practice, there would be a gutter, perhaps
0.30 m (1 ft) wide on the left-hand side, which the driver would not
normally use, and the turn might well be made at a speed when the lateral
acceleration would tend to reduce the offtracking. Of course, in a con-
gested traffic situation the turn could also be taken at a very low
speed.

3.4.4/ Air Brake System

Balanced braking of & combination vehicle requives that the brake systems
of all vehicle units be compatible so that pneumatic and torque balance
can be achieved at each axle. In addition, short brake application and
release times provide a brake system responsive to the driver's needs and
reduce stopping distance and fuel consumption. Pneumatic balance and
brake timing are both determined by the details of the air brake system,
valves, and piumbing. Torgue balance is determined by the foundation
brake characteristics and axle Toads and is a much more complex subject.
A comprehensive treatment of the braking characteristics of combination
vehicles was beyond the scope of the study. The issues of air brake
system compatibility, however, are much more straightforward and could be
illustrated by two tests.

1/ The first test follows the style of SAE Standard J982a for timing of
the air brake system of a single vehicle unit. The test was, however,
applied to the entire vehicle as an operational combination. It uses
a maximum rate prake application, with a regulated air supply at
689 kPa (100 psi), and the time for the air pressure at each axle to
reach 413 kPa (60 psi) is determined. The individual pressures at
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each axle are also found. Pressure differentials can cause differ-
ences in torque between axles, affecting the overall brake balance.
Brake release times, which affect the drag on combination vehicles,
were also determined. This test is very aggressive, as the high air-
flow rate wmight, for instance, overcome “sticky" valves that would
take a significant pressure differential to crack. This test repre-
sents the rare emergency brake situation where maximum performance is
demanded.

2/ The second test was a service brake application, with treadle valve
travel Timited to provide about 118 kPa {20 psi) with a 689 kPa
(100 psi) supply and a normal rate brake application. The timing and
pressure differentials in this test illustrate how the air system
behaves in normal use, the usual case.

This test was conducted at Centralia with the vehicle stationary.
3.4.5/ Straight-Line Braking Demonstration

The action of braking an empty combination vehicle to a halt on a lTow-
friction surface wmay result in loss of vehicle control if the wheels are
Tocked. The physical characteristics of current braking systems make it
extremely difficult to conduct rigorous tests and obtain repeatable
results that can be generalized to other vehicles. A series of siraight-
1ine stops was therefore conducted to demonstrate modes in which vehicles
may become unstable.

In this demonstration the vehicle was driven onto the wet Tow-friction
test area at 47 km/h and braked to a halt. A series of runs was con-
ducted with ipcreasing brake application until all wheels of an axle
group locked. The driver was allowed to steer as necessary to keep the
tractor within the traffic lane. The speed was high enough that incipi-
ent unstable behaviour was always evident but not so high as to cause
viglent behaviour.

The primary results of this test were videotapes showing the vehicie's
response to the braking input.

This test was conducted at Centralia.
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3.4.6/ Evasive Manoeuvre

This test is representative of an obstacle avoidance manoeuvre on a two-
lane, two-way highway, where the sudden appearance of an obstacle neces-
sitates a fast lane change to the left, then return to the original lane
to avoid oncoming traffic. The test course was Taid out on a wet low-
friction surface, using marker cones as shown in Figure 16. The driver
was instructed to negotiate the course at constant speed and manoeuvre
the empty vehicle through the gates, without Toss of control or contact
of any of the cones by the vehic¢le. A sequence of runs was conducted at
increasing speeds until the vehicle became unstable due to tractor jack-
knife, trailer swing, dolly jackknife, or trailer response resulted in a
1m (3.3 ft) slide out of lane. Runs were repeated when responses were
found to be inconsistent with the trend established by preceding runs, or
when any marker cone was struck. When a run was made in which the vehi-
cle response was unstable or undesirable, corroborating runs, varying by
no more than 3 km/h, were conducted to bracket the stability boundary.

This test was conducted at Centralia. It was originally proposed as a
l1ane-change manoeuvre, which is described in Section 3.4.8. However,
this task did not sufficiently exercise most vehicles because the criti-
cal gate size for the most challenged vehicle had to be used. In the
experience of ministry test staff, speeds in excess of 63 km/h were
unduly hazardous for an empty vehicle equipped with safety cables on the
wet Tow-friction surface. While the test area was provided with a high-
friction shoulder, it was considered that the energy and momentum in
total loss of control of a double or tripie at any higher speed would be
unnecessarily hazardous. Experience has shown that while the test driver
is able to duplicate such manceuvres consistently, the mode of loss of
control may not be predictable, so speeds had to be limited for reasons
of safety and preservation of equipment. A symmetirical gate arrangement
was selected, and the gate size was the minimum that could be negotiated
by the most critical vehicle at a speed below the 63 km/h safety 1imit.

3.4.7/ Sinusoidal Steer

In this mancedvre, the driver approached an open high-friction test area
at constant spead with a loaded vehicTle and executed a sinusoidal steer
input at the steering wheel. This created a sinusoidal lateral acceler-
ation input at the trac¢tor, which resulted in a sidestep to the leftf, a
vehicle trajectory similar to the lane change described in Section 3.4.8.
The lane change is constrained within a 3.66 m (12 ft) lane, whereas the
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sinusoidal steer results in a variable sidestep depending upon the speed

and steer amplitude. The object was to achieve a tractor lateral accel-
eration of about 0.15 g.

This steer input is a standard method by which lateral/directional
response of the vehicle could be excited. The input was chosen to be
lTarge enough to get a reasonable response from the vehicle, but not so
large that units of the most responsive vehicles would be sliding or
rolling excessively. This steer input permitted the lateral acceleration
of each trailer of a combination vehicle to be examined, relative to the
tractor lateral acceleration. These acceleration ratios, properly known
as rearward amplification of lateral acceleration, are an important
inherent dynamic characteristic of combination vehicles. An acceleration
ratio no greater than unity means the trailer has a Tower acceleration
_than the tractor, so the driver may be considered aware of vehicle
response as he is in a position to sense the greatest acceleration in the
vehicle. An acceleration ratio greater than unmity means a trailer has a
higher lateral acceleration than the tractor, and if the ratio and trac-
tor lateral acceleration are high enough, the trailer may slide or roll
over even though the driver feels the tractor is still fully under
control.

A vehicle that has a higher rearward amplification than another has
greater response per unit steer input. This means that it is more sensi-
tive, or less stable, in its lateral/directional dynamic characteristics.
This test, then, examines the inherent dynamic stability of the vehicle,
an important property.

The test was run at speeds of 63, 84, and 94 km/h, which were the actual
speeds in the gear that came closest to the target speeds of 60, 80, and
100 km/h. Steer periods of 4, 3.5, 3, 2.5, and 2 5 were used. A true-
tracking, sinusoidal input computer program for the Freightliner, using a
37.5:1 steer ratio, provided the necessary steer amplitudes to generate
approximately 0.15 g lateral acceleration at the tractor for each speed
and steer period tested. These amplitudes were provided to the driver by
means of indicators on the steering wheel.

Since it was considered somewhat difficult for the driver to estimate and
perform a steer input of specific period, an electronic cueing device was
developed. The steer period generator (SPG) permitted the driver to
select the desired steer period by means of a switch, in increments of
0.5 5. Immediately after the gyroscope was uncaged, the driver would
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start the SPG and follow a light sequence given by a display module to
achieve the correct steer period. This allowed the driver to conduct the
test in an orderly manner without the need for wasted runs to achieve a
particular period by & series of trials.

This test was conducted at Blainville.
3.4.8/ Lane Change

The lane change on a standard highway requires a steer input by the
driver that is similar to the sinusoidal steer. The amplitude of the
steer input must be such that a sidestep of 3.66 m (12 ft) or one lane is
achieved. This test is representative of an obstacle avoidance manoeuvre
on a multilane highway, where the sudden appearance of an obstacle neces-
sitates a fast lane change to the left.

The test course was laid out on a high-friction surface, as shown in
Figure 17. The 30 m (98 ft) gate was selected so that speeds at the
Timits of stability for all vehicles would be in the range of 70 to

90 km/h. The vehicle was loaded, and the driver approached the course at
constant speed. The driver's task was to manceuvre the vehicle through
the gates while maintaining speed and control without contacting any of
the marker cones. A sequence of runs was conducted at increasing speeds
until the vehicle became unstable by rollover or trailer swing, or
trailer response resulted in a 1 m (3.3 ft) swing out of lane. The
sinusoidal steer test described in Section 3.4.7 is a subcritical test,
designed to display the dynamic characteristics of a vehicle. This test
takes basically the same manoceuvre as the sinusoidal steer, executed at
the limits of stability of the vehicle to demonstrate the mode by which
it becomes unstable. The cone layout imposes a Timit on the driver and
ensures repeatable results.

Runs were repeated when responses were found to be inconsistent with the
trend established hy preceding runs or when any cone was struck. When a
run was made in which the response was unstable or undesirable, corrobor-
ating runs, varying by no more than 3 km/h, were conducted to bracket the
stability boundary. The test was terminated if the vehicle reached

100 km/h, a typical maximum legal speed in provinces of Canada, and was
still able to make the manoceuvre successfully.

This test was conducted at Blainvilie.
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3.4.9/ Normal Straight-Line Driving

The trailers of combination vehicles tend to sway a small amount in
straight-line driving due to road roughness, aerodynamics, suspension
characteristics, and normal small steer corrections by the driver. This
sway is related to vehicle configuration in the same way as rearward
amplification of lateral acceleration. Some jurisdictions impose a 75 wm
(3 in) sway amplitude limit on trailers. The limit, however, is non-
specific because it is not related to the input to the vehicle. It is
also difficult, if not impossible, to enforce because the sway cannot be
realistically measured with current technology.

This test was conducted at Blainville.
3.4.10/ Steady Circular Turn

A loaded vehicle can roll over in a steady turn if its speed and adhesion
is high enough. Such a situation typically occurs for vehicles with a
high centre of gravity when driven at excessive speed on a freeway ramp.
Dynamics are involved in such accidents, due to braking, steering, or
both, as the driver attempts to negotiate the ramp. However, the essen-
tial mechanism involved is that of rollover in a steady turn, which is an
important inherent stability characteristic of a vehicle. This test
examined that characteristic.

Static rollover characteristics of all vehicles tested, except the
triples, were examined in a parallel part of the Vehicle Weights and
Dimensions Study conducted by Centre de Recherche Industrielle du Quebec
(CRIQ), using a tilt table built for this purpose. The tilt test pro-
vides static roll characteristics of a vehicle. Vehicles were provided
to CRIQ staff, loaded to MTC specifications. Outrigger outer sections
were removed to get the vehicle onto the tilt table. The tilt table was
equipped with load cells Tlocated strategically beneath wheel groups on
each side of the vehicle. Axles and the vehicle body were suitably
restrained, and tilt meters were attached. The table was then tilted
until enough axles on the high side of the vehicle had lifted for the
vehicle to be deemed to have reached the rollover peint. Results of the
tilt tests have been presented separately by CRIQ [12]1. It may be
presumed that these results would be related to the rollover characteris-
tics obtained in a ¢ircular turn.

The steady circular turn course was laid out using traffic cones on a dry
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high-friction surface, as shown in Figure 18. The circle had a radius of
50 m (164 ft) and was approached along a tangent leading to a 100 m

(328 ft) long spiral. The vehicle was loaded and the driver followed the
approach at a specified constant speed, entered the circular turn as
smoothly as possible, and followed on the outside for as long as pos-
sible. A sequence of runs was conducted at increasing speeds until the
vehicle became unstable by rollover or trailer swing, or the driver could
not maintain either the desired trajectory or the speed. Sufficient runs
were made to characterize the vehicle roll response as a function of
speed.

The outriggers were set such that the vehicle wheels on the inside of the
turn would 1ift by 0.15 to 0.20 m (0.5 to 0.65% ft) at outrigger touch-
down, which corresponds to about 6 to 7° of body roll. The outrigger
clearance settings varied somewhat between vehicle units and vehicles,
because of attachment and adjustment limitations. More important, how-
ever, were the differences in suspension stiffness and longitudinal
stiffness between vehicles. The A-trains could clearly roll over the
rear trailer. In others, outrigger touchdown may occur, but the entire
vehicle could still be short of rollover. Outrigger touchdown, there-
fore, simply denoted a point beyond which further testing was impracti-
cal. There would not necessarily be any relationship between these
points for each vehicle. It was, therefore, considered more informative
to characterize responses as a function of speed rather than simply
establishing an arbitrary outrigger touchdown point.

This test was conducted within the vehicle dynamics area at Blainville.
3.5/ Data Capture

The data acquisition system consisted of multiplex systems mounted in the
sleeper portion of the MTC Freightliner and instrumentation boxes on the
trailers. CElectrical signals produced by the transducers were condi-
tioned by individual plug-in-type adapter cards within the multiplex
unit. The conditioned output signals were transmitted from each multi-
plex system to a control unit in the tractor, where they were digitized
at a rate of 100 samples/s for each channel and transformed into a pulse-
code modulated (PCM) data stream in & standard IRIG format. The PCM data
stream was broadcast by a radio telemetry system from the tractor to a

ground station, using a radio frequency licensed to the ministry for use
at both Centralia and Blainville.
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The ground station was located in the MTC building at Centralia. A1l of
the essential elements of the ground station were subsequently installed
in a bus, which served as the ground station during tests at Blainville.

The ground station received the P(M data stream and recorded it in analog
form on an instrumentation tape recorder. IRIG B time code was recorded
on a second track of the recorder so that the Tocation of a particular
run could be found easily if data playback was required. This recording
was for archival and backup purposes.

The P(M data stream was processed by a decommutator, which formatted it
into a bit parallel, word serial, input stream for an Hewlett-Packard
HP-1000 A700 computer in the ground station. The computer read each run
in real time and created a raw data file on disk for subsequent process-
ing. The project engineer at the computer graphics terminal had access
to a quick-look display that provided an overview of system status func-
tioning and data quality while the run was in progress. The raw data
were reviewed by the project engineer on & graphics display, to determine
whether all critical data channels were functioning correctly and whether
the run appeared to meet the specified test conditions. The raw data
file was then read, electronic calibrations were applied, each channel
was converted to engineering units, and a calibrated data file was
created. Characteristic responses were derived, and those critical to
the test were displayed to the project engineer. These were used to
radio recommendations for the next run to the test director on the track.

Refore each test session, an electronic calibration of the entire data
acquisition system was conducted. Any system requiring adjustments was
jdentified and corrections made, and a second calibration was recorded.
Before each test run, the control unit on the tractor was made to step
automatically through a calibration sequence. This was recorded as part
of the run data, to permit current system calibrations to be used for
each run.

gach run was recorded on colour videotape, from the vantage point of a
cherry picker parked adjacent to the manoeuvre approach, from other van-
tage points of interest, or both. FEach videotape showed the day and run
numbers, so that it was positively identifiable. The audio track of the
video system was used to record ambient noise during testing, including
incidental radi¢ transmissions and comments.

$ti11 colour photographs and colour slides of the vehicles, equipment,
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and activities were also taken. Manual notes and logs of all test condi-
tions and observations were made. A log of all test runs was maintained
within the computer.

A detailed description of data capture is presented elsewhere [3].
3.6/ Data Processing

At the beginning of each day, certain data files and procedures were
initialized within the HP-1000 computer system. Data from each run were
captured in real time by the HP-1000 and processed concurrent with test-
ing, as described previously. After each test session, all raw data
files; otner files created in support of the data processing process;
and all data input files which controlled the data processing were
archived to a tape. The archived tape was indexed and complete, so that
the processing of any particular run could he reconstructed.

Upon completion of the test program, ail data processing procedures and
supporting data files were exhaustively reviewed, and necessary enhance-
ments were implemented and validated. Every run was also carefully
reviewed, and those runs that did not meet the particular test objective,
or were otherwise so flawed that the data could not be processed, were
discarded.

Data processing proceeded in four phases:
i/ raw data correction

2/ calibration

3/ treatment

4/ extraction of results

The first phase, raw data correction, corrected any data frames in which
telemetry dropout occurred. This resulted in partial loss of the frame
during which dropout occurred, total loss of an unknown number of com-
plete frames, and capture of one or two scrambled frames while the com-
puter data acquisition was regaining synchronization with the decommuta-
tor. Runs were rejected in which there occurred frequent dropouts or
dropouts during the manceuvre.

Calibration proceeded in two phases. As previously mentioned, the on-
board data acquisition system was commanded through an electronic cali-
bration sequence at the beginning of data acquisition for each run. The
calibration sequence consisted of approximately 0.5 s of each of negative
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full scale, zero, and positive full scale. This calibration was used on
every run to modify the value used for conversion to engineering units,
the second phase of calibration.

The term "treatment" is used for the sequence of operations whereby the

calibrated data were processed so that specific quantities of interest

for a particular test could be derived. Some of these operations were

applied to the output of a particular instrument, while others were used

rather generally on various types of data. The following treatments were

used in data processing:

1/ transformation of speeds of all instrumented wheels to the speed of
the tractor right front wheel;

2/ transformation of the sawtooth wave distance measurement to actual
distance;

3/ correction of trailer lateral accelerations for the gravitational
effect of roll angle;

4/ integration of yaw and roll rates to yaw and roll angles,
respectively:

5/ detrending of data to remove zero offsets and drift;

6/ filtering of data to remove unwanted frequency content.

The final phase of data processing was extraction of results. The method
used depended entirely on the test being processed. Details of the meth-
ods are presented elsewhere [31.
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4/ PERFORMANCE MEASURES

The various vehicle configurations are evaluated across the entire study,
using various performance measures. Some of these performance measures
are addressed by simulation or analysis of various kinds, others by test,
and some by both.

The following performance measures provide the basis of what will be
considered from tesis:

1/ steady-state roll characteristics, derived from circular turn man-
oeuvres for loaded vehicles;

2/ dynami¢ roll threshold, derived from lane-change manoeuvres for
loaded vehicles;

3/ roll mode characteristics, from the manoceuvres of 1 and 2;

4/ rearward amplification of lateral acceleration, from sinusoidal steer
and lane-change manoeuvres;

5/ yaw/directional stability (jackknife and trailer swing), derived from
evasive marioeuvres with an empty vehicle on a low-friction surface;

6/ straight-line trailer sway for loaded vehicles;

7/ vehicle stability characteristics in straight-line emergency braking,
empty on a low-friction surface;

8/ high-speed offtracking, derived from the steady circular turn;

9/ lateral loads at the tractor fifth wheel, derived from the steady
circular turn, lane-change manoeuvres, and the sinusoidal steer
input;

10/ yaw response gains and lag times;

11/ vehicle speed at lateral/directional and rollover stability thresh-
olds;

12/ steady-state offtracking;

13/ swept paths in typical right-hand turns;

14/ air brake system application, release timing, and pneumatic balance.

These performance measures were computed from the measured data by the
HP-1000 computer, as described previously. The values were stored in a
file indexed by run, making it possible to display vehicle response char-
acteristics against input parameters, for purposes of test management and
data analysis.
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5/ RESULTS
b.1l/ Offtracking

Steady-state offtracking is considered an indicator of vehicle turning
ability. Offtracking of the vehicle was evaluated by making a complete
turn around a circle of radius 29.87 m (98 ft). The vehicle outer wheel
tracked the inside of the circle. Turns were made in both directions.
At the end of a turn, the vehicle was parked and the radius to each axle
was measured, according to the standard test procedure [31. A typical
situation is shown in Figure 19.

The results are shown in Table 7. The 45 ft {13.72 m) semi has large
offtracking because of the length of the trailer and the rear placement
of the bogie. The three doubles all have much less offtracking because
of their short trailers and additional articulation points. The B-train
has greatest offtracking of the three because of the rearward location of
the turn centre of its lead trailer. The C-train has slightly less off-
tracking than the comparable A-train, as found previously [11], and the
same result pertains for the two triples. The differences within the
three doubles, and the two triples, which are attributable to the method
of hitching, are not regarded as of great practical significance in their
turning requirements.

The measured data for all vehicles, shown in Table 7, were compared to
data generated by a simple offtracking formuta [13]1. The difference
between actual and computed values was always less than 0.5% for all
axles, which is so small that steady-state offtracking can clearly be
estimated very accurately by this simple formula.

Table 7/ Offtracking at Rear Axle

Of ftracking

Vehicle {m)
45 ft semi 2.65
A-double 1.45
B-double 1.69
C-doubTe 1.35
A-triple 2.77
C-triple 2.52
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5.2/ Right-Hand Turn

A right-hand turn at an intersection is a demanding manoeuvre for a large
truck. The vehicle's swept path was measured according to the standard
test procedure [3], in a 90° right-hand turn of 15 m {49 ft) radius.

This radius is typical in an urban area or in areas of limited truck
traffic. The driver was asked to make the best turn possible, without
moving to the left out of the entry lane, and ending ultimately in the
curb lane of the exit roadway. The driver manoeuvred the tractor to make
the turn with the inner wheels of the last axle of the vehicle tracking
closely around the curb. This required the driver to pull forward into
available space beside the exit lane to create room for the turn. The
driver then made a complex steer input to accomplish the turn. A typical
vehicle is shown in Figure 20 during the turn.

The maximum excursion out of lane and the Tength of that excursion are
presented in Table 8. The doubles barely intruded into the lane adjacent
to the exit lane, whereas the semi required more than half of it, and the
triples required all that lane and a Tittle more. While this turn is
very different than offtracking, the ranking of vehicles is the same for
both. This test was conducted at a ¢reep speed and represents the best
possible turn. A rolling turn would probably result in a greater excur-
sion out of the exit lane.

Table 8/ Right-Hand Turn

Maximum Excursion|Length of Excursion

Yehicle Qut of Lane (m) {m)

45-Ft semi 2.20 19.20
A-doubie 0.40 7.50
B-double 0.90 18.00
C-double 0.80 .40
A-triple 3.80 19.40
C-triple 3.70 22.00

£.3/ Channelized Right Turn

The vehicle's swept path in a channelized right turn was measured accord-
ing to the standard test procedure [3]. The roadway geometry used for
this test is typical of an urban area, where space is limited. The curb
radius was 25 m (82 ft), and entry and exit tapers typical of four-lane
roadways with a 60 km/h speed limit were used. Such roadway geometrics
may restrict access of the largest vehicles.
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A typical vehicle is shown during the turn in Figure 21. The minimum
clearance of the innermost wheel of the rear trailer's rear axle from the
inner curb is shown in Table 4. The doubles made it easily through the
channel, the semi had less clearance, and the triples had very little
clearance. The tractor left front wheel was following the curb, whereas
a driver would normally leave some ¢learance on this side. This would
cause the triples to be very close to running over the inside curb.

The test was run at creep speed, the worst condition, as the effect of
lateral acceleration is to reduce the geometric offtracking measured in
this test. However, this roadway geometry is used at busy intersections
where traffic may not always be free-flowing, so the test may be consid-
ered realistic.

Table 9/ Channelized Right Turn

Curb Clearance

VYehicle (m)

45-T¢ semi 0.89
A-double 1.85
B-double 1.55
C-double 1.66
A-triple 0.51
C-triple 0.18

5.4/ Air Brake System

The air brake system of the combination was evaluated according to the
standard test procedure [3].

The trailer air brake system was inspected; slack adjusters were adjusted
to the minimum, about 32 mm (1.25 in) stroke on each axle; and pressure
transducers were installed at all trailer and dolly axles. The tractor
was supplied with shop air, regulated at 689 kPa (100 psi).

The SAF J982a style test was performed on the A- and C-train triples.
The tractor-trailer was evaluated when air to the first dolly was shut
off; the double, when air to the second dolly was shut off; and the full
triple combination, when opened. The results of these tests are pre-
sented in Tables 10, 11, and 12. The results are the average of several
tests in each case, with a time resolution of 0.02 s. A typical time
history response of application and release for each triple is presented
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in Figure 22.

Table 10/ Air Brake Timing, Semi of Triples

Application Timing Release Timing
0-60 psi (s) to 5 psi (s)
Location A-Train C-Train A-Train C-Train
Treadle 0.02 0.05 0.18 0.14
Axle 2 0.36 0.37 0.58 0.57
Axlie 4 0.37 0.37 0.78 0.75

Table 11/ Air Brake Timing, Doubie of Triples

Application Timing Release Timing
0-60 psi (s) to 5 psi (s)
Location A-Train C-Train A-Train C-Train
Treadle 0.03 0.08 0.17 0.16
Axle 2 0.37 0.38 0.57 0.56
Axle 4 0.55 0.76 1.41 2.06
Axle 5 0.59 0.96 1.47 2.19
Axle @ 0.67 0.85 1.51 2.12

Table 12/ Air Brake Timing, Triples

Application Timing Release Timing
0-60 psi {s) to 5 psi (s)
Location A-Train C-Train A-Train C-Train
Treadie 0.07 0.11 0.18 0.16
Axle 2 0.37 0.39 0.58 0.56
Axle 4 0.54 0.96 1.42 3.68
Axle 5 0.57 1.25 1.50 3.78
Axle 6 0.85 1.52 1.92 3.98
Axle 7 0.95 1.70 1.95 4.00
Axle 8 0.97 1.57 Z2.05 4.08

Two interesting comparisons arise from these three tables. The first
arises when examining the effect of adding trailers progressively for
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the A-train. As a semi (Table 10), application times for tractor and
trailer were both 0.37 s, an ideal situation. When the second trailer
was added (Table 11), the first trailer application time was prolonged to
0.55 s. When the rear trailer was added (Table 12), the second trailer
application time was increased from 0.67 to 0.85 s. As each trailer was
added, only the preceding trailer was affected. The plumbing and valves
limited feedback to one trailer only. Similar results pertain for the
release times.

The A-train dollies both had booster relay valves to speed the signal to
the subsequent trailers. The C-train was not so equipped. Table 10
shows that application times for the A- and C-trains are the same within
test errors, as these were the same combination tested at different
times. When additional trailers were added, however, the benefits of the
booster relay valve becomes apparent. Brake application time for the
C-train double is 0.85 s, 27% longer than for the A-train, and it is

1.57 s for the C-train triple, 62% longer than for the A-train. Not only
does the booster relay valve decrease both application and release times,
it inhibits the third trailer slowing the first, as happens for the
C-train. Figure 22 shows that the C-train application pressure was
s1ightly less than for the A-train. If it had been higher, the C-train
application times would have been longer.

Note in Table 12 that axle 5 on the first doily is faster than axle & on
the second trailer, for both vehicles. This means that as the brakes are
applied and the vehicle starts to slow, the inertia of the Tast two
trailers bears momentarily on the first dolly. This occurs before the
brakes on the last two trailers become effective. This provides poten-
tial for & dolly jackknife in an aggressive braking situation with an
empty vehicle on a low-friction surface. However, the timing of the
corresponding axles 7 and 8 on the rear trajler are very close for the
A-train and are reversed for the C-train, with the dolly axle reaching
full braking after the trailer axle. This latter situation is considered
desirable if it can he achieved without an excessive brake application
time, which was not the case with the C-train. This vehicle was created
from available vehicle units, the three trailers, and the two B-dollies.
It was not originally intended as a combination as was the A-train. The
desirable rear trailer brake timing came as a result of a hasty assembly
of the second B-dolly from available parts. While recent work has shown
that a big difference in timing between a tractor and trailer has little

practical effect on the tendency to jackknife [14], no such work is known
for dolly jackknife on doubles or triples.
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The application times for both these vehicles are comparable with those
obtained from tests conducted previously by MIC on other triples combina-
tions [15,16]. The release times are considered long, however, especial-
ly as it was shown that a quick-release valve operating with a booster
relay valve could halve the release time [16]1. Not only can a faster or
more responsive braking system be created at 1ittle, if any, cost differ-
ence to an “"ordinary” system, but if a fast release can also be obtained,
then a modest amount of fuel can be saved by reducing the need to accel-
erate against momentarily dragging brakes. An elementary calculation
shows that a quick-release valve can pay for itself through fuel saving
in & fraction of the 1ife of the trailer,

The application and release timing for the other four vehicles is summar-
ized in Tables 13 and 14. These results are typical of other tests on
similar combinations £14,16]1. As noted previously, the timings for the
doubles would all have been improved if each combination had used a
pooster relay valve. The B-train was faster than the A- or {-train
because 1t lacked a converter dolly, allowing simpleér plumbing, and it
was equipped with an anti-lock braking system, which requires less
restrictive components. The release times of the A- and C-train doubles
are both considered excessive.

Table 13/ Air Brake Application Timing Summary, 0-60 psi (s)

Location 45 tt Semi A-Double B-Double t-Double
Treadle 0.07 0.04 0.04 0.03
Axle 2 0.41 0.39 G.40 0.43
Axle 4 0.49 0.57 0.56 0.54
Axle & 0.45 0.56 ' 0.62 .53
Axle 6 - 0.81 - 0.85
Axle 7 - 0.79 - 0.83
Axle 8 - 0.77 0.68 0.83
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Table 14/ Air Brake Release Timing Summary, to 5 psi (s)

focation 45 ft Semi A-Double B-Double C-Double
Treadle 0.19 0.19 0.12 0.12
Axle 2 0.64 0.65 0.54 0.64
Axle 4 0.94 3.02 1.46 1.65
Axle 5 0.88 3.04 1.50 1.59
Axle & - 2.26 - 1.96
Axle 7 - 2.31 - 2.39
Axle 8 - 2.78 1.56 2.43

The greatest pressure differential between axles of a vehicle just before
brake release ranged between 21 and 48 kPa (3 and 7 psi}; the differen-
tial for most axles was not more than 21 kPa (3 psi)- MNo clear patterns
emerged from this.

A service brake application test was also conducted, where treadle valve
travel was limited to keep the final pressure to about 138 kPa (20 psi).
In general, application times were similar to those previously reported,
because the brake application was not nearly so rapid. Release times
were faster, as would be expected, and for most, there were no signifi-
cant pressure differentials between axles.

This test has illustrated that the air brake system performance depends
upon the number of vehicle units -- trailer and dollies. It has also
shown that performance depends upon the selection and installation of
components. Fast application and release times provide the driver with a
responsive brake system. Proper pneumatic balance and Tow pressure dif-
ferentials between axles are part of obtaining proper distribution of
braking to all axles of the combination.

5.5/ Straight-Line Braking

1t is difficult to achieve consistent results when conducting rigorous
braking tests. A demonstration of modes of instability in straight-line
braking was, therefore, conducted. A series of runs was made with the
empty vehicle on the Tow-friction test area at 47 km/h. The driver
braked using the treadle valve, with a regulated application pressure.
Application pressure was in¢creased on each run, to the point where groups
of wheels Tocked. The driver was Tnstructed not to attempt to counter
any loss of control, except as necessary to avoid hazard. The standard
test procedure was followed [3].
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The vehicle combination was evaluated primarily in terms of the yaw re-
sponse of vehicle units, which is the heading angle of the vehicle unit
(in degrees), with zero parallel to the original direction of travel.

Any significant yaw seen in this manceuvre arose from lateral/directional
instability of a vehicle unit.

The vehicles all remained fully under control when application pressure
was insufficient to lock a1l braked axles. The results of the last run
for each vehicle are presented in Table 15. In most cases, the limiting
friction of the surface, a deceleration of about 0.15 g, was reached at a
brake application pressure of 159 to 173 kPa {23 to 25 psi). At this
pressure, most of the braked wheels were locking. The A-train double and
the two triples became unstable at pressures 1ittle more than this,
whereas the 45 ft (13.72 m) semi and the B- and C-train doubles required
considerably harder braking before they became unstable.

Table 15/ Instability in Straight-Line Braking

Brake Pressure
Vehicle {psi} Mode of Instability
45 ft Semi 50 Tractor jackknife
A-Double 32 Dolly jackknife
B-Double 41 Tractor jackknife
C-Double 45 Tractor jackknife
A-Triple 30 Tractor jackknife, driver recovered
C-Triple 34 Tractor jackknife, driver recovered

The tractor of the 45 ft {13.72 m) semi jackknifed to the right, as
illustrated in Figure 23 and shown in Figure 25 in its final stopped
condition. The dolly of the A-train double jackknifed to the right, as
shown in Figure 24. While the whole vehicle remained within the lane
during this stop, the dolly actually was unstable. The combination of
speed, brake application pressure, and surface friction was such that the
instability was demonstrated quite gently. If either speed or brake
application pressure had been greater, or the friction had been lower,
the dolly jackknife could have been much more violent. The dolly would
have rotated until it struck the rear of the Tead trailer, and presuming
the hitch did not faii, the trailer would then have swung around. The
test condition was selected so that the mode of instability was demon-
strated but that this violent and hazardous consequence was avoided. The
B- and C-train doubles and the triples all experienced tractor jackknife.
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In the case of both triples, the driver released the brakes, steered to
recover control of the tractor, and drove out of the manoeuvre without
coming to a full stop. The tractor jackknifes were predominantly to the
left, the direction of the crossfall of the test area. However, some
were to the right, possibly due to the local surface characteristics and
steer.

The demonstration was conducted without front axle brakes on the tractor.
When a braked wheel locks and slides, it has no sideforce capability.
However, if all wheels except those at the steer axle lock, the steer
axle can still develop the substantial sideforces that are required to
manoeuvre the vehicle in normal driving. Further, as the front axle is
steered, a drag is created, and if the inertia of the trailer or trailers
is enough to overcome the Timited sideforce capability of the locked
tractor drive axles, it attempts to push the rear of the tractor side-
ways, as shown in Figure 23. If front axle brakes had been used, the
sideforce capability of the locked front wheels would have been very low,
and the 1ikelihood of tractor jackknife would have been greatly reduced.
The vehicle would slide to a stop, not necessarily entirely under control
of the driver, but generally straight and possibly within the lane. Of
course, with the addition of the front axle brakes, the inertial effect
of towed units is increased, and there remains the possibility of trailer
swing on B- or C-train combinations or dolly jackknife as seen in the
A-train double.

5.6/ Evasive Manoedvre

The object of this test was to evaluate empty vehicle lateral/directional
characteristics at the Timits of stability on a low-friction surface. A
series of runs was made where the driver made an evasive wmanoeuvre, which
is considered representative of a high-speed accident avoidance situation
on a two-lane, two-way highway. The runs were made in accordance with
the standard test procedure [3]1. For most vehicles, gates of 22.5 m
(73.8 ft) were used for the lane change to the left and the return to the
original lane, separated by 20 m (65.6 ft} in the left lane. However,
the B-train double used gates of 20 m (65.6 ft), and the C-train triple
used gates of 25 wm (82 ft), as shown in Table 16. A typical test run for
the 8-train double is illustrated in Figure 25.
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Table 16/ Instability in the Evasive Manoeuvre

Gate | Limit Speed ]

Vehicle (m) {(km/h) Mode of Instability

45 ft Semi 22.5 63 Reached 1imit of tractor control

A-Double 22.5 63 None

B-Double 20.0 54 Rear trailer swing

C-Double 22.5 63 Tractor pushed laterally through
return to original lane

A-Triple 22.5 58 Dolly jackknife and rear
trailer swing

C-Triple 25.0 63 Tractor pushed laterally through
return to original lane,
and rear trailer swing

The vehicles were evaluated primarily in terms of the yaw responses of
their units.

The evasive manoeuvre is complex and subtle. The form of the steer input
depends upon the layout of the course, the speed, and the handling char-
acteristics of the vehicle. At a very low speed the steer input consists
of two distinct sinusoidal steer inputs of opposite sign, the first for
the lane change to the left and the second for the return to the original
lane. As speed is increased, the two sine curves merge inte a complex
wave form, because the time in the left-hand lane is now insufficient for
the driver to straighten out the tractor, so it follows a continuous
curved path. As speed is increased further, the second half-wave of the
first sinusoidal steer and the first half-wave of the second sinusoidal
steer merge completely and the manceuvre is accomplished in three contin-
uous sinusoidal half-waves, As speed is increased even further the amp-
litude of the second of the three half-waves must be reduced.

Uniike some other manoeuvres, the evasive manoeuvre can actually get
easier for the driver as speed is increased, because the number of steer-
ing wheel movements decreases from five to three. It is actually easiest
when the two distinct sinusoidal steers have merged into three continuous
half-waves, each of the same period, as this steer input can be done in
one smooth flowing motion. Beyond this point, the steer input gets more
difficult as the amplitude of the half-waves changes. The frequency
content of the steer input, therefore, changes with speed, and is more
complex than the basically sinusoidal steer required by the lane change,
discussed in Section 5.8. Because of the complexity of the manoeuvre, it
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is sometimes difficult to get consistent results, especially since each
vehicle has different frequency response characteristics and the frequen-
cy content of the input varies. For instance, a small steer error at a
lower speed may result in an apparent unstable condition when, in fact,
the driver might be able to make the manoeuvre rather easily at a higher
speed, where the steer input can be made more smoothly.

In summary, the speed at which this manceuvre can be made may be a little
misleading as a ranking of the stability characteristics of the vehicle.
Rather, attention should be given to the mode of instability, summarized
in Table 1l6:

e The 45 ft (13.72 m) semi was clearly the most stable. It remained
stable to the limit speed of &3 km/h, but at that speed the tractor was
close to the limits of control and with the best steer that the driver
could achieve, the trailer was just too long to go through the lane
return gate.

« With both the A-train double and A-train triple, the driver had excel-
lant ¢ontrol of the tractor, because the short trailer exerts little
force on the tractor. The A-train double barely accomplished the man-
oeuyre at 63 km/h, but the dolly was sliding through the return gate
and was on the verge of a dolly jackknife, which would have resulted in
rear trailer swing and total loss of control. In contrast, there was
greater lateral acceleration at the rear trailer of the A-train triple,
due to rearward amplification, as discussed in Section 5.3.7. The
second dolly jackknifed in the lane return, and the rear trailer swung
out of lane to the right.

¢ The B-train double experienced rear trajler swing at only 54 km/h, but
it performed the manoeuvre with a gate of only 20 m (65.6 ft).

e« The tractor of the C-train double was "pushed" laterally through the
original lane as it returned through the second gate. The tractor was
at the limits of control, but the trailers remained stable. "Pushed,"
in this context, refers to a lateral and longitudinal tractor slide
with a high degree of understeer and 1ittle directional control. It is
Tikely that the mode of instability would have been tractor jackknife,
as occurred in a previous test of a C-train in such a manceuvre [11].

« The tractor of the C-train triple was also pushed laterally through the
original lane as it returned through the second gate, and there was
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also trailer swing.

There was insufficient lateral traction to cause steering of any B-dolly
in this manoceuvre.

5.7/ Sinusoidal Steer

The objective of this test was to evaluate characteristics of rearward
amplification of lateral acceleration for each combination. A series of
runs was made where the driver made a sinusoidal steer input to the vehi-
cle while travelling at a steady speed, in accordance with the standard
test procedure [1]. This test was conducted at speeds of 63, 84, and

94 km/h, with steer input periods between about 2 and 5 s.

The vehicle combination was evaluated in terms of the lateral accelera-
tion responses of the vehicle units. The maximum lateral acceleration
gain, or rearward amplification, of the rear trailer of each vehicle is
presented in Table 17 for the three test speeds. Each gain is defined as
the peak-to-peak trailer lateral acceleration response divided by the
peak-to-peak tractor lateral acceleration, and is dimensionless {3]. The
maximum value was estimated by scribing a line by French curve through
the gains obtained from runs at the various steer periods at each speed.
This procedure was not exact but was adequate to illustrate the major
differences between vehicles. The final column in TabTe 17 contains the
approximate steer period at which the peak rearward amplification
occurred at 94 km/h.

Table 17/ Rearward Amplification of Lateral Acceleration at the Last

Trailer
Stear Period
VYehicTe 63 km/h 84 km/h 84 km/h {s)
45 ft Semi Q.85 1.00 1.05 3
A-Double 1.10 -= 1.85 2
B-Oouble 1.058 1.30 1.80 2.5
C-Double -— 1.30 1.50 2.5
A-Triple 1.50 2.60 3.30 pid
C-Triple 1.15 1.30 1.70 3

It is evident from Table 17 that rearward amplification increases with
speed. It also increases rearward by trailer and is somewhat sensitive
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to steer period, as seen in Figure 27 for the A-train triple. The
results, as seen in Figure 27 and Table 17, show that at highway speed,
the A-train triple is a highly responsive vehicie. The reason for this
is that its inherent stability is rather low. Stability and response of
mechanical systems have an inverse relationship. High stability means
low response to input and vice versa. Figure 28 shows the rear trailer
response of the A-train triple in a typical run for a steer period of
about 2.5 s at each test speed. At 63 km/h the response is nearly dead-
beat; at 84 km/h the rear trailer is clearly oscillating; and at 94 km/h
the rear trailer is oscillating strongly. These three time histories
clearly depict the reduction in damping of the vehicle's lateral/
directional response as speed is increased. Figure 29 shows the three
comparable conditions for the C-train triple. These are evidently much
more highly damped. At 94 km/h, the C-train triple's response is similar
t0 the A-train triple's response at only 63 km/h.

The responsiveness of the A-train triple made this and other tests diffi-

cult to conduct for the following reasons:

1/ On approach, small steer corrections made by the driver were amplified
rearward so that a desired steady period before the manoeuvre was
rarely achieved. This made data detrending difficult [3] and may
account for a certain amount of scatter in the data.

2/ The response to the manoeuvre itself continued to the point where the
driver had to exit the test area; a complete response could not be
obtained because the test area was simply not large enough.

3/ The steer inputs were very small, typically 25 to 35° of steering
wheel angle, which is less than 1° steer at the front axle. This
small steer resulted in a tractor lateral acceleration of about 0.1 to
0.15 g.

A rearward amplification of 3.0 did, on occasion, result in substantial
trailer roll and sometimes trailer swing, even on the high-friction sur-
face. However, tempering the steer input to avoid excessive rear trailer
response resulted in such a small steer input that while it was closely
sinusoidal at the steering wheel, it was ¢often rather poorly balanced at
the front axle. Responses, therefore, were often not well balanced,
which means that the steer input contained, perhaps, substantial other
periodic content besides the intended steer period.

For this reason, the rearward amplifications were computed as the ratio
of peak-to-peak trailer lateral acceleration response to peak-to-peak
tractor lateral acceleration. This significantly reduced the scatter in
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the results and avoided the jssue of whether the first, second, or high-
est input and response peaks should be used as the basis for these
ratios. Nevertheless, because the input was often unbalanced and not a
pure sine wave, the response was likely attenuated compared to what wouid
result from a pure sine wave. The data in Table 17 are considered opti-
mistic, as they are probably lower than would arise from a perfect steer-
ing system or a computer simulation of the vehicle using a pure sine wave
steer input.

Tests were only conducted to 94 ka/h. The stability of the A-train
triple decreased with an increase in speed. This vehicle would be less
stable at a typical highway speed Timit of 100 km/h and even more un-
stable if actual speeds exceeded 100 km/h, as they often do. These data
are considered a powerful argument in favour of the comparable C-train
configuration. A less effective alternative would be a restriction of
A-train triples to a maximum speed of 80 km/h.

The results presented in Table 17 are reasonably consistent with other
test and simuTation findings [171, though those results were obtained for
somewhat different vehicles and Toadings and a different definition of
rearward amplification was used.

5.8/ Lane Change

The objective of this test was to evaluate vehicle stability characteris-
tics in a dynamic manceuvre. A series of runs was made where the driver
made a Tane-change manceuvre, which is considered representative of a
high-speed accident avoidance situation on a four-lane or divided high-
Wway. The runs were made in accordance with the standard test procedure

£3].

A gate of 30 m (98.4 ft) was used for the lane change. This allowed &
vehicle speed of about 80 km/h, which is a typical speed limit, and some
comparison of the results of this test with those described in the pre-
ceding sections.

The 1imit speed at which each vehicle became unstable in this manoeuvre,
and the mode of instability, are presented in Table i8.



- 43 -

Table 18/ Instability in the Lane-Change Manoeuvre

Limit Speed ]

Vehicle (km/h) Mode of Instability

45 ft Semi 95 None

A-Double 83 Rear trailer roliover

B-Double 88 Violent rear trailer swing and outrigger
touchdown

C-Double a5 Lead trailer sTide

A-Triple 74 Rear trailer swing

C-Triple 89 Second trailer slide and rear trailer
swing

The 45 ft (13.72 m) semi was able to negotiate the course at the maximum
test speed of 95 km/h and was the mast stable vehicle.

While this test was not conducted for the A-train double, it was con-
ducted for & very similar vehicle in a previous test program, which
resuited in slide and violent rollover of the rear trailer [117. The
rear trailer of the B-train double swung violently, and its outrigger
touched down on both sides {Figure 30). The vehicle may not have rolled
over, but the response was undesirable. When the C-train double reached
a sufficiently high speed, the B-dolly steered out. This transferred
Taterai Toad from the rear trailer to the lead trailer tandem axles. As
these became overloaded, the Tead trailer s1id left towards the edge of
the lane, and the rear trailer tracked behind. The response of this
vehicle was mild compared to the B-train double.

The A-train triple had such a high rearward amplification that at only

74 km/h the second dolly slid and the rear trailer swung violently out of

Tane, as shown in Figure 31. No outrigger touchdown occurred. Three

factors provide a tendency to trailer swing rather than rollover:

1/ The centre of gravity was low because of the method of Toading and the
underslung outriggers. Typical similar trailers in operation would
have a considerably higher centre of gravity.

2/ The overall wheel track width was 2.59 m (102 in}, whereas for the
45 ft (13.72 m) semi and a1l three doubles, it was 2.44 m {96 in).

3/ The sideforce capability of a single axle in such a manoeuvre is
expected to be less than for a tandem axle.

If the trailer centre of gravity had been at a more typical height, the
rear trailer would have rolled over violently, as it did for the A-train
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double. While rollover was the “expected” mode of instability., this test
shows that another mode of instability is possible. The response of the
C-train triple was mild compared to the A-train and it reacted the same
as the C-train double, except that both B-dollies steered out, and
because of the extra trailer, the vehicle reached the edge of lane at
only 72 km/h. The response was not violent, and testing continued until
89 km/h, when as a consequence of the second trailer slide, the rear
trailer swung violently out of lane.

The sinusoidal steer test ranked the six vehicles in terms of stability;
the higher the rearward amplification, the lower the stability. When the
rearward amplifications of Table 17 are compared with the 1imit speeds of
Table 18, 1t 15 seen that there is an inverse relationship between the
speed at which this manoeuvre could be conducted and the rearward ampli-
fication. Rearward amplification, therefore, can be directly related to
the likelihood of loss of control in a fast steer input such as might be
made in an accident avoidance situation.

5.9/ Normal Straight-Line Driving

The objective of this test was to evaluate lateral motion of the rear
trailer of the combination, the phenomenon known as trailer sway. A
series of runs was made with the loaded vehicle driven normally at

94 km/h in a straight 1ine, according to the standard test procedure [3].

Trailer sway is simply a low-level vehicle response. Sway amplitude is

related to vehicle configuration and speed in the same way as the rear-

ward amplification of Tateral acceleration, and it may also involve free
play at the hitches.

The slight steer corrections made in the course of normal driving, and
roughness of the test track surface, resulted in rear trailer sway that
was evaluated by root mean square (RMS) lateral acceleration of the rear
traller and RMS sway of the rear of the rear trailer relative to the
tractor steer axle, per degree of RMS steer angle.

The responses were all, in general, very small, no more than 2% of full
scale on the data acquisition system. In some cases, the data must have
heen helow the resolution of the transducers and svstem. It was not
considered necessary to conduct a full frequency domain analysis, but the
simple ratio of RMS response to RMS steer would be adequate to illustrate
the principal differences between vehicles.
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The results are summarized in Table 19, as RMS rear trailer lateral
acceleration divided by RMS steer input.

Table 18/ Trailer Sway in Straight-Line Driving

Rear Trailer
Lateral Acceleration
Yehicle (g/°)
45 ft Semi 0.63
A-Double 1.74
B-Double 1.49
C-Double 1.46
A-Triple 3.37
C-Traiple 2.05

The lateral acceleration ratios are roughly in proportion to the rearward
amplifications of Table 17, though the similarity of the actual values

is coincidental. The results for sway depend, in particular, upon the
articulation measurements, which were very small. These results were
noted, but are not presented. There is no doubt, however, that there was
no perceptible sway to observers in a chase vehicle with the 45 ft

(13.72 m)} semi. For the doubles and the C-train triple, some other
reference, such as a lane edge stripe, was necessary to observe the vehi-
cle sway -- it was otherwise hardly perceptible. However, for the
A-train triple, sway was continuous and very perceptible, with a distinct
component of about 2 s period and 0.05 g lateral acceleration at the rear
trailer.

5.10/ Steady Circular Turn

The objective of this test was to evaluate vehicle steady-state rollover
Characteristics to determine the high-speed offtracking of the vehicle
and examine the side loads exerted on the tractor by the trailers. A
series of runs was made with the vehicle circumscribing a circle with a
50 m (164 ft) radius at a steady speed, according to the standard test
procedure [1].
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The 45 ft (13.72 m) semi experienced a smooth outrigger touchdown at

0.52 g in this test, as shown in Figure 32. The trailer twisted due to
the Joad distribution, leaving the impression that the entire vehicle may
not have rolled over. The A-train double’s rear trailer rolled over
independently of the rest of the vehicle at a lateral acceleration of
0.53 g and caused the dolly to slide out. This was a violent response,
unlike the smooth rollover of the 45 ft (13.72 w) semi and a similar
A-train in an earlier test [11]1. The B- and C-train doubles both had so
much configuration drag in this manceuvre that speed dropped off signifi~
cantly after they entered the circular turn. On both vehicles the out-
riggers of both trailers touched down, at 0.49 g for the B-train and

0.54 g for the C-train. Whether these vehicles would actually have
rolled over entirely may be questionable. ATl wheels except those of the
tractor lifted for the B-train (Figure 33), but since speed was dropping
off fast at this point, it was difficult to predict exactly what would
have happened. Both of these vehicles would roll over entirely, in con-
trast to the A-train double, which would only roll the rear trailer. For
both A- and (-train triples the Tow trailer centre of gravity previously
mentioned and the 2.59 m (102 in) overall wheel track width elevated the
roll threshold above the threshold of lateral/directional stability. The
rear trailer swung out on entry to the circular turn, achieving a maximum
of 0.50 g for the A-train and 0.46 g for the C-train. If the trailer
centre of gravity had been higher, the A-train's rear trailer would have
rolled over, and presumably the entire C-train triple vehicle would have
rolTed over. HWhile rollover was the “expected" consequence of this test,
the actual result illustrates that other modes of instability are possi-
ble, as seen in the Tane change, discussed in Section 5.8, for these
vehicles.

The 45 ft (13.72 m) semi and the three doubles are all similar with
respect to suspension roll stiffness, axle loads, and centre of gravity
helght. Therefore, it is not surprising that they have similar rol)
thresholds. In a manoceuvre at the Timits of stability in an A-train, the
driver has Tittle, if any, feel for the rear trailer's attitude, and that
trailer can roll over while the rest of the vehicle remains upright.
However, in the semi or either of the other two doubles, the driver can
feel roll moment transmitted forward from the rear trailer and, knowing
that the entire vehicle will roll over, may have an opportunity to stabi-
lize. Drivers would be expected to prefer the A-train, as the likelihood
of death or serious injury in a heavy truck rollover is high. However,
with the feel provided by a B- or C-train, it might be expected that the
driver would respond to the vehicle and be better able to avoid the
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marginal situation. From this point of view, the B- or C-train double
may be preferred to the A-train, though this opinion may not be shared by
all drivers.

A static tilt test was conducted on the 45 ft (13.72 m) semi and the
three doubles [12]. The two triples were too Tong to fit on the tilt
table. The outer sections of the outrigger were removed for this test,
which raised the centre of gravity of each trailer about 0.06 m (2.5 in)
from the values quoted in Section 2. The table was tilted until a vehi-
¢le rollover condition was achieved, as indicated by the loads on criti-
cal nigh-side wheel pads becoming zero. For the A-train double the ¢rit-
ical axles were those on the rear trailer only, as this trailer was free
to roll 1ndependently of the rest of the vehicle as the dolly hitch
offers no roll restraint. For the other three vehicles, all high-side
wheel pad Toads, except, possibly, those at the steer axle, were required
to reach zero, as roll moment was transmitted between all vehicle units
of these combinations. A typical rollover condition is shown in

Figure 34, with the A-train double. The angles at which rollover
occurred in the tilt test are compared in Table 20, with the peak lateral
acceleration at which the vehicle unit rolled over in the steady circular
turn. These tilt angles include all appropriate corrections, discussed
elsewhere [12].

Table 20/ Comparison of Roll Thresholds, Tilt Test and Steady
Circular Turn

Lateral Accelera-
Tilt | Tangent | tion at Outrigger Centre of Gravity
Angle | of Tilt | Touchdown in Steady Height Above

Yehicle {deq) Angle Circular Turn (g) Table (m)
45 ft Semi 28.4 0.54 0.52 1.78
A-Double 29.1 0.56 0.53 1.69
B-Double 26.9 0.51 0.49 1.75
C-Double 28.0 0.53 .54 1.73

The agreement here seems quite good, but the data are sparse and are
pased on a single test in each case. It is, therefore, difficult to
ascripe much significance to the differences.

The closeness of the ti1t test results for these four vehicles bears out
the cobservation that these vehicles all have similar suspensions, axle
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loads, and centre of gravity heights. Because their centres of gravity
were quite low, it was necessary to make a very aggressive turn to
achieve rollover: 0.5 g or higher would require the advisory speed on a
freeway ramp to be exceeded by 80% or more, which may be done in a car
but is far beyond typical driving in a truck. The 1.75 m (70 in) centre
of gravity height of Table 20 is typical of a load of steel or bricks.
However, tankers, vans, and flatbeds of lumber can often have a centre of
gravity more than 2.5 m (100 in} above the ground, which for the vehicles
tested would reduce their rollover threshold to 0.3 g or 50, a substan-
tial decrease [17]. Such an elevated centre of gravity would have
resulted in rollover of the triples in this test. It would also have
resulted in rollover of all vehicles in the lane-change test (Section
5.8).
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6/ DISCUSSION

Tests were conducted with the eguipment as provided. No efforts were
made to modify the equipment, except as required for testing, and these
modifications did not affect vehicle operation. The outrigger assembly
was additional to normal trailer equipment, and the characteristics of
the trailers were, therefore, somewhat atypical, in both empty and loaded
conditions. In both conditions, the centre of gravity was somewhat Tower
than normal because of the underslung outriggers.

The test program started in early June at Centralia, transferred to
Blainville in August, and returned to Centralia at the end of November
for two more weeks of testing. A test program of such duration encount-
ered a variety of weather conditions. The summer months, with air temp-
eratures of 25 to 30°C, resulted in high-friction surface temperatures up
to 55°C and low-friction surface temperatures about the same as the air
temperature. However, in the final four weeks, air temperatures were -3
to +5°C, and surface temperatures were about 3 to 5°C. The low-friction
surface was less slippery in cold conditions. It also appeared less
slippery to the test driver than during a previous series of A- and
C-train tests [11], though those tests used different tires. The B-train
and A- and C-train triples were tested in similar warm conditions, where-
as the 45 ft (13.72 m) seml and A- and C-train doubles were tested in
cold conditions. While temperature may affect tire traction characteris-
tics, there should be 1ittle effect for comparisons within these groups.

New tires were installed on the Freightliner at the start of the test
program and were replaced once when half the usable tread had worn.

New tires were installed on each trailer and dolly. The C-triple was
tested after the A-triple and used the same trailers. The C-double was
tested after the A-double and also used the same trailers. When the
tires were used for the second series of tests, they could still be
described as “nearly new” and without evident unusual wear patterns.

It 15 not possible to make any meaningful remarks on the effect these
factors might have had on the results, except for centre of gravity
height, which has been mentioned already where it may have affected the
results. The results presented pertain to the particular vehicles
tested, and results different in some respects might be obtained for
other vehicles at another time.
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The test program was the Targest undertaken by the ministry, and it was
planned with the expectation that there would be delays. The expectation
was fulfilled, though the delays were unscheduled. As autumn was trying
to become winter, there were often extended periods when such inclement
weather as rain, ice pellets, and snow prevented testing. Some time was
Tost because contracted work took longer than promised. Various pieces
of equipment failed at various times, requiring repair, replacement from
spares, or a change in the test sequence. Fortunately, no undupTicated
piece of equipment failed and caused an extended delay. Finally, tele-
metry dropouts wasted many runs at Blainville. The source of the drop-
outs could never be established because the pattern changed with time and
was not responsive to changes in transmitter or receiver antennae, ground
station Tocation, signal Tevels, or a number of other variables. As a
consequence of these delays, tests on vehicles were done with varying
depth to maintain schedule. Some were exhaustive, but others only com-
pleted the test objective. Only one test was omitted, the lane change on
the A-train double, and this was done to maintain schedule only because
the same test had previously been conducted with an almost identical
vehicle [11]-

The 45 ft semi was considered an easy vehicle to drive by the test driv-
er. It tracked well, manceuvred well, and was very stable. It just took
much more space to turn than the three doubles, due to the trailer Tength
and the rearward placement of the axles. The test driver also considered
the A-train double an easy vehicle to manceuvre and drive, particularly
Tn the evasive manoeuvre on the Tow-friction surface. The trailers had
Tittle influence on vehicle handling, whereas the trailers of both B- and
C-train doubles were pushing the tractor laterally through the return to
the original lane. The tendency to push was also noticeable on the high-
friction surface, particularly in the steady circular turn, where simply
following the turn required considerably greater effort in the B- and
C-trains than in the A-train. It was of interest, though, that the driv-
er was very satisfied with the handling of the C-train double on the
highway in snow and ice when the vehicle was being returned from
Blainville to Centralia. The short trailer wheelbase and gingle axle
made the A-train triple easy to manoeuvre in both Tow-speed turns and
dynamic tests, as the trailer imposed rather modest forces on the trac-
tor. It was also particularly easy in the evasive manoeuvre on a Tow-
friction surface, where the rear two trailers and dollies appeared to
slide through the gates. However, because it was 3o responsive it was
very easy for the driver to create a trailer swWwing situation, and this
would have been a rollover situation with a higher trailer centre of
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gravity. The driver had no feedback of second- or third-trailer response
once a manoeuvre had started, because the A-dolly hitch does not transmit
trailer roll wmoment forward. The responsiveness of this vehicle in nor-
mal driving, particularly when empty, was a concern because rough roads
excited considerable trailer sway. Even hauling two trailers to the test
site on delivery was not a pleasant experience. By contrast, the C-train
triple was rather stable, but again it tended to push the tractor later-
ally in manoeuvres. With regard to the C-trains, the driver felt that
the axle used was preferable to the axle tested previously [117 because
the force required to break out the self-steering mechanism was lTower, so
the axle appeared to steer almost continuously in a dynamic manoeuvre.

In the earlier test, the steer would break out suddenly and unexpectedly
during the manoeuvre, affecting performance of the manoeuvre by the
driver.

In absolute terms there is no question that the 5-axle 45 ft (13.72 m)
semi was the most stable of the six baseline vehicles. This is attribut-
able simply to its single paint of articulation and the long wheelbase of
the trailer. However, this is a utility vehicle and is not the vehicle
of choice for heavy-haul applications, where double trailer combinations
with more than five axles can carry higher gross weights. There is also
no question that the B- or C-train doubles tested were more stable than
the A-train double, simply because these two vehicles have one less peint
of articulation. However, the issue was by no means clear-cut. In the
evasive manoeuvre on the wet low—friction surface, the A-train double
might be judged to have performed better than the B- or C-train. It was
certainly the easiest for the driver to put through the course, but this
was because the A-dolly makes a combination that is easier to turn than
the other two configurations. However, from previous experience [11],
the dolly jackknife/trailer swing mode of loss of control of the A-train
is judged potentially more hazardous to other road users than the loss of
tractor control that is most apparent with the B- or C-trains. On the
high friction surface the A-train had the highest rearward amplification.
Because all three vehicles had similar roll thresholds, the A-train
double is the most vulnerable to rear trailer swing or rollover in a
dynamic manoeuvre. Again, because of a lack of feedback from the rear
tratler to the driver, it is more likely that the driver of an A-train
will approach the point where loss of control fs Tikely than will the
driver of a B-train or the corresponding C-train.
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7/ COMPUTER SIMULATION

The University of Michigan Transportation Research Institute (UMTRI)
yaw/roll model [18] was installed on the HP-1000 computer used in the
ground station for data processing. The program was extended to simulate
a triple trailer combination and was updated to include an improved
B-dolly model developed by UMTRI, so that all vehicles tested could be
simulated with the same program. Details of the internal computation
were also medified to achieve run times no more than 25% the duration of
those for the original program, and in most cases much less.

The properties of vehicle unit suspensions were available from parametric
measurements made by UMTRI, as were tire properties [19]- The geometric
properties of vehicles were measured, and mass properties were determined
by a process of weighing and calculation. By this means, data sets were
prepared that were representative of the vehicles as they were actually
tested.

The program was also modified to read the steer input measured during a
test run and the initial conditions for some other model degrees of free-
dom from the test data. It then integrated the equations of motion,
computed responses of interest at the measurement Tocations on the test
vehicle, and stored those responses in a data file having the same format
as that containing the responses measured in the test. The test and
simulation results could, then, be directly compared.

This test program consisted of standardized tests of nine vehicles of
different configurations. It provided an opportunity to exercise com—
puter simulation techniques over a wide range of cases. The objective
was to demonstrate that computer simulation could represent a vehicle's
response in a specific manceuvre and the trend in response characteris-
tics over a range of manoeuvres. The program data were set up to be as
representative as possible of the actual vehicle tested, using generic
data where directly measured data were not available. This work was not
a@ validation of the computer model.

Computer simulation was conducted for all vehicles in the loaded condi-
tion for the following tests on a high-friction surface:

i/ sinusoidal steer

2/ lane change

3/ steady circular turn
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All venicles showed good agreement between the simulation and test
results in the sinusoidal steer. However, it was found necessary to
modify the tractor drive axle tire characteristics for the B-train simu-
lation to match the test results as well as the other five vehicles did.
This modification was considered acceptable because no measured data were
available for these tires, so essentially the simulation provided a tool
whereby the tire characteristics could be approximated. This tire modi-
fication was found essential for all vehicles if the simulation was to
matcn the test results in the steady circular turn.

This work showed that the computer simulation could produce quite reason-
able agreement with test results for this range of vehicle configurations
and conditions, both for individual runs and as a trend over a number of
runs., This agreement was obtained using generic tire and suspension data
with accurate geometric and mass data. Better agreement with individual
runs could, perhaps, have been achieved by "tuning" the data. However,
since many of the deviations were of the same order as differences be-
tween test runs, such effort did not appear warranted. If anything,
differences between simulation and test results for individual runs
raised more questions about interpretation of the test data than the
credibility of the simulation.

A detailed summary of this work is presented elsewhere [10].
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8/ CONCLUSIONS

The CCMTA/RTAC Vehicle Weights and Dimensions Study selected a bhaseline
vehicle to represent each of six major truck configurations: the tractor-
trailer; A-, B- and C-train doubles; and A- and C-train triples. The
Ontario Ministry of Transportation and Communications subjected each of
these baseline vehicles to a standard series of tests for turning; the
air brake system; lateral/directional and roll stability; trailer sway;
and a demonstration of straight-line braking.

Vehicle turning performance depends primarily on trailer length and the
number of trailers. It is not strongly dependent on the method of hitch-
ing. As trailer length or number of trailers increases, so does the
space required to make turns.

Air brake system performance depends on the number of vehicle units and
selection and installation of components.

iaterai/directional stability is strongly dependent upon vehicle config-
uration. The semi was the most stable, doubles were more stable than
triples of similar configuration, and B- or C-trains were more stable
than the A-train. This ranking follows the number of articulation points
-- the more articulation points, the lower the stability.

Ro11 stability in a steady turn is essentially independent of vehicle
configuration where vehicles have the same suspension, axle load, and
centre of gravity height. Roll thresholds in the steady turn agreed well
with those found in a tilt test.

An extensive computer simulation showed that responses of all vehicles
could be predicted quite well, both for individual runs and as a trend
over a number of runs.

The specific results presented here apply to the vehicles tested for the
particular test conditions. Results different in some respects might be
expected for other vehicles or test conditions.



- B _

9/ REFERENCES

[1] "Vehicle Weights and Dimensions -- Bridge Capacity Study," Roads and
Transportation Association of Canada, 1980.

[2] Ervin, R.D., "A Survey of the Characteristics of Equipment in the
Canadian Trucking Fleet," Interim Technical Report No. 1, Yehicle
Weights and Dimensions Study, Roads and Transportation Association
of Canada, Ottawa, November 1984.

[3] Billing, J.R., Mercer, W., and Stephenson, W.R., "Procedures for
Test of Baseline and Additional Vehicles," Ontario Ministry of
Transportation and Communications, Transportation Technology and
Energy Branch, Report CV-86-01, June 1986.

{4] Billing, J.R., and Mercer, W., "Demonstration of Baseline Vehicle
Performance: 45 ft Semi," Ontario Ministry of Transportation and
Communications, Transportation Technology and Energy Branch, Report
CV-86-02, June 1986.

{5] Billing, J.R., and Mercer, W., "Demonstration of Baseline Vehicle
Performance: A-Train Double," Ontario Ministry of Transportation
and Communications, Transportation Technology and Energy Branch,
Report CY-86-03, June 1986.

[6] Billing, J.R., and Mercer, W., "Demonstration of Baseline Vehicle
Performance: B-Train Double," Ontario Ministry of Transportation
and Communications, Transportation Technelogy and Energy Branch,
Report CV-86-04, June 1986.

[71 B8i11ing, J.R., ang Mercer, W., "Demonstration of Baseline Vehicle
Performance: C-Train Double," Ontario Ministry of Transportation
and Communications, Transportation Technology and Energy Branch,
Report CV-86-05, June 1986.

{8] Billing, J.R., and Mercer, W., "Demonstration of Baseline Vehicle
Performance: A-Train Triple,” Ontario Ministry of Transportation
and Communications, Transportation Technology and Energy Branch,
Report CV-86-06, June 1986.



- 56 =

[81 Bi1ling, J.R., and Mercer, W., "Demonstration of Baseline Vehicle
Performance: C-Train Triple," Ontario Ministry of Transportation
and Communications, Transportation Technology and Energy Branch,
Report CV-86-07, June 1986.

[10] iam, C.P., and Billing, J.R., "Comparison of Simulation and Test of
Baseline and Tractor-Trailer Vehicles," Ontario Ministry of
Transportation and Communications, Transportation Technology and
Energy Branch, Report CV-86-11, June 1986.

[11] Bi11ing, J.R., Mercer, W.R.J., Lam, C.P., Wolkowicz, M.E., and
Stephenson, W.R., "Tests of a B-Train Converter Dolly," Ontario
Ministry of Transportation and Communications, Transportation
Technology and Energy Branch, Report TVS-LV-82-111, June 1986.

L12] Delisle, G., “Investigating Articulated Vehicle Ro1l Stability Using
a Tilt Table,” Vehicle Weights and Dimensions Study Final Technical
Report, Volume 7, Roads and Transportation Association of Canada,
Ottawa, July 1986.

L13]1 Heald, K., “Use of the WHI Offtracking Formula," Paper presented at
Transportation Research Board Symposium on Geometric Design for
Large Trucks, Denver, August 1985.

[14] Radlinski, R.W., and Williams, S.F., “NHTSA Heavy Duty Vehicle Brake
Research Program Report No. 5: Pneumatic Timing," National Highway
Traffic Safety Administration, Interim Report, DQT HS 806 897,
December 1985.

[15] Mercer, W.R.J., Billing J.R., and Wolkowicz, M.E., "“Test and
Demonstration of Double and Triple Trailer Combinations.” Ontario
Ministry of Transporation and Communications, Transportation
Technology and Energy Branch, Report TVS-CV-82-109, August 1982.

[16] Billing, J.R., Wolkowicz, M.E., and Stephenson, W.R. "Air brake
System Compatibility and Timing for Commercial Vehicles," Ontario
Ministry of Transportation and Communictions, Transportation
Technology and Energy Branch, Report TT-CY¥-84-104, December 1984.



- 57 -

[17]1 Ervin, R.D., Nisonger, R.L., MacAdam, C.C., and Fancher, P.S.,
*Influence of 3ize and Weight Variables on the 5tability and Control
Properties of Heavy Trucks,® University of Michigan Transportation
Research Institute, Report UMTRI-83-10 (3 volumes), March 1983.

18l Gillespie, T.D., and MacAdam, C.C., “Constant Velocity Yaw/Roll
Program: Users Manual," University of Michigan Transportation
Research Institute, Report IMTRI-82-39, October 1982.

L19] Ervin, R.D., and Guy, Y., "The Influence of Weights and Dimensions
on the Stability and Control of Heavy Duty Trucks in Canada,"
Vehicle Weights and Dimensions Study Final Technical Report, Volume
2, Roads and Transportation Association of Canada, Ottawa, July
1986.



Figure 1/ A5 ft Semi, View of Vehicle
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“Figure 3/ A-Train Double, View of Vehicie
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Figure 4/ a-Train Double, vehicle Dimsensions






Figure 7/ C€-Train Double, view of Vehicle .
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Figure 8/ C-Train Double, Vehicle Dimensions
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Figure 11/ C-Train Triple, View of Vehicle
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Figure 12/ C-Train Triple, Vehicle Dimensions
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Figure 20/ C-Train Triple, Right-Hand Turn

Figure 21/ C-Train Triple, Channelized Right Turn
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Figure 26/ A-Traln Triple, Evasilve Nanoeuvre
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Figure 30/ B-Train Double, Lane Change

Figure 31/ a-Train Triple, Lane Change



Figure 32/ &5 ft Semi, Steady Circular furn
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ABSTRACT

A substantial program of full-scale heavy truck dynamic testing was
undertaken in 1985 on pehalf of the COMTA/RTAC Yehicle Weights and
Dimensions Study by the Ontario Ministry of Transportation and
Communications. Six baseline vehicle configurations and one four-axie
semitrailer configured to provide three additianal vehicle configurations
were tested.

This report presents detailea infermation on vehicle preparation, test
procedures, data prccessing, and other factors common to the test of the
nine vehicle configurations. It supplements the individual vehicle test

reports, which only discuss procedures which differ from the standard
ones described here.
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1/ INTRODUCTION

The CCMTA/RTAC Yehicle Weights and Dimensions Study js examining the
effects of weight ana adimension parameters on heavy truck stability and
control, and on pavement response. The objective is to compile technical
information that, with an earlier study of the effects of heavy trucks on
bridge loaaing [1], woula provide a basis for the provinces to amend
their truck weight and dimension requlations. The goal is to simplify
interprovincial trucking through greater uniformity in these

reguiations.

The truck population of Canada was surveyed, and six generic families
were definea basad on the number of trailers and hitching methods. One
vehicle in common use in at least some provinces was defined as repre-
sentative of each family and designated as the baseline vehicle configur-
ation. Additional venicles of interest were also aefined. The Ontario
Ministry of Transportation and Communications {MTC) was asked to test the
six paseline vehicles and a four-axle semitrailer that could be config-
ured to provide three additional vehicle configurations.

This report describes the test procedures eémployed in the tests of these
vehicles. It presents those portions of the test program which were
common to The test of all vehicles. It supplements the detailed test
reports of each venhicle [2-10] and the summary report [11].
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2/ TEST OBJECTIVES

Six paseline venicle configurations, which are all in common use in some
Canadian provinces, were defined. Each baseline vehicle served as a
yardstick against which variations in weight, dimension, or equipment
measures. These TESTs would be used as a Dackgrouna” to chipiement wne

finaings of the computer simulation. Test manceuvres were conducted O
examine the following:

# turning performance;

e the air brake system;

e lateral/directional stability characteristics of an empty vehicle on a
low-friction surface, with and without braking;

s Jateral/directional response characteristics of a loadea vehicle on a
nign-friction surface;

e steady-state roll characteristics of a loaded vehicle on a high-
friction surface;

e dynamic stapility characteristics of a loaded vehicle on a high-
friction surface;

s trailer sway.

Several additional vehicle configurations were also defined, three of
which were also subjected by MTC to exactly the same tests as the base-
line vehicles. The objective of these tests was to highlight the charac-
teristics of interest of these particular vehicles, again, to complement
the computer simulation.

A secondary objective was to conduct computer simulations using the mea-
surea test inputs and actual vehicle unit properties to demonstrate that
simulation can represent vehicle responses for a wide range of vehicles

and test manoeuvres.
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3/ TEST VEHICLES

The set of venicles to be tested was defined and provided to MTC. The
baseline vehicle configurations are shown in Figure 1, and the additionai
vehicle configurations are shown in Fiqure 2. Detalled information on
each venicle may pe found in its own test report [2-10]. The baseline
venicles are also described in a summary report [11].
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4/ TEST SITES
4.1/ MTC Commercial Vehicle Test Facility (Centralia)

Empty vehicle, low-friction surface tests were conducied at the Ministry
of Transportation and Communications (MTC) Commercial Venicle Test
Facility (Centralia}. This test facility 15 located at Huron Industrial
Park, Centralia, 45 km (28 mi) north of London, Ontario. The test ftrack,
shown in Figure 3, is a former airfiela runway 1000 m Tong by 50 m wide
(3281 py 164 ft). It has a test area, approximately 350 m (1148 ft)
long. of smooth asphalt, with a smooth approach 150 m {492 ft} long. The
test area includes a high-friction surface 150 m (492 ft} Tong with a dry
skid number of about 96, and a low-friction surface 200 m {656 ft) long
with a wet skid number of about 18 to 24. A sprinkler system is used for
continuous wetting of this surface. There is also a curved entry, radius
86.7 m {284.4 ft), into the low-friction surface. Tne low-friction sur-
face is aputted by smooth shoulders so that total Joss of vehicle control
would result in the vehicle sliding off the test area. There is also a
low-friction lane on the approach, which can be used effectively to pro-
vide a split-friction surface, Vehicle speed through the high-friction
test area is limited by the available approach length and tractor power
to about 75 km/h. Speed through the low-friction test area is limited to
about 60 km/h, to avoid hazard if the vehicle should spin after the safe-
ty cables become engaged as a result of loss of control.

The test facility also has about 2000 m2 (21 529 ft2) of work space for

vehicle preparation and storage. It includes basic shop facilities, an

alectronics lap, office space, and a ground station for data acquisition
ang processing.

4.2/ Transport Canada Motor Vehicle Test Centre (Blainville)

Loaded-vehicle, hign-friction surface tests were conducted at the
Transport Canaaa Motor Vehicle Test Centre, located at Blainville,
Quepec, 35 km {22 mi) north of Montreal. Tnis facility was maae avail-
able for tne study by Transport Canasa. The centre nas a 6.5 km (4 mi)
high-speed track, with high-speed entrance to and exit from the large
vehicle aynamics area (VDA), as shown in Figure 4. The section of the
VDA parallel to the hignh-speed track is about 400 m (1317 ft) long. The
ASTM E274-77 dry pavement skid number of the VDA at 72 km/h and 30°C is
apbout 90.
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venicle tests conducted by the ministry were confined to the high-speed
track ana the vDA. In addition, tilt tests were conducted by others,
using a tilt table installea at Blainville for the study [12].
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5/ TEST PROGRAM

5.1/ vehicle Preparation

Two tractors were used as power units for all combinations. A 1976
Freightliner 6x4 was used for all except two turning tests. A 1974 4x2
International Loadstar was useq for these tests.

The MTC Freightliner shown in Figure 5 has been used in many previous
test programs and was already fully instrumented for the requirements of
these tests. It is a cab-over-engine type with integral sleeper, powered
by a Detroit Diesel V-12 engine rated at 465 php at 2100 rpm. The front
axle is rated at 8182 kg (18 000 1b)}, and the tandem drive axles use &
Henarickson RTE-440 walking beam suspension rated at 20 000 kg

(44 000 1b). The wheelbase is 4.40 m (174 in}, the tandem axle spread is
1.83 m (72 in), ana the drive axle wheel track is 2.44 m {96 in). The
fifth wheel is installed 0.20 m (8 in) forwara of the midpoint of the
drive tandem. The normal operating weight of the Freightliner was about
9790 kg (21 540 1b), including driver and typical quantities of fluiags.
The Freightliner is somewhat atypical of late-model tractors used in
interprovincial trucking, where the typical front axle rating is 5455 Kg
{12 000 1b), drive tandem spread is 1.52 m (60 in), and weight is 7730 to
8409 kg (17 QOO0 to 18 500 1b).

The front axle used Michelin XZA radial tires, load range G, size
11R24.5, and the drive axles used Michelin XM+54 radial tires, load range
G, size 11R24.5. The tires were inflated to the manufacturer’'s recom-
mended pressure of 689 kPa (100 psi) for the tire full ratea load. This
pressure was used for all tests. It represents the common practice of
not reducing tire pressure when the truck runs empty. Tires were
jnstalled new and used continuously for tests with various combinations
until apout half the drive axle tire tread had been consumed. At this
paint, they were replaced with tires from the same production batcn as
the ariginal tires for the palance of the test program.

The MTC International Loadstar shown in Figure 6 was used for two turning
tests because it allowed the Freightliner to be available for other tests
and vehicle preparation activities critical to the test schedule. This
tractor is not typical at all of tractors which would haul the test
trailers in interprovincial trucking. However, with a 3.8t m (150 in)
wheelpase, and a fiftn wheel 0.15 m (6 in) forward of the drive axle, its
turning characteristics were regarded as sufficiently close to those
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of the Freightliner that the substitution was acceptable. Other specifi-
cations of this tractor are irrelevant to the test program and, there-
fore, are not presented,

The test trailers were equipped with the following:
e new tires

outriggers

safety cables

instrumént packages

1oad

A1l trailers and converter dollies used Michelin XZA radial tires, load
range H, size 11R22.5, from the same production batch. The tires were
installed new and inflated to the manufacturer's recommended pressurec of
689 kPa (100 psi) for the tire full rated load. Tires were run a vari-
aple distance pefore the test, ranging from zero for two airlift axles
and three dolly axles to 500 km (350 mi) for vehicles whose first test
was at Blainville. Once installed on a vehicle unit, tires were not
changed. Thus, vehicle units used for more than one vehicle configura-
tion experienced progressive tire wear as the tests proceeded. HMost
trailer tires showed little wear as a consequence of the tests, although
some did experience severe wear in unusual patterns. However, no tire
wore anywhere close to typical rejection limits.

Detachable beam-type underslung outriggers were specially designed, and
three sets were fabricated for these tests. The outrigger consisted of a
centre section which clampea to a trailer's frame rails and was bolted
through the geck around tne frame rails. Extension sections were pin
jointed to the centre section. Each extension had a wheel fitted with a
super single tire. Wneel heignt was adjustable to compensate for differ-
ent ground clearances of trailer frame rails. The outrigger assembly is
shown in Figures 7 and 8. The van-type trailers used in the triple com-
pinations were basically monocoque construction and required an adapter
to be mounted beneath the floor subframe, forward of the stub chassis, to
accept and distribute outrigger loads. The outriggers were bolted to
this adapter and secured by the triangulated tension chains, which
reacted longitudinal lecad at outrigger touchdown, as seen in Figure 8.
Gne of two pairs of conventional frame-type outriggers already available
to MTC was used with the four-axle semitrailer that made up the aaaition-
al vehicle configuration, as shown in Figure 9. Both sets of outriggers
were set with a ground clearance of 0.26 to 0.30 m {10 to 12 in}, which
corresponas to a trailer roll angle of 6 to 7° at outrigger touchdown.
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Some Tocal strengthening of flatbed trailers was conducted s¢ that the
structure could resist touchdown loads without permanent deformation.

High-speed dynamic testing of combination vehicles on a low-friction
surface carries the hazard of tractor or dolly jackknife, or trailer
swing. To prevent damage from such loss of control, high-strength
praided wire safety cables were installed between each consecutive pair
of venhicle units to limit articulation angles to about 20°. The
Freightliner nad an auxiliary frame holted to its frame rails for attach-
ment of safety cahles. Heavy-gauge steel c¢levis brackets were welded
onto each trailer ana dolly at appropriate locations to mount the articu-
lation limiting caples. A typical safety cable installation is shown in
Figure 10.

Each vehicle was tested nominally empty, which was without payload but
equipped with instrumentation, outriggers, and safety cables. Each
trailer, therefore, weighed about 1500 to 1800 kg (3300 to 4000 1b) more
than it would on the highway.

Each vehicle was alsc tested at one nominal gross weight. This gross
weight was achieved by loading trailers with concrete blocks,

b3.3 x 70 x 121.9 cm (21 x 24 x 48 in) in size, weighing about 936 kg
(2060 Tp) each. Blocks were tightly secured with chains. It was speci-
fied in the study that the front axle load on all combinations not exceed
6000 kg (13 200 1p) and that all other axles he loaded to approximately
8000 kg (17 600 1b). Blocks were lcaded in groups of one or two layers.
Longituainal ang vertical location of the loaded trailer centre of grav-
ity, and its roll and yaw moments of inertia, depended upon the trailer
construction, number of axles, type of outrigger used, and load block
locations.

Before testing, the vehicle was assembled in its test configuration, and
the following additional measures were taken:

The vehicle was checked for geperal mechanical fitness.

Brake slack was checked and adjusted as necessary.

Tire inflation pressure was set.

Relevant vehicle dimensions were measured.

The venicle was weighea by axle, empty and loaded.

Detaiied measurements and an inventory of trailer structural numbers,
fittings, and oTher cOmMpOnents were made.

Instrumentation was installed, as described in Section 5.2.

e 5till photographs and video were taken of the vehicle as a whole, parts



-9 -

thereof, and instrumentation installations.
5.2/ Instrumentation

The MTC Freightliner has been used in many previous Test programs. It is

equipped To measure the following dariver inputs and vehicle responses:

road wheel steer angle;

speed;

distance travelled;

brake on/off;

brake treadle valve pressure;

brake chamber pressures;

roll, pit¢h, and yaw angles;

roll, pitch and yaw rates;

longituainal, lateral, and vertical accelerations measured from an

inertial platform;

e lateral load at the fifth wheel;

e precise speed and position measurements, using an optical sensor;

e others, not required for this test program, such as steering wheel
angle and rate, other wheel speeds, etc.

Integral to the instrumentation package was the Humphrey Model
CF18-0907-1 airectional gyroscope, shown in Figures 11 and 12. It con-
tains three angular rate transducers to give the roll, pitch, and yaw
angular rates; three directional gyroscopes that provide the roll, pitch,
and yaw (or heading) angles; and a stabilized inertial platform on which
accelerometers are mounted to measure the three linear accelerations.

For these tests, only yaw rate, roll and yaw angles, and longitudinal and
lateral accelerations were recorded, At the start of a test run, the
inertial platform is “caged” or locked to 1ts support frame. At some
initial point, it is "uncaged” or released. The initial output from the
package, therefore, represents the vehicle attitude as zero, and subse-
quent outputs through the run are all relative to this initial situation.
All tests were conducted so that the vehicle was travelling initially at
a steady speed in a straignt line, to the greatest extent possible. The
1inear accelerations were essentially true values measured parallel to
the vehicle position at the instant the gyroscope was uncaged. As the
vehicle moved through a run, these outputs reflected any vehicle attitude
changes due to the ground, such as changes in grade or crossfall and
vertical curvature. Corrections may be necessary for this, as described
in Section 5.5. Tne rate transducers have a resolution of 0.01%/s. The
directional gyroscopes have a nominal resolution of 0.09" and an accuracy
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of 0.25°, which is the tolerance of the gyroscope alignment controller.
The yaw gyroscope darifts steadily because of the rotation of the earth
and is dependent upon latitude of the test site and vehicle heading.
This was also corrected, as daescribed in Section 5.5.

Road wheel steer angle was measured using a Spectrol model 139-0-0-502
continuous film rotary potentiometer with essentially infinitesimal reso-
lution. It was mounted on the steering kingpin bushing of the left front
wheel, to measure rotation of the spindle relative to the bushing. This
measurement was used directly as the steer angle, without any correction
for caster, camber, or Ackerman effect.

The Drake light switch was used to provide brake on/off status. This was
converted to a single bDit and includea with other vehicle status aata in
a aigital wora output by the data acquisition system, as described in
Section 5.4.

Brake treadle valve pressure and pressure in the left brake chamber of
the lead axle of the tractor drive tandem were measured using Celesco
Moae]l PLC-200G pressure transducers.

venicle speed was measured using an Airpax Model 087-304-0044 zero veloc-
ity magnetic pickup, which counted the passage of notches in the brake
drum of the right front wheel. There were 60 millea notches in the drum.
A tachometer signal conditioning card providea a continuously varying
voltage proportional to notch passage rate. The cumulative notch passage
count was also conditioned to provide a continuously varying voltage
proportional T6 distance travelled. Wnen the voltage reached full scale,
it automatically reset to minus full scale. The output resulting from
driving at a steady speed, therefore, was a continuous inverted N wave.
Both these measurements were calibrated by marking the bottom of the
right front tire with chalk, driving the vehicle forward slowly for
exactly 10 wheel revolutions, and then measuring the distance travelled.

Lateral load at the tractor fifth wheel was measured using a fifth wheel
specially moaified by MTC, as shown in Figure 13. A long trunnion bar
was obtained, and the fifth wheel mounts were modified to accept two
cylindrical load cells which were specially fabricated and calibrated by
the MTC Research Laboratory. The load cells were captured between the
fifth wheel pillow blocks and the retainers by nuts which tensioned the
trupnion bar, as shown in Figure 14. A compressive preloaa of about
22.3 kN {5000 1p) was put into each load cell. The load cells,
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therefore, gave an output proportional to trailer lateral load parallel
to the Tifth wheel trunnion bar. A load to the right would increase the
left loaa cell output and correspondingly reduce the right load cell
output. It was founa that changes in vertical and longitudinal load, ana
perhaps roll moment, resulted in bending of the trunnion bar, which
increasea the output of each loaa cell. Net lateral load, therefore, was
obtaineda from the mean difference of the individual lcaa cell calibrated
outputs.

The tractor was equipped to engage the instrumentation either by an auto-
matic or a manual start that uncaged the gyroscope package, initialized
the aistance counter, commanded the data acquisition system through a
calibration sequence, and finally returned it to data status. The auto-
matic start wds triggered py means of a downward facing optical sensor
peneath the tractor, which responded to reflectea Tight from the ground
beneath. A highly reflective tape marker was placed on the ground a
syitable distance aheaa of the point where the test manoeuvre was 1o be
made. This meant the data sequences for similar runs were alike, which
simplified the aevelopment of computer data processing. Since the opti-
cal sensor would trigger on any reflective surface, it was normally inac-
tive and was armed by the driver on the final approach just before the
starting marker.

Each trailer was instrumented to measure the following basic responses:
articulation angle

# latera) acceleration

# roll angle

® outrigger touchdown

Articulation angle of the lead trailer relative 1o the tractor was mea-
sured by means of the Celesco Model DV-301-150 pull-cord transducer shown
in Figure 15. The transducer was fixed on the right-hand side of the
tractor, and the pull cord was extended to clip on the left front corner
of the trailer. Articulation of the trailer resulted in extension or
retraction of the pull cord. The transducer providec a voltage output
praoportional td the pull-cord extension. Because trailer geometry
varied, it was necessary to calibrate articulation angle against trans-
ducer output for each trailer. The procedure for this was as follows:
1/ Park the vehicle in a straight line on a level surface.
2/ Measure distances AE, ED, BE, and £C in Figure 16, with the trailer
straight.
3/ Zero the transducer conditioned outputs.
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4/ Record transducer positive and negative full-scale electronic
calibrations.

5/ Measure distances BD and CD in Figure 16.

6/ Drive forward some distance, steering to the left, until transducer
output is avout 10% of full scale, then record transducer conditioned
output and distances BD and CD.

7/ Repeat step 6 for aaditional increments of 10% of full scale until
full scale is reached, then steer to the right until full scale to the
right is reached, then return to a straight line.

8/ Compute articulation angles from the geometric measurements and obtain
a nominal full-scale calibration for articulation angle from the slope
of a least squares linear fit of articulation angle to transducer
conditioned cutput.

Because articulation angles were limited to about 20° by the safety
caples, all calibrations were linear within the resolution of the trans-
ducers and date acquisition system.

Articulation angle of other trailers relative to a towing unit was
optained by direct measurement, using a Spectrol model 140-0-0-502 small
rotary potentiometer set inside a powerful permanent magnet. Because all
towing units nhad fifth wheels without & continuous trunnion bar, there
was space to mount the magnet directly onto the bottom of the trailer
kingpin. A nole was drillea through the front flange of the fifth wheel,
and a wire reference arm was put through the hole and fasteped to the
potentiometer rotor. An installation is shown in Figure 17. The poten-
tiometer measured trailer articulation angle directly and, because of the
wire arm location, was insensitive to longitudinal bumping of the trailer
caused by free play of the kingpin in the fifth wheel jaws. Resolution
of the potentiometer was 0.5°. The magnet used for this installation was
an Eriez No. 277 with a clamping force of 44.5 N (160 oz) and a weight of
only 57 g (2 0z). The magnet was powerful enough not only to remain
attached to tha greasy kingpin, but also to stay fixed in position,
through some rather violent manoguvres.

Lateral acceleration was measured with a Columbia Model 5A-107 accelero-
meter mounted to the deck of the trailer. Unlike lateral acceleration of
the tractor, which was measured from an inertial platform, this trans-
ducer was sensitive to roll of the trailer and measured a component of
the gravitational acceleration due to roll. This was corrected, as
described in Section h.h.



- 13 -

Trailer roll angle was measured using a Humphrey Model vM(02-0128-1 ver-
tical gyroscope, the same model that was built into the gyroscope package
in the tractor. The exception was the rear trailer of the triple combin-
ations, where a Humphrey Model RT03-0802-1 rate transducer was installed,
also the same model built into the tractor gyroscope package. Roll angle
of this trailer was computed by integration of roll rate.

An outrigger touchdown indicator was set up by strain gauging the tabs to
which the outrigger tension chains were attached, as shown in Figure 18,
When an cutrigger touched down, the change in chain tension resulted in a
strain response offset., Left and right outriggers were rigged in a sin-
gle channel so that right-side touchdown resulted in a positive response
ana left-side touchdown resulted in a negative response. However, these
signals ware noisy, tended to drift, and were ultimately not needed
pecause the roll angle characteristic response gave a good indication of
outrigger touchdown.

Adaitional Celesco model PLC-200G pressure transducers were installed in
brake chambers of trailers and dollies for the brake tests, as shown in
Figure 19. Generally, one transducer was installea for each axle of the
trailer.

A single package containing the accelerometer and roll gyroscope, signal
conditioning, multiplexer, and power supply contained the bulk of the
instrumentation for each trailer. This package was mounted on the deck
of the trajler miaway between the kingpin and the centre of the trailer
axles. It is shown in Figure 20, and its contents are shown in

Figure 21.

Each A-dolly was instrumented to measure the hitch articulation angle by
means of a Spectrol model 140 rotary potentiometer set inside a powerftul
permanent magnet, and a8 flexiple reference arm, as shown in Figure 22,
Each B-aolly was instrumented to measure its axle steer angle by means of
a Spectrol model 139 rotary potentiometer, as shown in Figure 23. Each
dolly also had an accelerometer installed to measure lateral acceleration
at a point close to the trailer Kingpin.

The data acquisition system described in Section 5.4 had a capacity of 42
channels, of wnich up to 36 were used. Fourteen channels were allocated
to the tractor multiplex system for the entire test program. Ten chan-
nels were allocated to the multiplex system in the instrument pox on the
lead trailer, of which three were used for dynamic data; five, for
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pressure transaucers used during brake tests; and two spares. Twelve
channels were allocated to the multiplexer in the box on a second
trailer, and for triples the third trailer transducers were wired into
this pox. The triples, therefore, used almost the full capacity of the
multiplex system, and every other vehicle tested used a subset of the
data channels, depending upon its configuration. The location and type
of instruments and their allocation to the multiplex system are all pre-
sented in Table 1. Channels 1 to 17 and 20 to 24 were used for semi-

trailers; channels 1 to 32 were used for doubles; and all 36 channels
were used for triples.

5.3/ Detailed Test Procedures

The tests and demonstration conducted on all test vehicle configurations
are broken down into four categories:

1/ Stationary
» Air brake system
* Tilt test

2/ Low-5Speed Turns
e« Steady-state offtracking
e Right-nand turn
# Channelized right turn

3/ Low-Friction Dynamic, Empty Vehicle
a Straight-line braking demonstration
¢ Evasive manoeuvre

47 High-Friction Dynamic, Loaded Vehicle
Sinusoidal steer

Lane change

Straight-line driving

Steady circular turn

Tne following subsections present the rationale for each test and provide
dgetails of the procedure followed. The output expected from each test s
presented in the corresponding subsection of Section 5.5, where details
aof the data processing are ajiscussed.

For all driving tests where & sequence of runs at increasing speeds was
required, speeds were selected that resulted from the driver using full
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Full Scale

38.7°%/s
0.974 g

104.8 km/h
56.3 m/ramp
9890 1o

10290 1b
100 psi

99.80 psi
0.996 g

17.73%
Varies
0.995 g

8.90°

1.0 v
25.0°
0.99 g
104.96 psi
101.06 psi
102.07 psi
101.93 psi
106.79 psi

22.8°
0.980 g

8.91°
1.0 v
25.0°
0.993 g
22.7°
0.986 g

80.85%/s

No Measurement Instrument
e A e mm e —————— Fom s m————————— Tt ————
1 Tractor steer angle Spectrol 139 potentiometer
2 Tractor roll angle Humphrey CF18-0907-1
gyroscope package
3 Tractor lateral acceleration kistler 3038 accelerometer
4 Tractor yaw rate Humphrey RT03-0502-1
angular rate transducer
5 Tractor longitudipal acceleration Kistler 3038 accelerometer
6 Tractor speed, aile 1 right Airpax 087-304-0044 zero
velocity magnetic pickup
7 Tractor distance, axle 1 right Airpax 087-304-0044 zero
velocity magnetic pickup
8 Tractor fifth wheel loead,
lett-hand siae MTC loaa cell
9 Tractor fifth whael locad,
right-hana side MTC load cell
10 Tractor treadle valve pressure Celesco PLC-200G
11 Tractor brake pressure,
axle 2 Left Celesco PLC-200G
12 Tracter lateral acceleration
at fifth wneel Columbia SA-107 accelerometer
13 Tractor yaw angle Humphrey CF18-0807-1
gyroscope package
14 Trailer 1 articulation angle Celesco pull cora DV-301-150
15 Trailer 1 lateral acceleration Columbia SA-107 accelerometer
16 Trailer 1 roll angle Humphrey W02-0128-1
vertical gyroscope
17 Trailer 1 outrigger touchdown Strain gauge hriage
18 Dolly 1 nitcn angle Spectrol 139 potentiometer
19 Dolly 1 lateral acceleration Columbia SA-107 accelerometer
20 Brake pressure, axle 4 right Celesco PLC-2006
21 Brake pressure, axle 5 right Celesco PLC-200G
?2 Brake pressure, axle 6 right Celesce PLC-200G
23 Brake pressure, axle /7 right Celesco PLC-200G
24 Brake pressure, axle 8 right Celescoe PLE-200G
25 Spare
26 Spare
27 Trailer 1 articulation angle Spectrol 140 potentiometer
28 Trailer 2 lateral acceleration Columbia SA-107 accelerometer
29 Trailer 2 roll angle Humphrey WO02-0128-1
vertical gyroscope
30 Trailer 2 outrigger touchdown Strain gauge bridge
31 Dolly 2 hiten angle Spectrol 139 potentiometer
32 Dolly 2 lateral acceleration Columhia SA-107 accelercometer
33 Trailer 2 articulation angle Spectrol 140 potentiometer
34 Trailer 3 lateral acceleration Columpia 5A-107 accelerometer
35 Trailer 3 roll rate Humphrey RT03-05802-1 angular
rate transducer
36 Trailer 3 outrigger touchdown Strain gauge briage

1.0 v




- 16 -

throttle in the appropriate gear. The engine speed control then acted
as a limiter to hold speed to the required value. This was beneficial,
as manual speed control at the stability thresholds was difficult to
maintain because of vehicle cab vibration, extranecus aerodynamic and
inertial loading during an aggressive manoeuvre, and driver work load.
The actual controlled speeds used in the varjous tests were 34, 40, 47,
5%, &3, 72, 77, 80, 84, 89, and 94 km/nh. The nominal speeds used by the
ariver were in miles per hour and differed somewhat from the actual
values at the highest speed.

All tests except for the two right turns were conducted with outriggers
and safety cables installed.

5.3.1/ Offtracking

The interaction of large trucks with highway geometrics was not specifi-
cally included in the study. IT is, however, perhaps the most evident
manifestation of increasing truck size to the motoring public in urban
communities. Large trucks simply take more space and time to make turns
than smaller trucks ang, thus, appear to impede traffic. Three tests,
therefore, were added to illustrate the space requirements needed for
turns and to demonstrate the swepl paths.

Steaay-state offtracking is the most widely understood measure of the
turning capability of large trucks. In normal driving, however, a
sTeady-state offtracking situation woula only likely be encountered in a
270° cloverleaf turn on a freeway ramp. In many cases these ramps are
made up not of a principal circular arc with entry ana exit spirals, but
of several spirals and curves to accommodate the local space and terrain
requirements. Trucks using these less regular ramps may not reach a true
steady state. Nevertheless, steaay-state offtracking remains a useful
ranking of the space required to turn a large truck, though it may be
somewnat misleading for some Turns.

Steaay-state offtracking was determined by driving the loaded vehicle on
a high-friction surface at Jow speed, less than 5 km/h, in a circle of
radius 29.87 m (98 ft). The turn was made with the truck on the inside
of the circle with the tractor outer front wheel following the circumfer-
ence. The vehicle traversed the circle until steady-state offtracking
had been achieved and continued to about one full revolution. Measure-
ments were then taken from the centre of the circle to each axle's inner-
most tire. The test was repeated in the opposite direction to determine
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if axle or chassis misalignment affected the results.

Tnis test was conducted at Blainville, and the course is shown In
Figure 24.

Instrumentation was used for the test, mainly to measure the lateral load
at the tractor fifth wheel as the vehicle was driven through the man-
oeuvre. The axle spacings and loads on the trailers require the tractor
to apply a lateral lead to turn the combination through the manoeuvre
from straight line to full curve, The lateral load measured was
considered a measure of the trailer's resistance to turning. The load
was measured by the tractor fifth wheel transducer.

The following procedure was used to conduct this test.

Vehicle Preparation
1/ All instrumentation operational.
2/ Venicle loaded.

Test Area Preparation

1/ Sel out cones to mark the 29.87 m radius circle and a tangential entry
to the circle for each direction. Ensure there are suitable gaps for
vehicle entry and exit. Mark the entry point with an extra cone.

2/ Park the cherry picker, with the bucket on the diameter which approxi-
mately bisects the entry tangents ana is on the opposite side o the
entries.

Test Procedure

1/ Approach the entry tangent at low speed with the vehicle straight;
park with the tractor front axle on the tangent point and the wheels
inside the circle.

2/ Command start tape.

3/ Wait 2 s, then uncage gyroscope.

4/ wait 5 s, then proceea at low speed around the circle, with the trac-
tor outer front wheel tracking the circle.

5/ Stop after at least a full circle has been completed, with the off-
tracking of the last trailer maximally visible from the cherry
picker.

6/ Wait 5 s, then cage the gyroscope.

7/ Stop the tape.

8/ Measure the distance from the centre of the circle to the inner wheel
of each axle.
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9/ Measure the distance from the rear axle to the circle,

10/ videotape all runs from the cherry picker and other vantage points of
interest.

11/ Take still photographs of the vehicle final position.

5.3.2/ Right-Hand Turn

Tne 90° right-hand turn is probably the most demanding turning manoeuvre
for large trucks. In urban areas, or where there are low truck volumes,
small curh raaii are often found. When a long truck comes to such an
intersection, where the truck 15 too large to make the turn with a simple
steady steer input by the driver, There are two strategies available to
create more space for the turn. Either the driver can move to the left
of tne entry lanme to increase the raajus or anead ang intruge into lanes
peside the exit lane in the roadway into which the turn is being made.

In eitner case, the driver is using the space of other vehicles, which
increases the nazard of the turn. In the first case, it is possible that
the driver of a small vehicle also intenaing to@ turn right could misun-
derstand the truck driver's intention in the initial move to the left and
pecome Trapped to the right of the truck as it started to turn to the
right. This strategy is, therefore, considered undesirable. The second
strateqy also uses the space of other vehicles, but at least the presence
ana intention of the truck are clear throughout, and the truck driver
would not normally enter that space if oncoming vehicles were too close.

vehicle trajectory in a right-hand turn was evaluated using a 15 m

(49 ft) curb radius, with entry and exit lane widths of 3.66 m (12 ft),
as shown in Figure 25. This has been used in highway geometric design
standards for many years for turns from a two-lane two-way road into a
four-lane two-way road, where the vehicle may exit in the left-nana lane
rather than the right- hand lane. The driver's task is to approach the
turn in the entry lane and make the "best" turn possible to exit ulti-
mately in the curb lane. The “best" turn is a turn that in the opinion
of the driver and test director caused the rearmost axle right wheel to
track parallel and as close to the circumferential curb as possible. The
swept path of the tractor left front wheel, and rear trailer right rear
wheel, were marked with cones on the rays shown in Figure 26. When the
"hest” tuyrn was achieved, the positions of the marker cones were mea-
sured, and hence, the turn swept path was recorded,

This test was conducted at Centraiia. The MTC International tractor was
used as the power unit for all vehicles, and the trailers were empty. NO
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instrumentation was used on this test.

The following procedure was used to conduct this Test.

Yehicle Preparation
1/ Vehicle empty.

Test Area Preparation

1/ Survey the Turn and measurement rays and mark them on the ground with
spray paint.

2/ Set ouT the cones to mark the curb. Mark a start point at point 4 in
Figure 25.

3/ Provide a marker cOne near each measurement point.

4/ Park the cherry picker adjacent to the exit lane, with the bucket over
the exit lane stripe.

Test Procedure

1/ Approach the test area with the vehicle straignt; park with the front
axle of the tractor at the start point.

2/ When all are ready, make a right-hand turn to exit ultimately in the
exit lane. Do not move to the left out of the entry lane. Make the
“best” turn possible without running over the “curb.”

3/ Place a cone beside the left front wheel and the right rear wheel as
each passes over a measurement ray.

4/ Vviaeotape all runs from the cherry picker.

5/ Take still photographs.

6/ When the "pest" turn has peen achieved, measure the radii of inner and
outer swept path cones from the centre of the curb circle.

5.3.3/ Channelized Right Turn

The overall course, with islana geometry, is shown in Figure 26. This is
a typical nighway geometric design standard for use in urban areas, where
property presents a problem and speeds are low. The taper lengths assume
entry and exit roadway speea limits of 60 km/h. The turn might be super-
elevated and would have an advisory speed limit of 25 or 30 km/h. Vehi-
¢le trajectery in a channelized right-hand turn was evaluated using a

25 m (82 ft) curb radius with a channel width of 5.5 m (18 ft}. Entry
and exit lane widths were 3.66 m (12 ft)}, and deceleration and accelera-
tion taper lengths were 75 and 50 m {246 and 164 ft), respectively.

This test was conducted at Centralia, with the MTC International used as
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the power unit for all vehicles and the test trailers empty. No instru-
mentation was dsed for this test.

The following procedure was used T0 conduct this test.

Vehicle Preparation
1/ venicle empty.

Test Area Preparation

1/ Survey the turn, island, and measurement rays; mark them on the ground
Wwith spray paint.

2/ Set out the cones to mark the curb, island, and exit lane. Mark a
start point with an extra cone at point A of the course, shown in
Figure 26.

3/ Provide a marker cone near each measurement point.

4/ Park the cherry picker with a view down the entrance channel towards
the rear of the vehicle.

Test Procedure

1/ Approach the test area with the vehicle straight; park with the trac-
tor front axle at the start point.

2/ when all are ready, drive at low speed so that the tractor left front
wheel passes as close as possible to point B on the island bull nose.
Follow the island curb as close as possiple to point C in Figure 26,
then procesd into the exit lane.

3/ Place a marker cone beside the innermost right rear wheel of the vehi-
¢le as it passes near each measurement ray.

4/ Yideotape all runs from the cherry picker.

5/ Take still phorographs.

6/ Measure the clearance from the curb to the measurement cones.

This procedure results in measurement of the transient offtracking of the
vénicle during passage through the channel, with the tractor following
the most favourable line. In practice, there would be a gutter, perhaps
0.30 m (1 ft) wide on the left-nand side, which the driver would not
normally use, and the turn might well De made at a speed when the lateral
acceleration would tend to reduce the offtracking. Of course, in a con-
gestea traffic situation the turn could also be taken at a very low
speed.
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5.3.4/ Air Brake System

Balanceda braking of a combination vehicle requires that the brake systems
of all vehicle units be compatible so that pneumatic and torque batances
can be achieved at each axle. In addition, short brake application and
release times provide a brake system responsive to the driver's needs and
reduce stopping aistance and fuel consumption. Pneumatic balance and
brake timing are both determined by the details for the air brake system,
valves, and ptumping. Torque balance is determined by the founaation
brake characteristics and axle loads and is a much more complex subject.
A comprehensive treatment of the braking characteristics of combination
vehicles was beyond the scope of the study., The issues of air brake

system compatipility, however, are much more straightforward and could be
ilJustrated by two tests.

1/ Tne first test follows the style of 3AE Standard J982a for timing of
the air praxe system of a single vehicle unit. The test was, however,
applied to the entire venicle as an operational combination. It uses
a maximum rate brake application, with a regulated air supply at
689 kPa (100 psi). The time for the air pressure at each axle to
reach 414 kPa (60 psi) is aetermined. The inaividual pressures at
each axle are also founa. Pressure differentials can cause aiffer-
ences in torque between axles, affecting the overall brake balance.
Brake release times, which affect the drag on combination vehicles,
were also determined. This test is very aggressive, as the high pres-
sure gradients might, for instance, overcome "sticky"” valves that
would take a significant pressure differential to crack. This test
represents the rare emergency brake situation where maximum perfor-
mance is demanded.

2/ The second test was a service brake application, with treadle valve
travel limited to provide about 118 kPa (20 psi) with a 689 kPa
(100 psi) supply and a normal rate brake application. The timing and
pressure differentials in this test i1lustrate how the air system
behaves in normal use, the usual case.

The following procedure was used to conduct this test.

Yehicle Preparation

1/ Install a pressure transducer in the brake chamber or air hose of one
axle of tne group fed by each relay valve on each trailer and dolly.

2/ Supply tractor witn shop air, regulated at 689 kPa (100 psi).
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3/ Check brake strokes and adjust as necessary.

SAE J982a Test Procedure

1/ Select “steer period generator” (SPG) (described in Section 5.3.8}) to
8 5.

2/ Wnen all is ready, start tape, wait 2 s, then uncage gyroscope.

3/ Start SPG using the same hand as uncaged the gyroscope.

4/ wWnen ready 1ight sequence has been completed, apply mazimum treadle
valve, braking at maximum rate.

5/ Wnen SPG completes one-half cycle, after 4 s, release treadle valve.

6/ wnen SPG completes the full cycle, cage the gyrescopé.

7/ Stop the tape.

8/ Repeat three times.

Service Brake Application Test Procedure

1/ Install treadle valve limiting device and adjust such that maximum
availanle travel corresponds to 118 kPa (20 psi) on the dashboard
gauge.

?/ Select SPG to 8 s.

3/ when all is ready, start tape, wait 2 s, then uncage gyroscope.

4/ Start SPG using the same hand as uncaged the gyroscope.

5/ when ready 1ight sequence has been completed, apply treadle valve,
braking at a normal rate to the limit of available travel.

6/ wnen SPG completes one-nalf cycle, after 4 s, release treadle valve.

7/ wWhen SPG completes the full cycle, cage the gyroscaope.

3/ Stop the tape.

9/ Repeat three Times.

5.3.5/ Straight-Line Braking Demonstration

The action of braking an empty combpination vehicle 1o a halt on a low-
friction surface may result in loss of vehicle control 1f the wheels are
locked. The physical characteristics of current praking systems make 11
extremely aifficult te conduct rigorous tesis and abtain repeatable
results that can be generalized to other vehicles. A series of straight-
1ine stops was therefore conducted to demonstratée modes in which vehicles
may become unstable.

in this demonstration the vehicle was dariven at 47 km/h onto the wet
low-friction test area, which had an approximate skid numper of 20, and
prakea to a nhalt. A series of runs was conducted with increasing brake
application pressure until all wheels of an axle group locked. The



- 23 -

driver was allowed to steer as necessary to keep the tractor within the
traffic lane. Tne speed was high enough that incipient unstable behav-
iour was always evident, but it was not so high as to be unnecessarily
aggressive.

The primary results of this test were videotapes showing the vehicle's
respense to the braking input.

This test was conducted at Centralia. The following procedure was used.

Yehicle Preparation

1/ Deactivate tractor front axle brakes.

2/ Cneck brake strokes and adjust as necessary,
3/ Venicle empty.

4/ Hook up treadle valve pressure limiter.

Test Area Preparation

1/ Wet the low-friction test area.

2/ Place a cone at a suitable point adjacent to a marked Tane on the
test area. This cone will mark the brake application point.

3/ Place a marker so that the gyroscope can be uncaged 90 m (295 ft)
pafare the start cone.

4/ Park the cherry picker close to the approach and place the bucket as
high as possinle over the lane centreline.

Test Procedure
1/ Approach the test area at 47 km/h governed speed in a straight line.
2/ Start tape at least 2 s hefore start cone.
3/ uUncage gyroscope.
4/ Apply brakes with the treadle valve at the start cone, to the Timit
permitted.
5/ Do not steer uniess a potentially hazardous situation is developing;
then make a recovery.
6/ When the venicle has come to a stop, keep brakes on, wait 2 s, then
cage the gyroscope.
7/ Stop the tape.
8/ Videotape all runs from the cherry picker and other vantage points of
interest.
9/ Take still photographs.
10/ Start with a brake pressure of 103 kPa (1% psi).
11/ For each run, increase bDrake pressure by 34 kPa (5 psi).
12/ Run once only if there is no lateral/directionral instability. When
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instability occurs, repeat the run to determine if the mode is con-
sistent. Do not increase brake pressure after this. If the first
unstable run is too violent, make the subsequent runs with a somewhat
lawer brake pressure. Do not increase brake pressure past the point
where all axles are locking; if the vehicle remains in a straight
1ine at this point, note behaviour.

5.3.6/ Evasive Manoeguvre

This test 15 representative of an obstacle avoidance manoeuvre on a two-
lane, two-wady nighway, where the sudden appearance of an obstacle neces-
sitates a fast lane change to the left, then return to the original lane
to avoid oncoming traffic. The test course was laid out on a wet low-
friction surface, using marker cones as shown in Figure 27. The vehicle
was empty. Tne driver was instructed to approached the course at con-
stant speed and manoeuvre the vehicle through the gates, while maintain-
ing speed and control without contacting any of the marker cones. A
sequence of runs was conducted at increasing speeds until the venicle
became unstanle by tractor jackknife, trailer swing, or dolly Jjackknife,
or trailer response resultea a 1 m (3.3 ft) slide out of lane. Runs were
repeated when rasponses were found to be inconsistent with the trend
established by preceaing runs, or when any cone was struck. When a run
was made in which the vehicle response was unstable or undesirable, cor-
roporating runs, varying by no more than 3 km/h, were conducted to
pracket the stability poundary.

This test was conducted at Centralia. It was originally proposed as &
lane-change manoguvre, wnich is described in Section 5.3.8. However,
this task did not sufficiently exercise most vehicles because the ¢riti-
cal gate size for the most challenged venhicle, the 5-axle 48 ft (14.65 m)
semi, had ta pe used. In the experience of ministry test staff, speeds
in excess of 63 km/h were unduly hazardous for an empty vehicle equipped
with safety caples on the wet low-friction surface. While the test area
was provided with a high-friction shoulder, 1t was considered that the
energy and momentum in total loss of control of a double or triple at any
higher speed would be unnecessarily hazardous. Experience nas shown that
while the test driver is able to ouplicate such mandeuvres consistently,
the mode of loss of control may not be predictahle, s0 speeds had to be
limited for reasons of safety and preservation of equipment. A symmetri-
cal gate arrangement was selected, and the gate size was the minimum that
coula be negotiated by the mast critical vehicle at a speed below the

63 km/h safety 1imit.



The

- 25 -

following procedure wds used to conduct this test.

Vehicle Preparation

1/

Vehicle empty.

Test Area Preparation

1/
2/
3/

&/

Set comes to mark an evasive manoceuvre, with gates of 22.5 m

{73.8 ft) and 20 m (65.6 Tt} in the left-hand lane.

Set an automatic gyroscope to uncage at white marker 200 m (656 ft)
pefore the gate.

Position the cherry picker on the left side of the approach, with the
pucket centred over the left-hana lane.

wet the low-friction test area.

Test Procedure

1Y)

2/

Accelerate the venhicle to reach test speed with the vehicle straight
at the gyroscope uncage marker,
Start tape at least 2 s bpefore the gyroscope uncage marker.

3/ Make manoeuvre through the marked gates, keeping all wheels of the

4/
5/

6/
7/

8/
9/

vehicle inside the markeda lanes as far as is possible. Exit straight
aleong the marked exjt lane.

If a potentially hazardous situation develops, make a recovery.

When the run has been completed, cage the gyroscope before turning to
exit the tast area.

Stop the tape.

Videotape all runs from the cherry picker ana other vantage points of
1nterest.

Take sti}] pnhotographs,

For the first run. use 47 km/h governed speed, then governed speeds
until vehicle responses are considered poatentially unstable or unde-
sirable, then bracket.

10/ Make each run twice for consisténcy. When test limiting speed is

5.3.

approached, make any runs necessary to establish the stapility char-
acteristics and threshold. Do not exceed 63 km/h.

7/ Sinusoidal Steer

In this manoeuvre, the driver approached an open high-friction test area
at constant speed with a loaded vehicle and executed & sinusoidal steer

input at the steering wheel. This ¢reated a sinusoidal lateral acceler-
ation input at the tractor, which resulted in a sidestep to the left, a

vehicle trajectory similar to the lane change, described in Section
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§.3.8. The lane change is constrained within a 3.66 m (12 ft) lane,
whereas the sinusoidal steer results in a variable sidestep depending
upon the speed and steer amplitude. Tne steer input was made to achieve
a tractor lateral acceleration of about 0.1%5 g.

This steer input is a standard method by which lateral/directional
response of the vehicle could be excited. The input was chosen to be
large enough to get a reasonable response from the vehicle, but not so
large that units of the most responsive venicles would pe sliding or
rolting excessively. This steer input permitted the lateral acceleration
of each trailer of a combination vehicle to be examined, relative to the
tractor lateral acceleration. These acceleration ratios, properly known
as rearward amplification of lateral acceleration, are an important
innerent dynamic characteristic of combination vehicles. An acceleration
ratio no greater than unity means the trailer has a lower acceleration
than the tractor, sO the driver may be considered aware of vehicle
response as he 15 in a position to sense the greatest Tateral accelera~
tion in the venicle. An acceleration ratio greater than unity means a
trailer has a hignher lateral acceleration than the tractor, and if the
ratio and tractor lateral acceleration are high enough, the trailer may
slide or roll over even though the driver feels the tractor is still
fully under control.

A vehicle that has a higher rearward amplification than another results
in a greater vehicle response per unit steer input. This means that it
is more sensitive, or less stable, in its lateral/directional dynamic
characteristics. This test, then, examines the inherent dynamic stabil-
ity of the vehicle.

The test was run at speeds of 63, 84, ana 94 km/h, which were the actual
governed speeds in the gear that came closest to the target speeds of 60,
80, and 100 wm/h. Steer pericas of 4, 3.5, 3, 2.5, and 2 s were used. A
true-tracking, sinusoidal input computer program for the Freightiiner,
using a 37.5:1 steer ratio, provided the necessary steer amplituges to
generate approximately 0.15 g lateral acceleration at the tractor for
each speed and steer period tested. These amplitudes were provided 1o
the driver by means of indicators on the steering wheel.

Since it was considgerea somewhat difficult for the driver to estimate and
perform a steer input of specific period, an electronic cueing device was
developed. The “"steer period generator” (SPG) is shown in Figure 28 and
consists of two moaules. The first module contains the electronics and
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controls. The ariver selected the desired steer period by means of a
switch, in increments of 0.5 s. Immediately after the gyroscope was
uncaged, the driver would start the 5PG and follow the 11ght sequence
given by the aisplay module. Staging lignts came on at 1 s intervals to
count down to tne start of the steer. The horizontal, or "follow me,"
light ¢ycle would come on in sequence from the centre to the left, go off
in the reverse saquence, Then come on in sequence from the centre tao the
rignt, and go off in the reverse sequence. One complete period for the
narizontal cycle lignts was the selected steer period. A second set of
1ights underneath the “follow me" lignts was connected to the steering
system and marked the regular position of the steering wheels. The
driver merely needed synchronize steer with the "follow me” 17ghts To
achieve the correct steer period. This device worked well, allowing the
driver to CONduct the test in an orderly manner without the neea for
wasted runs to achieve a particular period by a series of trials. The
device would also operate in a free-running, continuous mode. The ariver
sometimes useéd this mode, or the single-period mode, Detween w0 runs to
get the “rhythm" of the next run.

Tnis test was conducted at Blainville. The follawing procedure was
used.

Vehicle Preparation
1/ Vehicle Toaded.

Test Area Preparation

1/ Set cones to mark an approach to the test area.

2/ Set automatic gyroscope to uncage at white marker 200 m (656 ft)
pefore the start of the manoeuyvre.

3/ Park the cherry picker on the left side of the approach, with the
bucket adgjacent to the approach lane.

Test Procedurs
1/ Mark steering wheel at the specified amplifude.
2/ Accelerate the vehicle to test speed, to reach test speed with the

vehicle straight at the gyroscope uncade patch. Use governed speeds
af 63, 84, and 94 ka/nh.

3/ Start tape at least 2 s pefore the gyroscope uncage patch.

4/ Start the SPG at a suitable poaint, about 4 to 5 s after gyroscope
uncage.

5/ Make a sinusoidal steer to the left. The vehicle heading ecnce the
steer input has been completed is inconsequential, but the exit must
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pe straight ana held long enough for vehicle responses 1o be com-
pleted be‘ore caging the gyroscope. Steer amplit des should pe kept
such that the tractor lateral acceleration is in the range 0.1 to
0.2 g and the rear trailer is not sliding laterally.

6/ Wnen the ~un has been completed, cage the gyroscope before turning to
re-enter the high-speed track.

7/ Stop the tape.

8/ videotape all runs from the cherry picker and other vantage point of
interest, for typical runs.

8/ Take still colour photographs.

5.3.8/ Lane tinange

The lane change on a standard highway requires a steer input by the
driver that is similar to the sinusocidal steer. The amplitude of the
steer input Tust be such that a sigestep of 3.66 m (12 ft} or one lane is
achieved. Tnis test is representative of an obstacle avoidance manoeuvre
on a multilare highway, where the suaden appearance of an obstacle neces-
sitates a fast lane change to the left.

The test course was laid out on a high-friction surface, as shown in
Figure 29. The 30 m (98 ft) gate was selected so that speeds at the
limits of stability for all venicles would be in the range of 70 to

90 km/h. The vehicle was loaded, and the driver approached the course at
constant speed. The driver's task was to manceuvre the vehicle through
the gates while maintaining speed and control without contacting any of
the marker cones. A sequence of runs was conducted at increasing speeds
until the venicle became unstable by rollover or trailer swing, or
trailer response resulted in a 1 m (3.3 ft) swing out of lane. Tne sinu-
soidal steer test aescriped in Section 5.3.7 is a subcritical test,
designed to aisplay the dynamic characteristics of a vehicle. This test
takes basically the same manoeuvre as the sinysoidal steer to aetermine
the 1imits cf stapility of the vehicle and demonstrate the mode by which
it becomes vnstable. The cone layout imposes a 1imit on the driver and
ensures repeatable results.

Runs were repeated when responses were found to be jnconsistent with the

trend established py preceding runs or when any cone was struck. When a

run was made in which the response was unstable or undesiraple, corrobor-
ating runs, varying by no more than 3 km/h, were conducted to Pracket the
stapility Dboundary. The test was terminated if the vehicle reached

100 km/h, a typical maximum legal speed in provinces of (anada, and was
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still able t> make the manceuvre successfully.

This test was conducted at Blainville. The following procedure was
used.

Vehicle Preparation

i/

Vehicle loaded.

Test Area Praparation

1/

2/

3/

Set cones; to mark a lane change to the left, with a gate of 30 m

{98 ft).

Set the automatic gyroscope TO uncage at the white marker 200 m

(656 Tt] pefore the gate.

Position the cherry picker on the left side of the approach, with the
bucket czntred aver the left-hana lane.

Test Procedure

v
2/
3/
&4/
5/

&/
1/

8/
9/

10/

5.3,

The

Accelerate the vehicle to reach test speed with the vehicle straight
@t the gyroscope uncage marker.

Start tape at least 2 5 before the gyroscope uncage marker.

Make a lane change to the left through the gate, keeping all wheels
of the vehicle inside the lanmes as far as is possible., Exit straight
along the marked exit lane.

If a potentially hazardous situation is develops, abort the run.

when the run has been completed, cage the gyroscope before turning to
re-enter the high-speed track.

Stop the tape.

videotape all runs from the cherry picker and other vantage points of
interest.

Take still colour phatographs.

For the first run, use 47 km/h, then governed speeds until vehicle
responses are considered potentially unstable or undesirable, then as
specified.

Make each run twice for consistency., but when test limiting speed is
approached, make any runs necessary to establish the stapility char-
acteristics and threshold.

9/ Normal Straight-Line Driving

trailers of compination vehicles tend to sway a small amount in

straight-lire driving because of road roughness, aerodynamics, suspension
characteristics, and the normal small steer corrections Dy the driver.
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This sway is related to vehicle configuration in the same way as rearward
amplification of lateral acceleration. Some jurisdictions may impose a
75 mm (3 in)} sway amplitude limit on trailers. The limit, however, is
non-specific because it is not related to the input to the vehicle. It
js also aifficult, if not impossible, to enforce because the sway cannot
pe measured; it can only be subjectively estimated.

This test was conducted at Blainville. The following procedure was used.

venicle Preparation
1/ Venicle loaded.

Test Area Preparation
1/ Use a straight portion of the high-speed track.

Test Procedure

1/ Drive at & steady speed of 100 km/h.

2/ Start tape at least 2 s before gyroscope is uncaged.

3/ uncage the gyroscope manually when the vehicle is travelling in a
straignht 1ine down the track.

4/ Drive normally as if cruising in a lane on a highway.

E/ Cage the gyroscope before leaving the straight track.

&/ Shoot viceo from a chase car following the vehicle.

7/ Make at least two runs along the full length of the straight track
section.

5.3.10/ Stezdy Circular Turn

A Joadea vehicle can roll over in a steady circular turn if 1ts speed is
high enough. Such a situation typically occurs for vehicles with a high
centre of gravity when driven at excessive speed on a freeway ramp.
Dynamics are involved in such accidents, due to braking, steering, or
poth, as the driver attempts 10 negotiate the ramp. However, the essen-
tial mechantsm involvea is that of rollover in a steady circular turn,
which is an important inherent stability characteristic of a vehicle.
Tnis test e:xamined that characreristic.

Static rollover characteristics of all vehicles tested, except the
triples, wer e examined in a parallel part of the study conducted by
Centre de Ruecherche Industrielle du Quebec (CRIQ)}, using a tilt table
puilt for this purpose. Vehicles were provided to CRIQ staff, loaded as
for this tes:t, but with outrigger outer sections removed sO that the
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vehicle coyle fit on the tilt table. The vehicle was driven onto the
taple, with load cells locateq strategically beneath wheel groups on each
side of the vehicle. The axles and trailer bed were suitably restrained,
and tilt meters were attached. The table was then contingously tilted
until enough axles on the high side of the vehicle had 1ifted for the
venicle To be deemed to have reached the rollaver point. Results of the
Tilt tests have been presented separately by CRIQ [12].

Tne tilt test provides static roll characteristics of a venicle. It may
he presumed these would be related to the rollover characteristics aris-
ing from a steady circular turn.

The steady ¢ rcular turn course was laid out using traffic cones on a ary
nigh-friction surface, as shown in Figure 30. Tne circle had a radius of
O m (164 ft' and was approached along a tangent leading to a 100 m

(328 ft) lony spiral. The vehicle was Joaded, and the driver followed
the approach at a specified constant speed, enterea the circular turn as
smoothly as possible, and tracked on the outside for as long as possible.
A sequence 07 runs was conducted at increasing speeds until the vehicle
pecame unstahle by rollover or trailer swing, or the driver could not
maintain either the desired trajectory or the speeda. Sufficient runs
were made to characterize the vehicle roll response as a function of
speed.

The outriggers were set such that the vehicle wheels on the inside of the
turn woule 1ift by G.15 to 0.20 m (6 to 8 in) at outrigger touchdown,
which corresionds to about 6 to 7° of body roll. The outrigger clearance
settings varied petween venicle units ana vehicles, hecause of attachment
and adjustment limitations. More important, however, were the aiffer-
ences in suspension and torsional stiffnesses between vehicles. The
A-trains could clearly roll over the rear trailer. In others., outrigger
Touchdown may occur but the entire vehicle could still be short of roll-
over. Outrigger touchdown, therefore, simply denoted a point heyond
which further testing was impractical. When wheel 1ift and outrigger
touchdown occur for some vehicles, the venicle speed often drops off
significantly, and it becomes difficult for the dariver to maintain the
circular turn. Therafore, steady-state data for this condition cannot be
oprainead. There would not necessarily he any relationship Deétween out-
rigger touchdown points for each venicle. It was, therefore, considered
more useful to map the vehicle characteristics as a function of speed
rather than estaplishing am arbitrary outrigger touchdown point.
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This test was conducted within the vehicle dynamics area at Blainville.

The

following procedure was used.

Yenicle Preparation

1/

Venhicle loaded.

Test Area Preparation

1/

2/

3/

Set cones to mark a circle of 50 m (164 ft) radius, witn a suitable
tangent and spiral entry.

Set the automatic gyroscope uncage at the white marker a suitable
distance oun the tangent before the entry to the spiral.

Park the cherry picker outside the circle about on a tangent from the
point where the vehicle will rol) over, with a view of the rear and
outside c¢f the vehicle.

Test Procedure

1/
2/
3/
4/
3
6/
7/

a/
9/

10/

Approach the test area along the entrance tangent at the specified
speed, with the vehicle straight at the gyroscope uncage marker.
Start tape at least 2 s pefore the gyroscope uncage marker.

Proceed around the spiral and circle, at constant speed, with the
left front wheel tracking the curve, Hold the circle for at least
90° or until outrigger TOUChAOWN OCCUrsS.

If a potentially hazardous situation develops, make a sujtable
racovery.

Wwnen the run has been completed, cage the gyroscope.

Stop the tape.

vigeotape all runs from the cherry picker and other vantage points of
interest.

Take sTi’ 1 colour photographs.

For the ~irst run use 35 km/h governed speed; then increase governed
speeds incrementally acceraing to vehicle response.

Make each run twice for consistency. As the rollover speed is
approached, runs necessary to establish the rollover threshold must
be done.

5.4/ Data Capture

The

data acquisition system consisted of a signal conditioning and pulse-

amplitude moulated {PAM) multiplex system mounted in the sleeper portion
of the MTC Freigntliner, and others mounted jn instrumentation boxes on
the trailers. The systems were configureda to provide the necessary
Transducer excitation and signal conditioning to permit multiplex
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transmission and recording of up to 40 individual signals. Electrical
signals produced by the transducers were conditioned Dy ingividual plug-
in-type adapuer cards within the multiplex unit, as shawn in Figure 31,
A maximum input from each transducer was selected, and the conditioner
parameters were adjusted to provide an output signal of 2.0 v for the
chosen full-scale input. The conditioned output signals were transmitted
as a PAM data stream from each multiplex system to a control unit in the
tractor, which synchronized ana merged the three PAM data streams. A
12-pit analoy-to- aigital converter in the control unit digitized the 36
data channels at a rate of 100 samples/s for each channel and produced a
pulse-code modulated (PCM) data stream in a standard IRIG format. The
control unit added two synchronization words containing & unique bit
pattern, and two digital data words, to the 36 data words to produce a
data frame of 40 twelve-pit words. One digital word was used to provide
system and vzhicle status, and the other was used for optical sensor
status. The POM data stream was broadcast by radio telemetry from the
tractor to a ground station, using & radio frequency licensed to the
ministry for use at both Centralia and Blainville.

The ground station was located in the MTC building at Centralia. The
ground station equipment was mobilized in a former transit bus, which
served as the ground station during tests at Blainville (Figures 32 and
33).

The ground station received the PM data stream and recorded it as re-
ceived on one track of a Honeywell 5600C instrumentation tape recorder.
IRIG B time code generated by a Datum 9300 time clock was recorded on a
second track of the recorder so that the location of a particular run
could pe found easily if data playback was required. This recording was
for archival and backup purposes.

The PCM date stream was processed by the decommutatar, which formatted it
into a pit-farallel, word-serial, input stream for an Hewlett-Packard
HP-1000 A70(C computer in the ground station (Figure 34). The computer
read each run in real time and created a raw data file on disk for subse-
quent processing. The project engineer at the computer graphics Terminal
had a quick-look display that provided an overview of system status func-
tioning ana gata quality while the run was in progress.

Before each test session, an electronic calibration of the entire data
acquisition system was conducted. Any necessary adjustments were
jaentified and made, and & second calibration was recorded. At the
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peginning of each test run, the control unit on the tractor was made to
step automatically through a calibration sequence, ejther by autamatic
commana from the optical sensor or by manual command from the driver,
This was recorded as part of the run data, to permit current system cali-
brations to be used for each run. The gyroscopes on board the vehicle
were uncaged by a trigger signal from a reflective marker placed on the
approach and sensed by an optical sensor.

Each run was recorded on coleur videotape, from the vantage point of a
cherry picker and other vantage points of interest, as shown in

Figure 35. Each video sequence included the day and run numbers so that
it was chronclogically identifiable. The audio track of the video system
wds used to record ambient nojse during testing, including incidental
radio transmissions and comments.

5ti1l colour photographs and colour slides of the vehicles, equipment,
and activities were also taken. Manual notes and logs of all test condi-
tions and observations were made. A log of all test runs was maintained
within the computer.

5.5/ Data Processing

Data processing was conducted concurrent with testing. At the beginning
of each day, certain data files and procedures were initialized within
the HP-1000 computer system. Data from each run were captured in real
time by the HP-1000, and the raw data were stored in & file on disk, as
aescriped previously. The raw data were reviewed by the project engineer
on a graphics display, to determine whether all critical data channels
were functioning correctly and whether the run appeared to meet the spec-
ifiea test condaitions. The raw data file was then read, electronic cali-
prations were applied, each channel was converted to engineering units,
and a calibrated data file was created. Quantities of interest were
aerived, ana those critical to the test were displayed to the project
engineer, who used them to radio recommendations for the next run to the
test director on the track. After each test session, all raw data files;
other files created in support of the data processing process, such as
the run log file ana a summary file of derived quantities; and all data
input files which controlleq the data processing were archived to a tape.
The archived tape was indexed so that the processing of any particular
run codld be reconstrucied.

upon completion of the test program, all data processing procedures were
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exhaustively reviewed, and any necessary enhancements were implemented
and validated. A1l supporting data files were also reviewed. Every run
was carefully reviewed, and those runs that did not meet the particular
test opjective, or were otherwise so flawed that the data could not be
processed, were discarded.

Data processing proceeded in four phases:
1/ raw data correction

2/ calipratian

3/ treatment

47 extracticn of results

The first prase, raw data correction, simply corrected any data frames in
which telemetry dropout occurred. These frames usually showed up as
spikes on most data channels, as shown in Figure 36. Telemetry dropout
occurred intermittently throughout the test program for no obvious rea-
son. Wnen it occurred, the decommutator was unable to find the 24-bit
synchronization pattern in the PCM data stream and ceased transmission of
data frames to the computer. This resulted in partial loss of the frame
during which dropout occurred, total loss of an unknown number of com-
plete frames, and capture of one or two scrambled frames while the com-
puter data acquisition was regaining synchronization with the decommuta-
tor. Examipation of the PCM data stream by oscilloscope showed that
dropouts were usually momentary, SO 1n MOst cases no more than one or wd
frames were actually lost. However, since the data acquisition procedure
was taking its timing from the decommutator, not an independent source,
the numper of frames actually l10St was never known. Runs were rejected
in which there occurred frequent dropouts or dropouts during the steer
input or vevicle response. It was only necessary to correct raw data
when a dropdut occurred in the approach to the manceuvre or after vehicle
response was complete. It was juaged that loss of a few frames was not
critical in these regions. The correction procedure for each dropout was
simply a linear interpolation for each channel of all invalid frames
petween the last valid frame before the dropout and the first valia frame
after the dropout. ‘

Calibration proceeded in two phases. As previously mentioned, the on-
board data acquisition system was commanded through an electronic cali-
bration sequence at the beginning of data acquisition for each run. The
calipration sequence consisted of approximately 0.5 s of each of negative
full scale, zero, and positive full scale, as shown in Figure 37. The
calibration was achieved by switching a precisely controlled voltage 1o
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all channels of the signal conaitioners. A voltage calibration for each
step of the calibration sequence was computed as the moving average
value of Jowzst root mean square. If the root mean square exceeded 5% of
full scale, the calibration was rejected. The calibrations usually
aifferea from the nominal values by less than 1% of full scale. Any
deviation of more than 2.5% was flagged as a potential error, requiring
examination of the data for correctness and, perhaps, the instrument for
function. Crannels using strain gauge signal conditioner cards, where
the data are superimposed upon the calibration and even a small arift
from zero could result in a false error flag, were an exception, If
nominal full scale is V volts, and the measured voltage is £ volts, then
a linear calibration of k units full scale must be applied to the actual
data as V/C. Tnis 1s done by modifying the value used for conversion to
engineering units, the secona pnase of calipration. The actual details
of this take account of both offsets and slopes for electronic and
engineering units calibration and are a 1ittle more involved than the
simplified explanation given here.

The term “treatment” is used for the sequence of operations whereby the

caliprated cata are processed so that specific quantities of interest for

a particular test can be derived. Some of these operations are applied

to the outpLt of a particular instrument, while others may be used rather

generally or various types of data. The following treatments were used

in data processing:

1/ transformation of speeds of all instrumented wheels to the speed of
the tractor right front wheel;

2/ transformation of the sawtooth wave distance measurement to actual
distance:

3/ correction of trailer lateral accelerations for the gravitational
effect of roll angle;

4/ integration of yaw and roll rates to yaw and roll angles,
respectively;

5/ detrending of data;

6/ filtering of data.

Tne first four of these are straightforward; the other two need some
explanation. Detrenaing removed trends in transducer responses. It was
ysed in two ways. In most tests, the vehicle was assumed to he in a
nominal zero conaition initially, and the response of interest was rela-
tive to that condition. However, the actual measurements gave an initial
mean value Lthat was not zero. While these deviations were usually only a
few percent of full scale, they could have a marked effect on results if
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not properly dealt with. The procedure used was to compute an average
value for each nominally initially zero channel over a short period at
the start of & run. This value was then subtracted from each data point
for a channel, thus moving the initial average to Zero. The second type
of detrending was used for channels which should have returned to zero
after a respense to the input was complete put did not due to Instrument
drift during the run. Fxamples of these are the roll and yaw angles
measured by the various gyroscopes. These channels were detrended by
fitting a straight line by the least squares method to the nominally zero
data segments at the beginning and end of the run, then subtracting this
linear trend from the actual data. The detrending process is 1llustrated
in Figure 38, for tractor yaw angle.

Filtering was used to remove unwanted frequency content from data. In
Most cases the responses of interest were related to the frequency con-
tent of the steer input, which was pelow 1 Hz. However, many channels
had superimposed vibration responses of the vehicle, such as axle hop,
vipration due to roadway irregularity, and a particular vibration appar-
ently associated with the tractor drive axle tires. An optimal linear
finite impulse response low-pass filter [13] was designea having a cutoff
frequency of 1 Hz, a stop band 50 dB down at 4 Hz, and a 0.03 dB ripple
in the passband, This filter hagd 53 weights and maximum deviations of
0.00441 and 0.00403 in the passband and stop hand, respectively. This
filter was applied to all data channels except wheel speed, distance, and
prake champel* préssures.

Tne final phase of data processing was extraction of results. The method
used depended entirely on the test peing processed, Details of the meth-
ods are presented in the following sections. Some typical results
extracted we-e speed, peak or average responses, response gains, and
steer period. A summary file was created for each test, and the results
for each run were stored in this file. At the completion of the test,
the data in the summary file could be cross-plotted. For instance, rear-
ward amplifization gain for a series of steer period Tnputs could be
plotted against the speed, or some peak response could be cross-plotted
against speel or lateral acceleration. This pravided an easy, semi-
automatic way to view trends across all the runs of a particular test.

5.5.1/ Offtracking

The measurements recorded manually during the test were tabulated.
Average values from the two turns were compared with a geometric estimate
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of sTeady-state offtracking made by the WHI formula [14].
5.5.2/ Right-Hand Turn

The measurements recorded manually during the test were tabulated and
plotted. Intrusion of the venicle into the exit lane was estimated from
the plot.

£.5.3/ Channelized Right Turn

The measurements recordea manually during the test were tabulated and
plotted.

§5,.5.4/ Air Brake System

The following procedure was used to derive the characteristics of the
pneumatic system that affect balanced braking of a combination venicle.

A1l prake pressure signals were detrended so that their initial average
pressure was zero. Brake status was monitored using the brake light
switch, the condition of which was stored as a single bit in a aigital
word providec by the PCM control unit in the tractor. The first frame
which containea this bit was considered the start of brake application.
The time for each brake chamber to reach 414 kPa (60 psi} from the start
of brake application was computed. This was in accordance with the pro-
cedyre of SAL J982a or US Standard PMV3S121. The final steady pressure
before release was also computed. This fipal pressure did not always
reach 689 kPa (100 psi) or even 655 kPa (95 psi). Release timing was
therefore canputed from the instant the treadle valve pressure began Lo
decrease. The release time for each brake chamber was computed as the
time for the pressure to reach 34 kPa (5 psi) from the instant of treadle
valve release. This aiffers from the procedure of SAE J982a or PMVSSLZ2l,
which regquire the vehicle pneumatic system to be charged to 689 kPa (100
psi) pefore ~elease. However, those procedures apply to single vehicie
units, and the procedure described nere was considered adequate T0O pro-
vide insight into the pneumatic characteristics of the combination
vehicle,

A typical time nistory from this test is shown in Figure 39.

Basically, tie same procedure was used for the application and steady-
state portiod of the service brake application test, though in this case
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the timing was computed to 60% of the peak pressyre arising during the
test. Release characteristics were not considered during this test.

5.5.5/ Straight-Line Braking

while this demonstration was primarily qualitative, data were captured
ana processec to determine vehicle responses in straight-line braking.

A1l input channels were properly detrended, and all channels except the
prake pressures were filtered.

The start of prake application was found as described previously and was
used as the initiation of the manceuvre. The initial average speed was
found over tre 1 s period before the instant of brake application. The
enda of the ménceuvre was defined either as the point where the vehicle's
velocity becéme Zzero or the instant when the brakes were finally released
if the driver drove out without coming to a complete stop. The stopping
distance ana time to stop (or deceleration distance and time, if it was
not a complete stop), average deceleration, peak and average brake appli-
cation pressuyres, peak steer angle, vehicle unit articulation angles,
heading angles, and lateral accelerations were all computed over the
period of the brake application.

5.5.6/ Evasive Manoeuvre

The following procedure was used to compute vehicle responses to an eva-
sive manoeuvre and derive quantities of interest for summary of results
of a series of runs.

A1l input channels were properly detrended and filtered.

The start of the steer input was found at the first point where the steer
input exceed2d a specified tolerance for five consecutive scans. The
tolerance was chosen S0 that it was always greater than the small steer
corrections made on approach, but was not so large that it approachea the
steer amplituae.

The initial speed was determined from the average speed for the 1 s of
data immediately preceding the start of the steer input.

Peak values of steer input and specified responses were found from the
start of the steer jnput to the end of the data, either end of record or
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ena of a specified pase segment. Specified responses were tractor yaw
rate, laterzl accelerations, articulation angles and vehicle unit heading
angles, and all other channels of interest. Peak values were largest
positive anc least negative. The corresponding times at which these
peaks occurred were also found. Care was taken to ensure that tnhe data
segment scarned included only the data of interest: for instance, if it
includged a sharp turn for vehicle recovery at the end of the run, this
could result in misleading peak values 1n excess of those in the actual
region of interest.

The three lateral acceleration response peaks due to the steer input and
the two heating peaks ang any overshoot were determined by a search pro-
cequre. The time at which the steer input first crossed zero was used as
a time base. Tne tractor lateral acceleration was then searched from
one-quarter the steer period before this time to one-half the steer per-
jod after ius zero crossing., This was used as a new base, and the peak
responses to each half-wave of the steer input were found by searching
backward and forward from this for each trailer successively rearward.

5.5.7/ S5inusonidal Steer

The following procedure was used to compute vehicle responses to an eva-
sive manoeuvre and derive quantities of interest for summary of results
of a series of runs.

A1l input channels were properly detrended and filtered.

The start oF the steer input was found at the first point where the steer
input exceeled a specified tolerance for five consecutive scans. The
wlerance wis judiciously chosen so that it was always greater than the
small steer corrections made on approach, but was not so large that it
approached the steer amplitude.

Tne initial speed was determined from tne average speed for the 1 s of
gata immediately preceding the start of the steer Tnput.

The steer period was estimated by computing the steer angle autocorrela-
tion for a specified number of lags, starting at the start point found.
The autocorrelations were computed over the entire rest of the record.
The autocorrelation of a sine wave is a cosine function of the same fre-
quency. A single cycle sine wave results in a damped cosine. The
autocorrelation crosses zero at a time which is one-quarter the period of
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the input sine wave. This peint was founa, and the period was assumed to
pe four times the lag which resulted in the autocorrelation crossing
zero. This period was reduced by an empirical factor of 0.95, as this
appeared to give a better fit to the measured data. A synthetic true
sine wave of the perioa aetermined was created, centred to cross zero at
the point the measured steer crossed zero. The amplitude of the
synthetic steer was computed as

SIM(Y(1)*S(1))/SM(S{1)*S(I)) for I = 1, N
where Y(I) "5 the measured steer input
S(1) is the synthetic steer

This gave a tetter overall fit than either using one of the measured
peaks or an average of the two. The steer balance was computed as the
integral of the measured steer angle over the period of the synthetic
steer. This is ¢lose to zero for a well-balanced sinusoidal steer. The
fit procedure just described worked reasonably for a well-balanced steer
input but was not so good if the two half-waves were unbalanced in either
amplitude or auration or jf there was a third or subsequent small correc-
tion half-wave following the main steer input. Typical fittea sine waves
are shown in Figure 40, for well-balanced and unbalanced sinusoidal steer
inputs.

The tractor yaw ratle response lag was computed as that lag time for which
the cross-correlation of steer input and yaw rate was greatest. The
correlation was the normalized cross-correlation for this lag.

Peak values of steer input and specified responses were found from the
start of the steer input to the end of the data, ejther end of record or
end of 4 specified base segment. Specified responses were tractor yaw
rate, the ga ns found in lateral accelerations and roll angles, and all
other channe s of interest. Peak values were largest positive and least
negative, and the correspoding times at which these peaks occurred were
also found. Care was taken to ensure that the data segment scanned
included only the data of interest: for instance, if it included a sharp
turn for vehicle recovery at the end of the run, this could result in
misleading peak values in excess of those in the actual region.

The two peaks in lateral acceleration and roll response, and the single
heading respunse peak, were determined hy a search procedure. This
started from the tractor and proceeded rearward to the last trajler. The
time at which the steer input <rossed zero was used as a time base. The
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tractor lateral acceleratian was then searched from one-quarter the steer
period before this time to one-half the steer perioa after for its zero
crossing. This was used as a new base, and the peak responses to each
nalf-wave of the steer input were found by searching backward and forward
from this for each trailer successively rearward. Lateral acceleration
gains were then computea for all trailers. The gain was computed by
giviaing the peak-to-peak trailer response by the peak-to-peak response
of the tractur, as snhown in Figure 41. It gave the same result as the
conventional method of dividing by the peak tractor response for the case
of a well-ba ancea steer. This resulted in Jess data scatter for cases
when the steer input was not well palanced, which was often the case for
the small steer input required for responsive multi-trailer

combinations.

Note that in cases of trailer swing or rollover, the rear trailer over-
shot the second half-wave and could have a thira half-wave, which was
sometimes of substantially greater amplitude than the two half-waves

that are the forced response ta the steer input. The overshoot half-wave
was not recojnized by this procedure but was identifiea by the peak
response prozedure previously described.

5.h.8/ Lane Zhange

The followinj procedure was used to compute vehicle responses to a lane-
change manoe.vre and derive quantities of interest for summary of results
over a series of runs.

This procedure was identical to that used to determine the start of the
steer input, the initial speed, steer period, tractor yaw rate response,
and peak responses and gajns, described in Section 5.5.7. However, it
was extended to select three response peaks, ratner than the two of the
sinusoiaal steer. The first two peaks were the same for poth manoeuvres
because of thne steer input required to make the lane change. At Jow
speeds the vehicle was well damped and there was no third peak. However,
as the limiting speea was approached there was a third peak, the over-
shoot caused by reduction in stapility of the vehicle. A s=mall overshoot
may De seen in the trailer 2 lateral acceleration response at a time of
about 7 & in Figure 4l. Note that sometimes the driver completed the
steer input, which was esseptially sinusoidal, but overshot or deliber-
ately corrected to exit straignt along the markea lane. This additional
steer, presént to a small extent in the steer angle input of Figure 41,
can be an irfluence in the overshoot. No distinction was made between
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the two possiple causes of the response overshoot. In addition, the two
response peals of each vehicle unit's heading angle were found using the
same techniquz. The basic tractor heading angle has a single peak, as
shown in Figure 38, to which may be added an overshoot as the 1imit of
stability is approached, particularly for trailers swinging out of lane,

5.5.9/ Norma' Straight-Line Driving

Each run was detrended so that the steer articulation angles had an init-
ial average v/alue of zero. These data were also filtered. The sway at
the rear of cach trailer, relative to the tractor fifth wheel, was com-
puted based on the articulation angles, kingpin-to-hitch distances, and
kingpin-to-rear distances. for each trailer. The range and root-mean-
square (RMS) steer input, and sway and lateral acceleration of each
trailer, were computed for each run. Vehicles were then compared on the
basis of the ratio of RMS sway to RMS steer input, in units of mm/®; the
ratio of RMS latera) acceleration to RMS steer input, in g/°; and the
sway range 11 mm. These simple ratios were used because much of the data
were less than 1% of full scale, which is, in some cases, the level of
resolution. A proper frequency domain analysis, therefore, did not
appear warranted.

5.5.10/ Steady Circular Turn

The following procedure was used to compute vehicle responses to a steady
circular turn and derive quantities of interest for summary results of a
series of runs.

All input channels were properly detrended and filtered.

The start of the steer input was found at the first point where the steer
input exceeded a specified tolerance for five consecutive scans. The
tolerance was judiciously chosen s0 that it was always greater than the
small steer corrections made on approach, but was not so large that it
approached the steer amplitude.

The instantaneous radius of curvature was computed based on velocity and
yaw rate or jateral acceleration. The high-speed offtracking was also
computed, Désed on an assumed tractor attitude and the articulation
angles.

The initial speed was determined from the average speed for the 1 5 of
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Once the initial speed ana start of steer input were known, it was possi-
ple to project forward to a region of steady-state response, because the
length of the spiral course was known. It was easier to use & region
fixed in space for each vehicle unit, rather than a fixed interval of
time, because for the longest vehicles, the triples, the driver could
have been starting recovery from the manoeuvre as the rear of the venicle
was reaching steady state. The steady-state segment, therefore, was
aefined as that location traversed by the tractor in the 4 s or as long
as was availaple, after the tractor had been on the circular turn for

2 5. Note that there were complications with certain data. Some vehi-
cles, particularly the B- and C-trains, tended to slow significantly in
the circular turn due to tractive power demand. Further, when a rollover
or trailer swing occurred, the driver commenced recavery, so for the mast
part, transient data existed for these most interesting cases.

Peak, mean, «nd RMS values of steer input and specified responses were
found over the region of steady-state response. Specified responses

were tractor yaw rate, lateral accelerations. roll angles, articulation
angles, and corrabarative data. Peak values, which were largest positive
and least nejative, and their corresponding times were recorded. Care
was taken ©o ensure that the data segment scanned included only the adata
of interest: for instance, if the data included a sharp turp for vehicle
recovery at the end of the run, it was noted and considered in the over-
all analysis.
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6/ PERFORMANCE MEASURES

The venicle configurations are evaluated using various performance mea-
sures. Some of the measures are addressed by simulation or analysis of
varjous Kinaz, others by test, and some by boOth.

The following performance measures provide the basis of what will be
considered from tests:

1/ steady-siate roll characteristics, derived from circular turn manoeu-
vres for loaded vehicgles;

2/ dynamic 1211 threshola, derived from lane-change manoceuvres for
loadged venicles;

3/ roll mode characteristics, from the manceuvres of 1 and 2;

3/ rearward amplification of lateral acceleration, from sinusoidal steer
and lane-change manoeuvres;

5/ lateral/directional stability {jackknife and trailer swing), derived
from evasive manoeuvres with an empty vehicle on a low-friction
surface;

6/ straignt-line trailer sway for loaded vehicles;

7/ venicle :tapility characteristics in straight-line emergency braking,
empty on a low-friction surface;

8/ high-spe2d offtracking, derived from the steady circular turn;

9/ lateral loads at the tractor fifth wheel, derived from the steady
circular turn and lane-change manoeuvres;

10/ yaw respinse gains ana lag times;

11/ vehicle speed at lateral/directional and rallover stability thresh-
olas;

12/ steady-state offtracking;

13/ swept paths in typical right-hand turns;

14/ air brake system application, release timing, and pneumatic balance.

Tnese performance measures were computed from the measured data by the
HP-1000 computer, as described previocusly. The values were stored in a
file indexed by run, making it possible to display vehicle response char-
acteristics against input parameters, for purposes of test management and
gata analysis.
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7/ COMPUTER SIMULATION

The uUniversity of Michigan Transportation Research Institute (UMTRI)
yaw/roll model [15] was installea on the HP-1000 computer used in the
ground station for data capture and processing. The program was extended
to simulate a triple trailer combination and was updated to include an
improvea B-dolly model developed by WMTRI, so that all vehicles tested
could be simulated with the same program.

The properties of vehicle unit suspensions were availaple from parametric
measurements made by WMTRI, as were tire properties [16]. The geometric
properties of venicles were measured, and mass praoperties were determined
by a process of weighing and calculation. By this means, data sets were
prepared that were representative of the vehicles as they were actually
tested.

The program was also modified to read the steer input measured during a
Test run, ard the initial conditions for some other model degrees of
freedom, from the test data. It then integrated the equations of motion,
computed recponses of interest at the measurement locations on the test
vehicle, ant stored those responses in a data file having the same format
as that containing the responses measured in the test. The test and
simulation results could, then, be directly compared.

This test program consisted of standardized tests of nine venicles of
aifferent configurations. It provided an opportunity to compare Computer
simulation with test data over a wide range of cases, The objective was
to demonstrate that computer simulation coula represent a vehicle's
response in a specific manpeuvre and the trend in response characteris-
tics over a range of manoeuvres. The program data were set up to be as
representat ve as possiple of the actual vehicle tested, using generic
data where Jirectly measured data were not available. This work was not
a validation of the computer model.

Computer simulation was conducted for all vehicles for the following
Tests:

1/ sinusoidal steer

2/ lane change with loaded vehicle on high-friction surface

3/ steady circular turn

A detailed summary of this work is presented elsewhere [17]-
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8/ CONCLUSIONS

Tnis report has presented procedural details for preparing and conaucting
tests and prucessing and analysing data, for testing baseline and addi-
tional vehicles for the CCMTA/RTAC Vehicle Weights and Dimensions Study.
The report presents this information as a common reference for the
detailed tes:c reports for the particular vehicles.
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Figure 5/ NTC Freightliner
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Figure 18/ Nutrigger Touchdown Indicator Strain Geuging



Figure 19/ Pressure Transducer Installation
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Figure 23/ E-Dolly Steer Angle Heasurewment

£y = RAPIUS TO INNERNDST WHEEL AF AXLE W

———————==TAMGENTIAL ENTRANCE — #
AND ER1TS

Figure 24/ Offtiracking Course



- B4 -

f‘DUTER SYEPT PATH HMARKER

o

I.eem
™ INNER SWEPT PATH HARKER LANE —W®EXIT

. YIOTH

1z 12 14 15 16
K— CURB

MEASUREMENT RAYS

DIRECTION
oF
TRAVEL

Filgure 25/ Right-Hana Turn Course



_65_

50 W
ACCELERATION
TAPER
| ®) DECELERATION
I TAPER
VEHICLE ]
RIRECTION l
"'"'P‘| ‘.66 n
P
LAIE
(a) Geometyy
3.06 n TYP.
\‘_..r .45
76.3°

{b) Measurement Reference Points

Figure 26/ Channelized Right Turn Course

L 3

EXIT LANE
CURE



- b6 -

BDNES—*\‘ VEHICLE PATH

I!-ze.s mvld—zu rn—-'l*—zz.s m" I‘ﬁ.”

RATE GATE
Figure 277/ Evasive Hanoeuvre Course

Figure 28/ Steer Perlod Generator



_67_

[+ 3.65 mI
2 = ki * [ e} [=] (x] [=] (o]
VEHICLE PATH: Q 3.65 u|I
—C——— “ o s
0m >

Figure 29/ l.ane-Change Hanoeuvre Course

VEHICLE PATH
- @ (] K ] ¥ jgfﬂr

START OF TURN

HARKER GDNE3;7\\
[ ]
___—Jﬂ—-"‘{
. SPIRAL ENTRY

Figure 30/ Steady Circular Turp Course




- 6B =

gt

iy RS

Figure 32/ Hobile &

d MR SR



lé\“’
K

P¥ti

na Station Equipment

Figure 33/ Grou

b v - ' e Co L e

Filgure 34/ Camputer 1in ‘Gruund Statlion



- 70 -
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ABSTRACT

A 45 ft (13.72 m} semitrailer compination was tested by the Ontario
Ministry of Transportation and Communications (MTC) as part of the
CCMTA/RTAC VYehicle Weight and Dimensions Study. The vehicle was desig-
nated a baseline venicle and the representative test vehicle for similar
configurations.

The vehicle was subjected to turning, air brake system, lateral/
girectional and roll stability, and trailer sway tests, A demonstration
of straight-line braking was alsoc conducted, Tests were conducted with
the empty vehicle on a Tow-friction surface and the loaded vehicle on a
high-friction surface.

Tnis report presents detailed results of the tests and demonstrations.
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1/ INTROOUCTION

The effects of changes in truck weight ana dimension parameters on COmbi-
nation vehicle stapility and handling and on pavement response to axle
group loading are being examined in tne CCMTA/RTAC venicle Weights and
Dimensions Study. The vehicle portion of the study involved both com-
puter simulation of vehicle dynamic manoeuvres and testing of vehicles
ana components. Combination vehicles were classified into six families,
pased on th: number of trailers and methods of hitching. A representa-
tive of each family was designated as the baseline venicle for that fam-
ily. Additional vehicle configurations of interest were also adefined.
A1l paseline and additional vehicle configurations were tested to assem-
ple a boay of technical ana visual data that described the stability and
control characteristics of the vehicles with respect to certain perform-
ance measures.

The Ontario Ministry of Transportation and Communications (MTC) was asked
to test the siz baseline vehicles and three additional tractor-trailer
compinations, as part of its contribution to the study., This report
presents the results of a test of a 45 ft (13.72 m) semitrailer combina-
tion baseline vehicle. It refers frequently to a report describing pro-
cedures anc equipment common to tests of all nine vehicles undertaken by
MmTC [1]. &imilar reports present details of the tests of the other eight
vehicles [2-9], and a summary report presents the results of tests of all
six baselire venicles [10]. A computer simulation of vehicle responses
to actual test inputs using estimated vehicle data has also been
conducted |11].
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2/ TEST VEHICLE DESCRIPTION

Tne test veiicle consisted of the MTC Freightliner [1] and a 45 ft
{13.72 m) tandem-axle semitrailer. The combination 1s typical of equip-
ment used in Atlantic and Western Canada and the US., Semitrailers used
in Central Canada now typically have a 1.83 m (72 in) or more tandem-
axle spread, compared with the 1.37 m {54 in) of this trailer.

Tne equipment for these tests was provided by the Roads and Transporta-
tion Association of Canada {RTAC). No modifications were made to the
trailer except for purposes of attachment of test equipment, which had ng
effect on tne operation of the vehicle, though unit weights and polar
moments of inertia were affected.

The trailer was manufactured by RAM Highway Trailers of Canada in June
1981 ana pcre the serial number 381-13648. The trailer had a nominal
length of 13.72 m (45 ft) and a nominal width of 2.44 m (96 in). The
axle spacirg was 1.37 m (54 in), Suspension was a four-spring leaf sys-
tem with torque rods and equalizers. The spring centre width was 0.96 m
(38 in), ard the overall track width was 2.44 m (96 in). The trailer was
rated at 8000 kg/axle (17 600 1n)., The combination had an overall lengthn
of 17.17 m (58.30 ft).

The trailer was fitted with new Michelin XZA radial tires, in Joad range
H and size L1R22.5. These tires were run a nominal distance of 600 km
(370 mi) pefare any testing and were then, subsequently, used for all
tests. Tire pressure was set cold at 689 kPa (100 psi), which is the
manufacturer's recommended value for full load. This was used for all
Tests and represents the common operating practice of not reducing tire
pressure when running empty.

The test vehicle is shown in Figure 1, in test condition with outriggers
installed. The dimensions of the test vehicle are presented in Figure 2.
Empty weigit of the combination in test condition was 18 299 kg

(46 260 1b). Concrete blocks were used to obtain a loaded weight of

31 205 kg (68 650 1p). Axle loads in these conditions are given in
Table 1.



Table 1/ Axle Loads

Empty | oaded 7

Axie No. (ka) {1p} (ka) (1p)

1 5 009 11 020 5 118 11 260

2 4 209 9 260 6 114 13 450

3 3 791 8 340 6 114 13 450

4 2 472 5 440 6 882 15 140

b 2 818 6 200 & 977 15 350
Total 18 299 40 260 31 205 68 650

The empty weight exceeds that which would normally be seen on the high-
way, because the tractor is considerably heavier than late-model equip-
ment and because of the weignt of test equipment installea, particularly
the outriggers. A target axle load of 8000 kg {17 600 1b) was set for
all axles except for the steer axle. This was not closely attainead. The
legal gross weight for tne vehicie tested varies between 36 500 and apout
41 000 kg (80 300 and 90 200 1p), depending upon the province.

The height of the centre of gravity of the empty trailer sprung mass was
estimated ¢3 0.24 m (9 in) below the top of the floor. The centre of
gravity height was estimated as 0.17 m (7 in) above the top of the floor
in the icaced condition.
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3/ TEST PROGRAM

3.1/ Test Procedures

The test vehicle was prepared for testing in the following way:

1/ A mechanical inspection was carried out, and any necessary repairs or
maintenince was done.

?/ Outrigger and safety cable attachments and loaa block retention sills
were instailed on the trajler.

3/ Outriggars wera installed on the trailer,

4/ The box3s containing instrument packages, power suppiies and signal
conditining, other instruments, and cabling were installed.

R/ New tir:zs were instailed, and pressures were sel.

6/ Other fittings necessary for testing were installed.

7/ Concrete blocks were located on the trailer bed to achjeve specified
axle loaas.

8/ Notes were made from a detailed physical inspection, including an
inventory of components and measurement of dimensions.

9/ The MTC tractor was coupled to the trailer.

10/ Tne compination vehicle was weighed, empiy and loaded.

11/ A functional test of the on-poard electronics was conducted.

12/ Test runs were made to shake down the vehicle instrumentation and
familiarize the test driver with the vehicle's handling
characteristics.

13/ Articulation angle between the tractor and trailer was caliprated.

14/ Details of the venicle and test equipment were recorded on photo-
graphs and viaeotape.

Tne following tests were performed:

Offtracking

Right-hand turn

Channeliced right turn

Air brake system

Straight-line praking, empty venicle, low-friction surface
Evasive nanceuvre, empty vehicle, low-friction surface
Sinusoidal steer, loaded vehicle, high-friction surface
tane change, loaded venicle, high-friction surface

Narmal s:iraight-line driving

Steady circular turn, loaded vehicle, high-friction surface

e 9 9 5 4 & 9 0 8 @

A1l tests followed standard procedures [1], except as noted.



3.2/ Instrumentation

The instrunentation shown in Taple 2 was installed. Brake pressure
transducers were only installed in the trailer for the air brake system
test, but all other instrumentation was installed for all tests. Data
were always captured from all instrumentation, but only those pertinent
to a particular test were analysed.

Tractor instruments were selected from the instrumentation that is per-
manently installed on the tractor. Instruments for the trailer were
mounted in a box placed on the trailer deck, which also contained power
supplies ana signal conditioning. Trailer lateral acceleration and roll
angle were measured at a point midway between the kingpin and axie.

Full details of the instrumentation, signal conditioning, and data cap-
ture system are presented elsewhere [1].

3.3/ Data Capture and Data Processing

pata were sigitized on board the vehicle and transmitted by telemetry as
a pulse-code modulatea (PCM) data stream to a ground station, where they
were recorded on magnetic tape and captured in real time by an HP-1000
computer system. Test data for 3 run were processed immediately after
the run, and results from a series of runs were subsequently analysed
using the computer system [1].

Many test runs of all types were conducted for this vehicle. Not all
these runs were used in the preparation of this report. In & number of
jnstances, a run failed to meet a test candgition.



Table 2/ Instrumentation Installed

No Measurement Instrument Full Scale
ot —————————— e e o o o e i S
1 Tractor steer angle Spectrol 139 potentiometer 25.02°
2 Tractor roll angle Humphrey CF18-0907-1

gyroscope package 8.85°
3 Tractor lateral acceleration Kistler 303BR accelerometer 0.957 g
4 Tractor yaw rate Humphrey RT03-0502-1

angular rate transducer 38.7%/s
5 Tractor lonyitudinal acceleration Kistler 3038 accelerometer 0.974 g
6 Tractor speed, axle 1 right Airpax 087-304-0044 zero

velocity magnetic pickup 104.8 km/h
7 Tractor dis:ance, axle 1 right Airpax 087-304-0044 zero

velocity magnetic pickup 56.3 m/ramp
& Tractor fif:ih wheel load,

10
11

12
13
14
15
16
17

18
19

left-hana side

Tractor fifth wheel load
right-nana side

Tractor treadle valve pressure
Tractor brace pressure,

axle 2 Left

Tractor lat:zral acceleration
at fifth whael

Tractor yaw angle

Trailer 1 articulation angle
Trailer 1 lateral acceleration
Trailer 1 roll angle

Trailer 1 outrigger touchdown
Brake pressure, axle 4 right
Brake pressure, axle 5 right

MTC load cell

MTC load cell
Celesco PLC-2006

Celesco PLLC-200G

{olumbia SA-107 accelerometer
Humphrey CF18-0207-1
gyroscope package

Celesco pull cord DV-301-150
Columbia 5A-107 accelerometer
Humphrey W02-0128-1

vertical gyroscope

Strain gauge bridge

Celesco PLC-200G

Celesco PLC-200G

9890 1p

10 290 1b
100 psi

99.80 psi
0.996 g

17.73°
18.361°
0,995 g

g.90°
1.0 v
104.96 psi
101.06 psi
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4/ RESULTS
4.1/ Offtracking

Steady-statz offtracking is considered an indicator of venicle turning
abjlity. Offtracking of the vehicle was evaluated by making a camplete
turn arouna a circle of radius 29.87 m (98 ft). The vehicle outer wheel
tracked the inside of the circle. Turns were made in both directions, as
shown in Figure 3. At the end of a turn, the vehicle was parked and the
radius to each axle was measured, according to the standard test
procedure t11.

The results are shown in Table 3. The measured data were averagea for
the left ard right turn and then compared to data generated by a simple
offtrackine formula [12]. The gaifference between actual and computed
values, shcwn in the last column of Table 3, is so small that steady-
state offtracking can clearly be estimated very accurately by this simple
formula.

Tne final offtracking for the clockwise turn is shown in Figure 4. After
averaging tor both directions and correcting for differences in axle
track width, the offtracking of 2.65 m (8.69 ft), shown in Figure 4,
pecame 2.8 m (9.25 ft).

Table 3/ Offtracking

Radjus to Inner
Traci Wheel

Axle{wiath{Right Left pifferencelAverage|Calculatedidifference
No.| (m) {Turn (m}| Turn (m) {m) {m) {m) %

1 2.31| 27.62 27.70 0.08 27.66 27.5%6 -0.36

2 2.37 27.26 27.3% 0.13 27.32 27.21 -0.40

3 2.371 27.22 27.36 0.14 ?7.29 27.21 -0.29

4 2.371 24.91 25.06 0.15 24 99 24.92 -0.28

5 2.37| ?24.88 25,03 0.15 24,96 24.92 -0.16

4.2/ Right-Hand Turn

A 90° right-hand turn is a very demanding manceuvre for a large truck.
The vehicle's swept path in a 90° right-hand turn of 15 m (49.2 ft) raqi-
us was measured, according to the standard test procedure [1]. This
radius is typical in an urban area or where there is limited truck traf-
fic. The swept path is shown in Figure 5.
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The vehicle is shown in Figure 6 auring the turn. The maximum excursion
out of lane was 2.20 m (7.22 ft), just over half a lane width. It was
out of the exit lane for a distance of 19.20 m {63.C ft), as derived from
Figure 5. This test was conducted at a creep speed and represents the
pest possible turn. A rolling turn would probably result in a greater
excursion cut of the exit lane.

4.3/ Channelized Right Turn

The vehicle's swept path in a channelized right turn was measured accord-
ing to the standard test procedure [1].

The vehicle is shown during the turn in Figure 7. The clearance of the
innermost wheel of the rear trailer's rear axle from the inner curb is
shown in Figure 8 as a function of distance through the curve. The mini-
mum clearance was only 0.89 m (35 in) in the 5.% m (18 ft) wide roadway.

The roaaway geometry used for this test is typical of an urban area,
where space is limited. The curb radius was 25 m (82 ft), anda entry and
exit taper: typical of four-lane roadways with a &0 km/h speed limit were
used. Tnhe vehicle easily made it through the channel. The test was run
at creep speed, the worst condition, as the effect of lateral accelera-
tion is to reduce the geometric offtracking measured in this test.

4.4/ Air Brake System

The air brike system of the combination was evaluated according te stan-
dard test orocedure [1].

The traile~ air brake system was inspected. A schematic of the system is
shown in Figure 8. All slack adjusters required manual adjustment.
Stroke was adjusted to the minimum, about 32 mm (1.25 in) on each axle.
The tracter was supplied with shop air, regulated at 689 kPa (100 psi).
Pressure transducers were installed at both trailer axles.

The SAE J982a style test was performed for the full combination. The
results of this test, presented in Table 4, are the average of several
Tests, each with a time resolution of 0.02 s. The appiication and
release times of this test are typical of such equipment. A typical time
history response of application and release is presented in Figure 10.
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Table 4/ Air Brake Timing, SAE J982a Style Test

Application Timing Release Timing Firal Pressure
Location 0-60 psi (s} to 5 psi (s) (psi)
Treadle 0.07 0.19 99.2
Axle 2 0.41 (.64 98.8
Axle 4 0.49 0.94 56.2
Axle 5 0.45 0.88 97.6

4.5/ Straignt-Line Braking

It is difficult to conduct rigorous braking tests and achieve consistent
results. A demonstration of modes of instability of the combination
vehicle in straight-line braking was, therefore, conducted. A series of
runs was macde with the empty vehicle approaching the low-friction test
area at 47 km/n and the driver braking using the treadle valve. Runs
were made using various application pressures, to the point where groups
of wheels locked. Tne ariver was instructed not to attempt to counter
any loss of control, except as necessary to avoid hazard. The standard
test procecure was followed [1].

The vehicle combination was evaluated primarily in terms of the yaw
response ot vehicle units, which is the neading angle of the vehicle unit
{in aegrees), with zero parallel to the original direction of travel.

Any significant yaw seen in this manoeuvre arose from lateral/directional
instability of a vehicle unit,

The time h-story of a typical run that resulted in loss of cantrol is
shown in F-gure 11, The initial average brake application of 311 kPa
(45 psi) caused all brake wheels to lock, and the tractor jackknifed to
the right. The driver reduced the brake pressure, a4s a consequence, and
steered a |ittle to the left, in controlled instinctive responses. The
tractor, however, continued to rotate until the safety cables were en-
gaged, as seen from the 15° limitation on articulation angle, and the
vehicle rotated as a uynit. The tractor heaaing reached the 1imit of the
signal coniitioning system. If the front axle brakes on the tractor had
peen used, it is likely that there would not have been a tractor jack-
knife. Thz vehicle final position is shown in Figure 12.

A summary of peak vehicle responses from the vruns is shown in Figure 13
as a function of average treadle valve pressure over the entire stop.
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The limit of surface adhesion of about 0.15 g was reached at about

159 kPa (23 psi), when most wheels were locking, but it was not until a
signiticantly greater pressure that the vehicle actually became unstable.
That point s seen in Figure 13 at about 221 kPa (32 psi) because of the
averaging, although it was the much higner initial pressure that caused
the instability.

4.6/ Evasive Manoeuvre

The object of this test was to evaluate empty venhicle lateral/directional
characteristics at the limits of stapility on a low-friction surface. A
series of 1runs was made where the driver made an evasive manoeuvre, which
is considersa representative of a high-speed accident avoidance situation
on a two-lane, two-way highway. Gates of 22.5 m (73.8 ft) were used for
the lane change to the left and the return to the original lane, separ-
ated by 20 m (65.6 ft) in the left lane. The runs were made in accor-
dance with the stanadard test procedure [1].

The venicl: combination was evaluatea primarily in terms of the lateral
acceleration ana yaw responses of the vehicle units. These are shown i1n
Figure 14. Facn response is the peak-to-peak amplitude experienced by
the vehic)z in the manoeuvre. The lateral acceleration amplitude of
tractor ani trailer both increased to 5 to 5.5 m/s? near 56 km/h, where
they tendel to level off. 1t was evident from these data, driver
reports, and observation that the tractor was close to the Timits of
adnesion, making it difficult to manceuvre. The tractor and trailer
heading angle remained uniform, jndicating that although the driver had
only partial steer control, he was able to maintain directional control.
Run data inaicated that the driver had to increase steer angle as speed
increased, implying an increase in tractor understeer. Tractor control
appeared to pe the limiting factor for this vehicle in this manoeuvre.

The driver was able to make this manoeuvre up to 60 km/h. At 63 km/h he
was unable to get the vehicle through the gate to return to the original
Jane, due tD the limit on the tractor control and the length of the vehi-
cle. While the objective of the manoeuvre was not achieved, the vehicle
gid not slide substantially. No higher speed was attempted. A typical
run at 63 wm/n is shown in Figure 15.

4,7/ Sinusoidal Steer

The objeclive of this test was to evaluate characteristics of rearward
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amplificatior of lateral acceleration for this combination. A series of
runs was made where the driver made & sinusoidal steer input to the vehi-
cle while treavelling at a steady speed, in accordance with the standard
test procedure [1]. This test was conducted at speeds of 63, 84, ang

94 km/h, witt steer inpul periods bDetween apout 2 and 5 s.

Tne venicle combination was evaluated in terms of lateral acceleration
responses of the trailer. Rearward amplification of lateral acceleration
js presented in Figure 16, as a function of tractor steer input period,
for the three test speeds. This is defined as the peak-to-peak trailer
lateral acceleration response divided by the peak-to-peak tractor lateral
acceleration. and is dimensionless [1].

It is cvident from Figure 16 that rearward amplification remains rela-
tively constant with respect to both speed and steer period. Its maximum
value is about 1.06. Even at nighway speed, the 45 ft (13.72 m) semi is
a very stable vehicle, because of its low response to input.

Figure 17 shuws the vehicle response from a typical run for a steer peri-
od of about ¢ s at 94 km/h.

4.8/ Lane Change

The objective of this test was to evaluate vehicle stability characteris-
tics in a dynamic manceuvre, A series of runs was made where the driver
made a lane-change manoeuvre, which is considered representative of a
high-speed accident avoidance situation on a four-lane or divided high-
way- The runs were made n accordance with the standard test procedure

[1].

A gate of 30 m (98.4 ft) was used, to provide a vehicle speed of about
80 km/h, which is a typical speed 1imit and might permit some comparison
of the resul:ts of this test with those described in the preceding 5ec-
tions. The venicle is shown in this manoceuvre in Figure 18.

The results from all runs are summarized in Figure 19. The peak-to-peak
lateral acceleration, roll, and yaw {or heading)} angles all show an
increase as the speed climps. The lateral acceleration gains at 63, 84,
and 94 km/h 3ire consjstent with those from the sinusoidal steer test.
Lateral acceleration lag time shows some scatter at the higher speeds,
indicating passible tractor slide within the lane, but is caused by the
length of th2 vehicle and, in this case, is not considered to be a gauge
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of the driver's control of the vehicle. The yaw overshoot of the trailer
clearly shows little or no rear trailer swing.

Figure 20 shows tne steer input and vehicle response from a typical run
at 94.8 km'h, the highest speed achieved. Both units were tracking clase
1o each other with no sign of unstable behaviour or excessive roll.

4.9/ Normal Straight-Line Driving

The objective of tnis test was to attempt T0 evaluate lateral motion of
the rear trailer of the combination, the phenomenon Known as trailer
sway. A series of runs was made with the loaded vehicle driven normally
at 84 km/h in a straight line, according to the standard test procedure
L1l

As previously mentioned, the vehicle was quite stable, and the slight
steer corrections made in the course of normal driving, and roughness of
the test track surface, resulted in no perceptible trailer sway tO the
occupants of a chase vehicle. ROOT mean square {RMS} lateral accelera-
tion of the rear trailer was 0.63 g/° of steer input.

4.10/ Steady Circular Turn

The objective of this test was to evaluate venicle steady-state rollover
characteristics, to determine the high-speed offtracking of the vehicle
ana to examine the side loads exerted on the tractor by the trailer. A
series of runs was made with the vepicle circumscribing a circle with a
50 m {164 ft)} radius at a steady speed, according to the standard test
procedure [1].

The venicle was evaluated primarily in terms of the roll response of the
vehicle inits. Average steady-state roll angle is presented in Figure 21
as a function of tractor lateral acceleration and is seen to increase
witn speed. At the limiting speed of 556 km/h, a peak lateral accelera-
tion of 0.52 g, the trailer outrigger touched down rather gently, as
ghown in Figures 22 and 23. The trailer is clearly twisted in Figure 23,
due to the distribution of the load. The tractor drive axles did not
noticeab y 1ift, so the vehicle was somewhat short of rollover. Average
steaqy-state articulation angles decrease modestly with increase in lat-
eral accaleration, as shown in Figure 21, and as a coOnsequence, the off-
tracking decreases. The lateral force experienced by the tractor fifth
wheel, expressed as a function of tractor lateral acceleration, shows
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a gradient of 50.8 kn/g (11 400 1b/g}.

A tilt table test was conducted on this venhicle, as shown in Figure 24.
It revealed 100% lateral load transfer on the high-side wheels at about
28.5%. The tangent of tnis roll angle should be equal to the lateral
acceleraticn, in g, required to roll the venicle in the steady circular
turn. The tangent of the tilt table was 0.54, whereas the peak lateral
acceleraticn of the trailer at outrigger touchdown was 0.61 g. The tilt
test is treated in detail elsewhere [13].
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5/ DISCUSSION

Tests were ionducted with the equipment as provided. No efforts were
made to modify the equipment, except as required for testing, and these
moaifications aia not affect vehicle operation.

Tests were conducted in various weather conditions. Tires wore progres-
sively as tne various tests were conducted. The outrigger assembly was
additional to normal trailer equipment, and the characteristics of the
trailer were, tnerefore, somewhat atypical, in both empty and loaded con-
ditions. In poth conditions, the centre of gravity was somewhat lower
than normal because of the underslung outriggers.

It 15 not possiple ta make any meaningful remarks on the effect these
factors might have had on the results, except for centre of gravity
height. The typical 45 ft (13.72 m) semi is a van, which may, when
Joaded, have a trailer mass centre of gravity up to 1.20 m (4 ft) above
the trailer floor, compared to the 0.17 m (7 in) for this venicle. The
effect of ¢ raised centre of gravity would nave been to reduce the vehi-
cle's roll threshala from 0.54 g observed in the tilt test to, perhaps,
0.25 to 0.30 g [14]. This would have reduced the limiting speed 1n the
steady circular turn and resulted in dynamic¢ rollover in the lane change,
as the vehicle lateral acceleration of both vehicle units reached 0.38 g
in This manoeuvre. The results presented pertain to the particular vehi-
cle tested, and results aifferent in some respects might be obtainea for
another vehicle at another time.

The test driver felt that this venhicle trackea well and was easy to
drive, as "he trailer imposea modest forces on the tractor. However,

its overal” vehicle length meant that it required space to manoeuvre.

The long wheelbase on this trailer made the evasive manoeuvre a difficult
task, even though the venicle had not reached its stapility limit. It
exnipited high stapility in all dynamic manceuyvres.
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6/ CONCLUSIONS

A 45 ft [13.72 m) semi was tested by the Ontario Ministry of
Transportation and Communications, as part of the CCMTA/RTAC vehicle
weights and Dimensions Study. The vehicle was designated a baseline
vehicle and the representative test vehicle for similar configurations.

The vehicle was subjected to turning, air brake system, lateral/
directional and roll stability, and trailer sway tests. A demonstration
of straignt-line braking was also conducted. Tests were conducted with
an empty vehicle on a Tow-friction surface and a loaded venicle on high-
friction surface.

Tne Tength of this vehicle contributea to the significant space required
10 make turns.

Tne air brake system was typical of such vehicles.

The lateral/directional stability of the venicle was excellent, both
empty on a low-friction surface and loaded on a high-friction surface.
The roll stability was high because the centre of gravity of the trailer
was very lcw. A nhigher centre of gravity would have reduced the roll
threshold significantly.
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Flgure 3/ Counter-clockwlse offtracking
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OUT-OF-LANE EXCURSION 2.2 m
OUT-OF-LANE DURATION 19.2 m

/_',,«--’ -
H RADTAL RADIUS (m)
INNER BUTER
| VJ(’ 1 22.20 25.30
2 18.19 20.78
3 16.25 18.74
4 15.50 18.11
‘ 5 15.31 18.38
_*I e TYPICAL 6 15.23 19.07
3 65 m L ANE 7 15.13 20,23
8 15.00 20.98
9 15.00 20.38
10 15.00 20.99
11 15.29 20.61
12 15.50 20. 46
13 15.65 21.26
14 16.22 21.82
15 17.95 21.74
16 21.62 24,40

Figure 5/ R.ght-Hand Turn Swept Path



Figure 6/ R.GhT-Hand Turn

Figure 7/ Channellzed Right Turn
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Figure 127 venhicle Final Position in
Stralght-Line Braking
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ABSTRACT

An A-train double trailer combination was tested by the Ontario Ministry
of Transportation and Communications (MTC) as part of the CCMTA/RTAC
Vehicle Weight and Dimensions Study. The vehicle was designated a base-
line vehicle and the representative test vehiclie for similar
configurations.

The vehicle was subjected to turning, air brake system, Tateral/
directional and roll stability, and trailer sway tests. A demonstration
of straight-Tine braking was also conducted. Tests were conducted with
the empty vehicle on a low-friction surface and the loaded vehicle on a
high-friction surface.

This report presents detailed results of the tests and demonstrations.
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1/ INTRODUCTION

The effects of changes in truck weight and dimension parameters on combi-
nation vehicle stability and handiing and on pavement response to axle
group loading are being examined in the CCMTA/RTAC Vehicle Weights and
Dimensions Study. The vehicle portion of the study involved both com-
puter simulation of vehicle dynamic manoeuvres and testing of vehicles
and components. Combination vehicles were classified into six families,
based on the number of trailers and methods of hitching. A representa-
tive of each family was designated as the baseline vehicle for that
family. Additional vehicle configurations of interest were also defined.
A1l baseline and additional vehicle configurations were tested to assem-
ble a body of technical and visual data that described the stability and
control characteristics of the vehicles with respect to certain perfor-
mance measures.

The Ontario Ministry of Transportation and Communications (MTC) was asked
to test the six baseline vehicles and three additional tractor-trailer
combinations, as part of its contribution to the study. This report
presents the results of a test of an A-train double trailer combination
haseline vehicle. It refers frequently to a report describing procedures
and equipment common to tests of all nine vehicles undertaken by MIC [1j.
Similar reports present details of the tests of the other eight vehicles
[2-9]1, and a summary report presents the results of tests of all six
baseline vehicles [10]. A computer simulation of vehicle responses to
actual test inputs using estimated vehicle data has also been conducted
fi1l].



2/ TEST VEHICLE DESCRIPTION

The test vehicle consisted of the MTC Freightliner [1] and two tandem-
axle flatbed semitrailers with a single-axle A-type converter dolly. The
combination is typical of equipment used in a1l regions of Canada, except
the Atlantic provinces. The same combination was also tested concurrent-
ly as a C-train, using a B-type converter dolly (41.

The equipment for these tests was provided by the Roads and Transporta-
tion Association of Canada {RTAC)}. No modifications were made to the
trailers or dolly except for purposes of attachment of test equipment,
which had no effect on the operation of the vehicle, though unit weights
and polar moments of inertia were affected.

The trailers used were both manufactured by Fruehauf in Winnipeg and were
model PB-F2-26-102-5F. Serial numbers were DXT2796-08 and DXT2796-06.
Each trailer had a nominal length of 7.93 m (26 ft) and a nominal width
of 2.44 m {96 in). Each had two axles spaced 1.24 m (49 in)} apart and
suspended from a Reyco Z21B four-spring Teaf suspension system with torque
rods and equalizer arms. The spring centre spacing for each trailer was
0.96 m (38 in), and the overall track width was 2.44 m {96 in}. The
A-dolly comprised a standard A-dolly frame and a Reyco Z1B leaf spring
system with a torque rod. The A-dolly had a spring centre width of

0.98 m (38.5 in), and the track width was 2.44 m (96 in). The fifth-
wheel-to- hitch distance was 2.14 m (7 ft). The combination had an over-
all Tength of 21.07 m (69.13 ft).

The trailers and dolly were fitted with new Michelin XZA radial tires, in
load range H and size I1IRZZ.5. These tires were run a nominal distance
of 600 km (370 mi) before any testing and were then, subsequently, used
for all tests. Tire pressure was set cold at 689 kPa (100 psi), which is
the manufacturer's recommended value for full load. This was used for
all tests and represents the common operating practice of not reducing
tire pressure when running empty.

The test vehicle is shown in Figure 1, in test condition with outriggers
installed. The dimensions of the test vehicle are presented in Figure 2.
Emply weight of the combination in test condition was 24 368 kg

{53 610 1b). Concrete blocks were used to obtain a loaded weight of

47 699 kg (104 940 1b). Axle loads in these conditions are given in
Table 1.



Table 1/ Axle Loads

Empty Loaded

Axle No. {kg) (1h) (kg) {1p)
1 5 082 11 180 5 127 11 280
2 3 845 8 460 5 327 11 720
3 3 027 6 660 5 486 12 070
4 2 205 4 850 5 250 11 550
b 2 277 5 010 6 882 15 140
6 3 323 7 310 7 400 16 280
7 Z 950 & 490 6 936 15 260
1 659 3 650 5 291 11 640
Total 24 368 53 610 A7 699 104 940

The empty weight exceeds that which would normally be seen on the high-
way, because the tractor is considerably heavier than late-model equip-
ment and because of the weight of test equipment installed, particuiarly
the outriggers. A target axle Toad of 8000 kg (17 600 1b) was set for
all axles except for the steer axle. This was not closely attained.

Both trailers were loaded in the same fashion. The Tegal gross weight of
the vehicle tested varies between 52 800 and 61 600 kg (116 160 and 135
520 1b}, depending on the province. -

The height of the centre of gravity of the empty trailer sprung mass was
estimated as 0.37 m (15 in) below the top of the floor. The centré of
gravity height was estimated as 0.20 m (8 in} above the top of the floor
in the Joaded condition.
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3/ TEST PROGRAM

.1/ Test Procedures

The test vehicle was prepared for testing in the following way:

1
1
1

1
1

1

1/ A mechanical inspection was carried out, and any necessary repairs or
maintenance was done.

2/ Outrigger and safety cable attachments and load block retention sills
woere instailed on the trailers, and safety cable attachments were
installed on the dolly.

3/ Outriggers were installed on the trailers.

4/ The boxes containing instrument packages, power supplies and signal
conditioning, other instruments, and cabling were installed.

5/ New tires were installed, and pressures were set.

6/ Other fittings necessary for testing were installed.

7/ Concrete blocks were located on the trailer beds to achieve specified
axle Toads.

8/ Notes were made from detailed physical inspection, including an
inventory of components and measurement of dimensions.

9/ The MTC tractor was coupled to the trailers.

0/ The combination vehicle was weighed, empty and Toaded.

1/ A functional test of the on-board electronics was conducted.

2/ Test runs were made to shake down the vehicle instrumentation and
familiarize the test driver with the vehicle's handling
characteristics.

3/ Tires were run a nominal distance of 160 km {100 mi).

4/ Articulation angle between the tractor and lTead trailer was
calibrated.

5/ Details of the vehicle and test equipment were recorded on photo-
graphs and videotape.

The following tests were performed:

s O & 9 8 2 8 & s @

Offtracking

Right-hand turn

Channelized right turn

Air brake sysiem

Straight-Tine braking, empty vehicle, Tow-friction surface
Evasive manceuvre, empty vehicle, Tow-friction surface
Sinusoidal steer, loaded vehicle, high-friction surface
Lane change, loaded vehicie, high-friction surface

Normal straight-line driving

Steady circular turn, loaded vehicle, high-friction surface
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A1l tests followed standard procedures [11, except as noted.

3.2/ Instrumentation

The instrumentation shown in Table 2 was installed. Brake pressure
transducers were only installed in the trailers and dolly for the air
brake system test, but all other instrumentation was installed for all
tests. Data were always captured from all instrumentation, but only
those pertinent to a particular test were analysed.

Tractor instruments were selected from the instrumentation that is per-
manently installed on the tractor. Instruments for the trajlers were
mounted in boxes placed on the trailer deck, which also contained power
supplies and signal conditioning. Trailer lateral acceleration and roll
angle were measured at a point midway between the kingpin and axle.

Full details of the instrumentation, signal conditioning, and data cap-
ture system are presented elsewhere [11.

3.3/ Data Capture and Data Processing

Data were digitized on board the vehicle and transmitted by telemelry as
a pulse-code modulated (PCM) data stream to a ground station, where they
were recorded on magnetic tape and captured in real time by an HP-1000
computer system. Test data for a run were processed immediately after
the run, and results from a series of runs were subsequently analysed
using the computer system [1].

Many test runs of all types were conducted for this vehicie. Not all
these runs were used in the preparation of this report. In a number of
instances, a run failed to meet a test condition.



Table 2/ Instrumentation Installed

No Measurement

Tractor
Tractor

steer angle
roll angle

lateral acceleration
yaw rate

Tractor
Tractor

Tractor
Tractor speed, axle 1 right

Tractor distance, axle 1 right
Tractor fifth wheel load,
left-hand side

Tractor fifth wheel load
right-hand side

Tractor treadle valve pressure
Tractor brake pressure,

axle 2 Left

Tractor lateral acceleration
at fifth wheel

Tractor yaw angle

Trailer 1 articulation angle
Trailer 1 lateral acceleration
Trailer 1 roll angle

Trajler 1 outrigger touchdown
Dolly 1 hitch angle

Dolly } lateral acceleration
Brake pressure, axle 4 right
Brake pressure, axle 5 right
Brake pressure, axle 6 right
Brake pressure, axle 7 right
Brake pressure, axle 8 right
Spare

Spare

Trailer 2 articulation angle
Trailer 2 lateral acceleration
Trailer 2 roll angle

Trailer 2 outrigger touchdown

longitudinal acceleration

Instrument

Spectrol 139 potentiometer
Humphrey CF18-0907-1
gyreoscope package

Kistler 3038 accelerometer
Humphrey RT03-0502-1
angular rate transducer
Kistler 3038 accelerometer
Airpax 087-304-0044 zero
velocity magnetic pickup
Airpax 087-304-0044 zero
velocity magnetic pickup

MTC load cell

MTC load cell
Celesco PLC-200G

Celesco PLC-200G

Columbia SA-107 accelerometer
Humphrey CF18-0907-1
gyroscope package

Celesco pull cord DY-301-150
Columbia SA-107 accelerometer
Humphrey ¥M02-0128-1

vertical gyroscope

Strain gauge bridge

Spectrol 139 potentiometer
Columbia SA-107 accelerometer
Celesco PLC-200G

Celesco PLC-200G

Celesco PLC-200G

Celesco PLC-200G

Celesco PLC-200G

Spectrol 8409 potentiometer
Columbia 3A-107 accelerometer
Humphrey W02-0128-1

vertical gyroscope

Strain gauge bridge

Full Scale

104.8 km/h
6.3 m/ramp
9890 1b

10290 1b
100 psi

99,80 psi
0.996 g

17.73°
18.844°
0.995 g

8.90°
1.0V
25.0°
0.996 g
104,96 psi
101.06 psi
102.07 psi
101.93 psi
106.79 psi

26.511°
0.980 g

8.91°
1.0V




4/ RESULTS
4,1/ Offtracking

Steady-state offtracking fs considered an indicator of vehicle turning
ability. Offtracking of the vehicle was evaluated by making a complete
turn around a circle of radius 29.87 m (98 ft). The vehicle outer wheel
tracked the inside of the circle. Turns were made in both directions, as
shown in Figure 3. At the end of a turn, the vehicle was parked and the
radius to each ax)e was measured, according to the standard test
procedure [11.

This test was performed with a wet surface. The results are shown on
Table 3. The measured data were averaged for the left and right turn and
then compared to data generated by a simple of ftracking formula [12].

The difference between actual and computed values, shown in the last
cotumm of Table 3, is so small that steady-state offtracking can clearly
be estimated very accurately by this simple formula.

The final offtracking for the counter-clockwise turn is shown in

Figure 4. After averaging for both directions and correcting for differ-
ences in axle track width, it was found that the vehicle offtracked

1.45 m {(4.76 ft).

Table 3/ Offtracking

Radius to Inner
Wheel
AxlejTrack|Right Left Difference|AveragejCalculated|Difference
No. Width|Turn (m)| Turn (m)| {m) {(m) (m) %
1 2.31 27.57 27.65 0.08 27.61 27.56 -0.18
z |2.37 27.22 27.35 0.13 27.29 27.21 -0.29
3 j2.37 ?7.24 27.35 0.09 27.29 27.21 -0.29
4 2.37 26.63 26.77 0.14 26.70 26.64 -0.23
5 |2.37 26.62 26.75 0.13 26.69 76.64 -0.19
) 2.37 26.58 26.69 0.12 26._64 26.59 -0.19
7 2.37 26.02 26.12 0.10 26.07 26.02 -0.19
8 ?2.37 26.01 26.08 0.07 26.05 26.02 =0.12

4.2/ Right-Hand Turn

A 90° right-hand turn is a very demanding manoeuvre for a large truck.
The vehicle's swept path in a 90° right-hand turn of 15 m (48.2 ft)
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radius was measured, according to the standard test procedure [1}. This
radius is typical in an urban area or where there is Timited truck traf-
fic. The swept path is shown in Figure 5.

The vehicle is shown in Figure 6 during the turn. The maximum excursion
out of lane was only 0.4 m (1.3 ft). It was out of the exit lane for a
distance of 7.5 m (24.6 ft), as derived from Figure 5. This test was
conducted at a creep speed and represents the best possible turn. A
rolling turn would probably result in a greater excursion out of the exit
lane.

4.3/ Channelized Right Turn

The vehicle's swept path in a channelized right turn was measured accord-
ing to the standard test procedure [11-

The vehicle is shown during the turn in Figure 7. The clearance of the
innermost wheel of the rear trailer's rear axle from the inner curb is
shown in Figure 8 as a function of distance through the curve. The mini-
mum clearance was 1.85 m (6.1 ft) in the 5.5 m (18 ft) wide roadway.

The roadway geometry used for this test is typical of an urban area,
where space is limited. The curb radius was 25 m {82 ft), and entry and
exit tapers typical of four-lane roadways with a 60 km/h speed 1imit were
used. The vehicle easily made it through the channel.

4,4/ Air Brake System

The air brake system of the combination was evaluated according to stan-
dard test procedure [1].

The traijler air brake system was inspected. A schematic of the system is
shown in Figure 9. The dolly was not equipped with a booster relay valve
to speed the signal. A1l slack adjusters required manual adjustment.
Stroke was adjusted to the minimum, about 32 mm (1.25 in) on each axle.
The tractor was supplied with shop air, regulated at 689 kPa (100 psi).-
Pressure transducers were installed at all trailer and dolly axles.

The SAE J982a style test was performed for the full double combination.
The results of this test, presented in Table 4, are the average of sev-
eral tests, each with a time resolution of 0.02 s. The application times
of this test were typical of those obtained from tests on other double
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combinations [13]1. The release times are considered very long, especial-
1y for the lead trailer. A typical time history response of application

and release for the double is presented in Figure 10.

Table 4/ Air Brake Timing, SAE J982a Style Test

Application Timing Release Timing Final Pressure
Location 0-60 psi (=) to 5 psi (s) (psi)
Treadle 0.04 0.19 98.8
Axle 2 0.39 0.65 95.4
Axle 4 0.57 3.02 95.1
Axie 5 0.56 3.04 95.0
Axle 6 0.81 2.26 94.8
Axle 7 0.79 2.31 92.0
Axle 8 0.77 2.28 93.7

4.5/ Straight-Line Braking

It is difficult to conduct rigorous braking tests and achieve consistent
results. A demonstration of modes of instability of the combination
vehicle in straight-line braking was, therefore, conducted. A series of
runs was made with the empty vehicle approaching the Tow-friction test
area at 47 km/h and the driver braking using the treadle valve. Runs
were made using various application pressures, to the point where groups
of wheels locked. The driver was instructed not to attempt to counter
any loss of control, except as necessary to avoid hazard. The standard
test procedure was followed [1].

The vehicle combination was evaluated primarily in terms of the yaw
response of vehicle units, which is the heading angle of the vehicle unit
{(in degrees), with zero parallel to the original direction of travel.

Any significant yaw seen in this manoceuvre arose from lateral/directional
instability of a vehicle unit. Yaw responses of all vehicle units are
presented in Figure 4.5.1 as a function of brake application pressure.

The time history of a typical run that resulted in loss of control is
shown in Figure 1l1. An average brake application of about 186 kPa

(27 psi) over the entire stop caused all braked wheels, except axles 5
and 7 on the left-hand side, to lock. The tractor and trailer 1
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remained straight, but the inertia of trailer ? was sufficient to jack-
knife the dolly to the right. The tandem axle of trailer 2 remained more
or less parallel to the tractor, but as a consequence of the dolly jack-
knife, trailer 2 headed to the right. While the entire vehicle actually
remained within the lane, the dolly was unstable by jackknife, and this
cannot be considered an acceptable stop.

A summary of peak vehicle responses from the runs is shown in Figure 12
as a function of average treadle valve over the entire stop. The Timit
of surface adhesion of about 0.15 g was reached by a brake application of
173 kPa (25 psi), when most braked wheels were locking- The dolly was
clearly getting pushed in all stops. The vehicle, therefore, was sensi-
tive to hard braking.

4.6/ Evasive Manceuvre

The object of this test was to evaluate empty vehicle lateral/directional
characteristics at the limits of stability on a low-friction surface. A
series of runs was made where the driver made an evasive manoeuvre, which
is considered representative of a high-speed accident avoidance situation
on a two-lane, two-way highway. Gates of 22.5 m (73.8 ft) were used for
the lane change to the left and the return to the original lane, sepa-
rated by 20 m (65.6 ft) in the left tane. The runs were made in accor-
dance with the standard test procedure [1].

The vehicle combination was evaluated primarily in terms of the lateral
acceleration and yaw responses of the vehicle units. These are shown in
Figure 13. Each response is the peak-to-peak amplitude experienced by
the vehicle in the manoeuvre. The tateral acceleration amplitude of

all vehicle units increased with speed up to approximately €3 km/h, at
which point the tractor and trailer 1 tended to Tevel off. The heading
angle of the tractor and trailer 1 decreased, indicating minor in-lane
sliding. The heading angles of the trailer 2 increased slightly with
speed. Trailer 2 tended to swing on return to the original lane. The
driver commented that the vehicle tended to “"push" at higher speeds, and
his steer pattern tended to change at higher speeds, indicating tractor
understeer/oversteer at different points in the course. The driver was
able to make this manoeuvre at 63 km/h, the maximum speed considered safe
for such a manoeuvre at the test site. While the vehicle manoeuvred
neatly through the second gate, the dolly appeared on the verge of jack-

knife, and this would have precipitated a severe and probably catastro-
phic trailer swing.
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A typical run at 63 km/his shown in Figure 14,
4,7/ Sinusoidal Steer

The objective of this test was to evaluate characteristics of rearward
amplification of lateral acceleration for this combination. A series of
runs was made where the driver made a sinusoidal steer input to the vehi-
cle while travelling at a steady speed, in accordance with the standard
test procedure [1l. This test was conducted at speeds of 63 and 94 km/h,
with steer input periods between about 2 and 5 s. Weather conditions
precluded runs at 84 km/h.

The vehicle combination was evaluated in terms of the lateral accelera-
tion responses of the vehicle units. Rearward amplification of lateral
acceleration for the two trailers is presented in Figure 15, as a func-
tion of tractor steer input period for the two test speeds. Each gain is
defined as the peak-to-peak trailer lateral acceleration response divided
by the peak-to-peak tractor lateral acceleration, and is dimensionless.

It is evident from Figure 15 that rearward amplification increases with
speed, rearward by trailer, and is also somewhat sensitive to steer peri-
od, reaching its highest value for the rear trailer of about 1.80 at

94 km/h around 2 s. This result shows that, at highway speed, the
A-train double is a highly responsive vehicle. The reason for this is
that its inherent stability is rather low. Stability and response of
mechanical systems have an inverse relationship: high stability means
low response to input and vice versa.

Figure 16 shows the vehicle response from a typical run with a steer
period of about 1.64 s at 94 km/h.

4.8/ Lane Change

The objective of this test was to evaluate vehicle stability character-
jstics in a dynamic manceuvre. The test was not conducted for this vehi-
cle because poor weather interfered with the test schedule. Exactly the
same test was, however, conducted in an eariier test program with a simi-
1ar vehicle [14]. A series of runs was made where the driver made a
lane-change manceuvre, which is considered representative of a high-speed
accident avoidance situation on a four-lane or divided highway. The runs
were made in accordance with the standard test procedure [1].
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A gate of 30 m (98.4 ft) was used, 10 provide a vehicle speed of about
80 km/h, which is a typical speed limit and might permit some comparison
of the results of this test with those described in the preceding
section.

From previous data it was found that lateral acceleration gain of

the rear trailer increased from 1.2 at 75 km/h to 1.8 at 85 km/h, and
rol1 gain increased from 3 at 74 km/h to 7 at about 75 to 80 km/h. The
vehicle tended to slide as well as roll. Yaw overshoot of the rear
trailerwas quite high at the ultimate speed of 83 km/h, when this trailer
swung out of lane to the left and rolled violently, resulting in outrig-
ger touchdown.

4.9/ Normal Straight-lLine Driving

The objective of this test was to attempt to evaluate Tateral motion of
the rear trailer of the combination, the phenomenon known as trailer
sway. A series of runs was made with the loaded vehicle driven normally
at 94 km/h in a straight line, according to the standard test procedure
[il.

As previously mentioned, the vehicle was highly responsive, so the slight
steer corrections made in the course of normal driving, and roughness of
the test track surface, resulted in rear trailer sway that was percept-
ible to the occupants of a chase vehicle. Root mean square (RMS) lateral
acceleration of the rear trailer was 1.74 g/° of RMS steer input.

4.10/ Steady Circular Turn

The objective of this test was to evaluate vehicle steady-state rollover
characteristics to determine the high-speed offtracking of the vehicle
and to examine the side loads exerted on the tractor by the trailers. A
series of runs was made with the vehicle c¢ircumscribing a circle with a
50 m (164 ft) radius at a steady speed, according to the standard test
procedure [1].

The results of this test are summarized in Figure 17 as average steady-

state values. The vehicle combination was evaluated primarily in terms

of the roil response of the vehicle units. At the limiting speed of

55 km/h, a lateral acceleration of 0.53 g, the trailer 2 rolled over and
the dolly slid out from the circular trajectory, as shown in Figures 18

and 19. As Figure 17 shows, roll angles increased with speed. The
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values at the point of rollover are omitted because there was insuf-
ficient steady-state data to record a proper average. Average steady-
state articulation angles decreased modestly with increase in lateral
acceleration, and as a consequence, the offtracking decreased. The lat-
eral force experienced by the tractor fifth wheel, presented as a func-
tion of tractor lateral acceleration, shows a gradient of about 49 kN/g
(11 000 1b/g).

A tilt test was conducted on this vehicle as part of a separate test
program [151. The vehicle is shown in the tilt table in Figure 20. The
high-side wheels of the rear trailer lifted at a tilt angle of 29.1°
after all corrections were made, which corresponds to a lateral accelera-
tion of 0.56 g. This is in quite good agreement with the rear trailer's
lateral acceleration of 0.52 g at outrigger touchdown. A full discussion
of the tilt test is presented elsewhere [15].

The trailer centre of gravity was about 1.75 m (70 in) from the ground.
Yan and tanker-type trailers can have centres of gravity up to about

2.5 m (100 in) from the ground, which would reduce the rollover threshold
from 0.53 g in this test to about 0.30 g [lé].
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5/ DISCUSSION

Tests were conducted with the equipment as provided. No efforts were
made to modify the equipment, except as required for testing, and these
modifications did not affect vehicle operation.

Tests were conducted in various weather conditions. Tires wore progres-
sively as the various tests were conducted. The outrigger assembly was
additional to normal trailer equipment, and the characteristics of the
trailers were, therefore, somewhat atypical, in both emply and loaded
conditions. In both conditions, the centre of gravity was somewhat Tower
than normal, particularly for the Toaded condition, because of the under-
slung outriggers.

It is not possible to make any meaningful remarks on the effect these
factors might have had on the results, except for centre of gravity
height, which has been mentioned already where it may have affected the
results. The results presented pertain to the particular vehicle tested;
and results different in some respects might be obtained for another
vehicle at another time.

This vehicle was considered an easy vehicle to drive by the test driver.
The short trailer wheelbase made it easy to manceuvre in both low=-speed
turns and dynamic tests, as the trailer imposed modest forces on the
tractor. Wnile the vehicle performed very well from the point of view of
the driver to the point where loss of control occurred, at that point the
consequences appear more severe than with the comparable B- or C-train.
The driver can feel the approach to the stability threshold with these
vehicles, whereas with the A-train, there is no feel for the rear
trailer. This provides a definite difference in the test situation,
where there is a steady approach to the stability threshold.

However, on the highway in an emergency accident avoidance situation, the
driver has one chance to make the proper response. Many accidents are
avoided by defensive driving. Others, unfortunately are unavoidable.
Since loss-of-control-type accidents are relatively infrequent for heavy
frucks, it may be gquestionable whether many, if any, are avoidable with a
more stable vehicle configuration. In an A-train the driver emergency
response may result in tractor or dolly jackknife on a lTow-friction sur-
face, or rear trailer swing or reollover on a high-friction surface.
Except for tractor jackknife, the driver would retain control of the
tractor. However, with the B- or C-train, the rollover situation
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would result in rollover of the entire vehicle. This might be more
hazardous to other road users than rear trailer rollover of the A-train,
and, certainly, is more likely to cause serious or fatal injury to the
driver. If it is accepted that there are very few true emergency situa-
tions when vehicle configuration might affect the outcome -- accident or
no accident -- then there is 1little argument against the A-train.

Indeed, as an easier vehicle to manoeuvre, and excepting trailer sway, it
might be argued that it reduces hazard because of a Tower driver work-
Toad.

In another area of safety, however, there are also few accidents that are
clearly due to poor brakes, though it is well known that heavy truck
brake standards and usage are much less than ideal. Yet it remains an
article of faith with safety professionals that no effort should be
spared to improve brake systems. Following similar logic, then, the B-
or C-train should always be preferred to the A-train, not only because
they have a margin of stability but, more particularly, the entire vehi-
cle provides feedback to the driver. If the driver can feel some reduc-
tion in vehicle stability, particularly on a Tow-friction surface. then
the responsible professional driver will drive more defensively, and
potential accident situations will be avoided. However, doubles are
typically driven by the more experienced drivers, so it may be questioned
whether additional caution would be realistic. This topic has not been
exhaustively researched, and further speculation is possibie. For want
of more information, however, there is no guestion at this time that the
Jaws of physics should prevail, and the more stable vehicle configura-
tions -- the B- and {-trains -- should be preferred to the A-train, to
the greatest extent possible.
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6/ CONCLUSIONS

An A-train double trailer combination was tested by the Ontario Ministry
of Transportation and Communications, as part of the CCMTA/RTAC Vehicle
Weights and Dimensions Study. The vehicle was designated a baseline
vehicle and the representative test vehicle for similar configurations.

The vehicle was subjected to turning, air brake system, Tateral/
directional and roll stability, and trailer sway tests. A demonstration
of straight-line braking was also conducted. Tests were conducted with
an empty vehicle on a lTow-friction surface and a loaded vehicle on high-
friction surface.

The short trailers and articulation points of this vehicle clearly con-
tributed to the modest space required to make turns.

The air brake system was typical of A-train doubles without a booster
relay valve.

The vehicle was quite responsive, with a rearward amplification of later-
al acceleration of about 1.80. The lateral/directional stability of the
vehicle, therefore, was poor, both empty on a Tow-friction surface and
Joaded on a high-friction surface. Stability deteriorated at the highway
speed Timit of 100 km/h.

The A-train double configuration is considered undesirable because of its
low stability at highway speeds. The C-train configuration is preferable
from this point of view, as demonstrated in a parallel series of tests.
However, the A-train is an easier vehicle to drive in some respects than
the C-train.

The roll stability was relatively high because the centre of gravity of
the trailer was very low. A higher centre of gravity would have signifi-
cantly reduced the roll threshold.
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Figure 1/ View of Vehicle
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Figure 3/ Clockwise Dfftracking

Figure 4/ Counter-Clockwise Final Offtracking
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Flgure 6/ Right-Hand Turn

Fiqure 7/ Channelized Right Turn
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Figure 19/ Vehicle Haking Steady Circular Turn

Figure 20/ Vehicle on Tilt Table
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ABSTRACT

An B-train double trailer combination was tested by the fntario Ministry
of Transportation and Communications (MTC) as part of the CCMTA/RTAC
Venicle Weignht ana Dimensions Study. The vehicle was designated a base-
line venicle and the representative test vehicle for similar
configurations.

The vehicle was subjected to turning, air brake system, lateral/
directional and roll stability, and trailer sway tests. A demonstration
of straight-1ine braking was also conducted. Tests were conducted with
the empty vehicle on a low-friction surface and the loaded venicle on a
pigh-friction surface.

This report presents detailed results of the tests and demonstrations.
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1/ INTRODUCTION

The effects of changes in truck weight and dimension parameters on combi-
nation vehicle stability ana handling and on pavement respanse 1o axle
group loaaing are being examined in the CCMTA/RTAC Vehicle Weights and
Dimensions Study. The vehicle portion of the study involved both com-
puter simulation of vehicle dynamic manceuvres and testing of venicles
and components. Combination vehicles were classified into six families,
pased on The number of trailers ana methods of nitching. A representa-
tive of each family was designated as the baseline vehicle configuration
for that family. Aaditional venicle configurations of interest were also
defined. A1l paseline and additional venicle configurations were lested
to assemple a bpody of technical and visual data that described the sta-
pility ana control characteristics of the vehicles with respect to cer-
tain performance measures.

The Ontario Ministey of Transportation and Communications (MTC) was asked
to test the six paseline vehicles and three additjonal tractor-trailer
compbinations, as part of its contribution to the study. This report
presents the results of a test of a B-train double trailer compination
baseline vehicle. It refers frequently to a report describing procedures
and equipment common to tests of all nine vehicles undertaken by MTC [1l.
Similar reports present details of the tests of the other eight vehicles
[2-9], and a summary report presents the results of tests of all six
paseline venicles [101. A computer simulation of vehicle responses 1o
actual test inputs using estimated vehicle data has also been conducted

[11].
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2/ TEST VEHICLE DESCRIPTION

The test vehicle consisted of the MTC Freightliner L1] and a B-train
flathed double trailer combination with a centre triple axle and rear
tandem axle. Tne combination is typical of equipment used in Central
Canada in heavy-naul applications.

The equipment for these tests was obtained from Transport CLanada for the
study. No modifications were made to the trailers except for purpases of
attachment of test equipment, which haa no effect on the operation of the
vehicle, though unit weights and polar moments of inertia were affected
[111.

Tne trailers were manufacturea by Pullman Trailmobile Canada in February
1980 and bore the serial numper 2.80.1110.1028.002. Both trailers had a
nominal bed length of 7.92 m (26 ft} and a nominal width of 2.44 m

(96 in). The lead trailer was provided with a triple-axle uynit with an

axle spacing of 1.52 m (60 in} and a Reyco six-spring suspension system

with torque rods ana equalizers. It had a fifth wheel mounted above the
rear axle of the triple-axle unit. The tandem-axie rear trailer had an

axle spacing of 1.79 m (70.5 in) and a Reyco four-spring suspension sys-
tem with torque rods and equalizers. On both trailers the spring centre
spacing was 0.96 m (38 in). the overall track width was 2.44 m (96 1in),

and the axlas were rated at 9616 kg (21 155 1p). The combination had an
overall length of 22.1 m (72.5 ft).

The trailers ana dollies were fitted with new Michelin XZA radial tires,
Tedbi gt Yot 8178 T1R?? .5, These tires were run a nominal dis-

The test vehicle is shown in Figure 1, in test condition with outriggers
installed. The dimensions of the test vehicle are presented in Figure 2.
Empty weight of the combination in test condition was 26 155 kg

{57 540 1p). Concrete blocks were used to obtain & loaded weight of

52 764 kg (116 080 1p}. Axle loads in these conditions are given in
Table 1.



Table 1/ Axle Loads

Empty Loaded

Axle NO. {kg) (1b) (kg) (1b})
1 4 650 10 230 4 991 10 980
2 3 996 g8 7490 6 082 13 380
3 3 500 7 700 5 723 12 590
4 3 386 7 450 7 864 17 300
5 2 918 6 420 7 827 17 220
6 2 664 5 860 7 232 15 910
7 3 077 6 770 7 536 i6 580
8 1 964 4 320 5 509 12 120
Total 26 155 57 540 52 764 116 D080

The empty weight exceeds that which would normally be seen on the high-
way., because the tractor is considerably heavier than late-model equip-
ment and because of the weight of test equipment installed, particularly
the outriggers. A target axle load of 8000 kg (17 600 1n) was set for
all axles except for the steer axle. This was nearly attained, with the
exception of the tractor drive axles and the jast axle of the combina-
tion. Botn trailers were loaded in the same fashion, consistent with
normal practice. Tne legal gross weignt of the vehicle tested is

56 600 kg (124 560 1p) in Quebec ang 60 500 kg (133 100 1p) in Ontario,
and would pe about 52 000 kg {114 400 1b) where permitted in the prairie
provinces.

The height of the centre of gravity of the empty trajler sprung mass was
estimated as 0.37 m (15 in) below the top of the floor. The centre of
gravity height was estimated as 0.22 m (9 in) above the top of the floor
in the loaded condition.
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3/ TEST PROGRAM

3.1/ Test Procedures

The test vehicle was prepared for testing in the following way:

1/ A mechanical inspection was carried out, and any necessary repairs or
majntenance was done.

2/ DQutrigger attachments were installed on the trailers.

3/ OQutriggers were jnstalled on the trailers.

47 The boxes containing instrument packages, power supplies and signal
conditioning, other instruments, and capling were installed.

6/ New tires were installed, and pressures were set.

6/ Other fittings necessary for testing were installed.

7/ Concrete blocks weére lgcated gn the trailer beds to achieve specified
axle loaas.

8/ Notes were made from detailed physical inspection, including an
inventory of components and measurement of dimensions.

9/ The MTC tractor was coupled to the trailers.

10/ The compination vehicle was weighed, empty and loaded.

11/ A functional test of the on-hboard electronics was conducted.

12/ Test runs were made to shake down the venicle instrumentation and
familiarize the test driver with the vehicle's handling
characteristics.

13/ Tires were run a nominal distance of 600 km (370 mi}.

14/ Articulation angle petween the tractor and lead trailer was
calibrated.

15/ Details of the vehicle and test equipment were recorded on photo-
graphs and videotape.

The following tests were performed:

Offrracking

Right-hand turn

Channelized right turn

Air brake system

Straight-line praking, empty vehicle, low-friction surface
Evasive manoeuvre, empty vehicle, low-friction surface
Sinusoidal steer, loaded vehicle, high-friction surface
Lane change, loaded vehicle, high-friction surface

Mormal straight-1ine driving

Steady circular turn, loaded vehicle, high-friction surface

All tests followed standard procedures [1], except as noted.



3.2/ Instrumentation

The instrumentation shown in Table 2 was installed. Brake pressure
transducers were only installed in the trailers for the air brake system
test, but al) other instrumentation was installed for all tests. Data
were always captured from all instrumentation, but only those pertinent
to a particular test were analysed.

Tractor instruments were selectea from the instrumentation that is per-
manently installed on the tractor. Instruments for the two trailers were
mounted in boxes placed on the trailer deck, which also contained power
supplies and signal conditioning., Trailer lateral acceleration and roll
angle were measured at a point midway between the kingpin and axle.

Full details of the instrumentation, signal conditioning, and data cap-
ture system are presented elsewhere [11.

3.3/ Data Capture and Data Processing

Data were digitized on board the vehicie and transmitteaq by telemetry as
a pulse-code modulated (PCM) data stream to a ground station, where they
were recorded on magnetic tape and captured in real time by an HP-1000
computer system. Test data for a run were processed immediately after

the run, and results from a series of runs were subsequently analysed
using the computer system [1].

Many test runs of all types were conducted for this vehicle., Not aill
these runs were used in the preparation of this report. In a number of
instances, a run failed to meet a test condition.



Table 2/ Instrumentation Installed

No Measurement

Tractor
Tractor

Tractor
Tractor

Tractor
Tractor

Tractar

Tractor

steer angle
roll angle

Jateral acceleration
yaw rate

Tongitudinal acceleration
speed, axle 1 right

distance, axle 1 right

fifth wheel load,

left-hand side

Tractor

fifth wheel 10ad

right-hana siae

Tractor
Tractar

treadle valve pressure
prake pressure,

axle 2 rLeft

Tractor

tateral acceleration

at fifth wheel
Tractor yaw angle

Trailer
Trailer
Trailer

Trailer
Trailer

1 articulation angle
1 lateral acceleration
1 rell angle

1 outrigger touchdqwn
1 lateral acceleration

at fifth wheel

Brake
Brake
Brake
Brake
Brake
Spare
Spare
Trailer
Trailer
Trailer

Trailar

pressure,
pressure,
pressure,
pressure,
pressure,

axie 4 right
axle 5 right
axle 6 right
axle 7 right
axle 8 right

2 articulation angle
2 Jateral acceleration
2 roll angle

2 outrigger touchdown

Instrument

Spectrol 139 potentiometer
Humphrey CF18-0907-1
gyroscape package

kistler 3038 accelerometer
Humphrey RT03-0502-1
angular rate transducer
Kistler 3038 accelerometer
Airpax 087-304-0044 zero
velocity magnetic pickup
Airpax 087-304-0044 zero
velocity magnetic pickup

MTC load cell

MTIC l1oad cell
Celesco PLC-200G

Lelesco PLC-2006

Cotumbia SA-107 accelerometer
Humphrey CF18-0907-1
gyroscope package

Celesco pull cord DV-301-150
Columbia SA-107 accelerometer
Humphrey WM02-0128-1

vertical gyroscope

Strain gauge bridge

Columpia SA-107 accelerometer
Calesco PLC-200G
Celesco PLE-200G
Celesco PLE-200G
Celesco PLLC-200G
Celesco PLC~200G

Spectrol 8409 potentiometer
Columbia SA-107 accelerometer
Humphrey W02-0128-1

vertical gyrosCope

Strain gauge bridge

Full Scale

38.7%/s
0.974 g

104.8 km/h
56.3 m/ramp
9890 b

10290 1b
100 psi

99.80 psi
0D.996 g

17.73°
20.839°
0.995 g

8.90°
1.0 ¥

0.996 g

104,96 psi
101.06 psi
102.07 psi
101.93 psi
106.79 psi

22.87
0.980 g

8.91°
1.0V




-7 -

4/ RESULTS
4.1/ Offtracking

Steady-state offtracking is considered an indicatar of venicle turning
apility. Offtracking of the vehicle was evaluated by making a complete
turn around a circle of radius 29.87 m (98 ft}. The vehicie outer wheel
tracked the inside of the circle. Turns were made in both Qirections, as
shown in Figure 3. At the end of a turn, the vehicle was parked and the
radjus to each axle was measured, according to the standard test pro-
cedure [l].

The results are shown in Table 3. The measured data were averaged for
the left and right turn ana then comparea to data generated by a simple
offtracking formula [12]. The difference between actual and computed
values, shown in the last column of Table 3, is so small that
steady-state offtracking can clearly be estimated very accurately by this
simple formula.

The final offtracking for the counter-clockwise Turn 15 shown in

Figure 4. After averaging for Doth directions and correcting for aiffer-
ences in axle track width, the offtracking of 1.656 m {5.41 ft)}, shown in
Figure 4, bpecame 1.69 m (5.54 ft).

Table 3/ Offtracking

Ragius to Inner
Track Wheel
AxlejWidtnh|Right Left Difference|Average|CalculatediDifference
No.} (m)} |Turn (m}] Turn {(m) {m) (m) (m}
1 }2.31 27.85 | 27.58 0.03 27.57 27.56 ~-0.04
2 2.37 27.26 27.32 0.06 27.29 27.21 ~0.29
3 (2,37 27.22 | 27.35 0.13 27.29 27.21 -0.29
4 |2.37 26.41 | 26.55 0.14 26.48 26.07 -1.57
R 12.37 26.32 | 26.47 0.15 26.39 26.02 -1.42
6 2.37 ?6.34 | 26.45 0.11 26.40 26.07 -1.27
7 2.37 26,81 25,91 0.10 25.86 25.45 -1.61
8 |2.37 ?5.76 | 2h.86 0.10 25.81 26.45 -1.41

4.2/ Right~Hana Turn

A 90° right-hand turn is a very demanding manceuvre for a large truck.
The vehicle's swept path in a 90° right-hand turn of 15 m (49.2 ft)
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radius was measured, according to the standard test procedure fi1j. This
radius is typical in an urban area or where there is limited truck traf-
fic. Tne swept path is shown in Figure b,

The vehicle is shown in Figure 6 during the turn, at a point close to its
maximum excursion out of the exit lane. The maximum excursion out of
1ane was 0.90 m (2.95 ft). It was out of the exit lane for a distance of
18.00 m (59.0 ft), as derived from Figure 5. This test was canducted at
a creep speed and represents the best possible turn. A roiling turn
would probanly result in a greater excursion out of the exit lane.

4.3/ Channelized Right Turn

The venicle's swept path in a channelized right turn was measured accord-
ing to the standard test procedure [171.

Tne venicle is shown during the turn in Figure 7. The clearance of the
innermost wheel of the rear trailer's rear axle from the inner curb is
shown in Figure 8 as a function of distance through the curve. The mini-
mum clearance was 1.556 m (5.1 Tt} in the 5.5 m {18 ft) wide roadway.

The roadway geometry used for this test is typical of an urban area,
where space js limited. The curb radius was 25 m (82 ft}, and entry and
exit tapers typical of four-lane roadways with a 60 km/h speed limit were
used. The venicle easily made it through the channel.

4.4/ Air Brake System

The air brake system of the combination was evaluated according to stan-
dard test procedure [1].

The trailer air brake system was inspected. A schematic of the system is
shown in Figure 9. The trailers were fitted with a Kelsey-Hayes anti-
lock braking system, which was inactive for these tests. A1l slack aa-
justers required manual adjustment. Stroke was adjusted to the minimum,
about 32 mm (1.25 inl on each axle. The tractor was supplied with shop
air, regulated at 689 kPa (100 psi). Pressure transducers were installed
at all trailer and aolly axles.

The SAE J982a style test was performed. The results of this test, pre-
sented in Table 4, are the average of several tests, each with a time
resalution of 0.02 s. The application and release times this test



-0 -

compare favourably with those obtained from tests conducted on other
double combinations [13]. The speed is due to the clean plumbing between
the trailers, and the anti-lock system requirements. An additional 6 to
10 m {20 to 30 ft} of hose and various couplings on a converter dolly
slow the A- or C-train brake timings significantly.

A typical time history response of application and release is presented
in Figure 10.

Table 4/ Air Brake Timing, SAE J982a Style Test

Application Timing Release Timing Final Pressure
Location 0-60 psi (s) to 5 psi {s) (psi)
Treadle 0.04 0.12 84.4
Axle 2 0.40 0.54 87.6
Axle 4 0.56 1.46 84.1
Axle 5 0.62 1.50 83.5
Axle 8 0.68 1.66 84.3

4.5/ Straight-Line Braking

It is aifficult to conduct rigorous braking tests and achieve consistent
results. A demonstration of modes of instability of the combination
vehicle in straignt-1ine braking was, therefore, conducted. A serjes of
runs was made with the empty vehicle approaching the low-friction test
area at 47 km/n and the ariver braking using the treadle valve, Runs
were made using various application pressures, to the point where groups
of wheels lockea. Tne driver was jnstructed not to attempt to counter
any loss of control, except as necessary to avoid hazard. The standard
test procedure was foliowed [1],

The vehicle compination was evaluated primarily in terms of the yaw
response of vehicle units, which is the heading angle of the vehicle unit
{in degrees), with zero parallel to the original direction of travel.

Any significant yaw seen in this manoeuvre arose from lateral/directional
instability of a vehicle unit.

The time history of a typical run that resulted in loss of control is
shown in Figure 11. The initial average brake application of about

276 kPa (40 psi) caused all praked wheels on the vehicle to lock. The
tractor jackknifed to the right, put the driver steered to the left ana
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was aple to hold the tractor heading at about 10°. The two trailers
remained under control, with the lead trailer heading to the right as the
tractor moved out of the lane in that airection. If the front axle
brakes on the tractor had been used, it is probable the tractor would not
have jackknifed at this speed. The tractor and trailers were Doth fitted
with anti-lock brakes. If these had been used, the wheels would not have

locked until a low speed and, again, the vehicle would have remained
unger control.

A summary of peak vehicle responses from the runs is shown in Figure 12,
as a function of average treadle valve pressure. The limit of surface
adnesion of about 0.16 g was reached pefore 193 kPa (28 psi), but tractor
jackknife did not occur until a significantly greater pressure was app-
lied. Jackknifes occurred to both right and left, and in each case, the
driver eased off the treadle valve during the stop, So the data points
are plotted at a lower pressure than used initially.

4.6/ Evasive Manoeuvre

The object of this test was to evaluate empty vehicle lateral/Qirectional
characteristics at the 1imits of stability on a low-friction surface. A
ceries of runs was made where the driver made an evasive manoeuvre, which
is considered representative of a high-speed accident avoidance situation
on a two-lane, two-wdy highway. Gates of 20.0 m (65.6 ft) were used for
the lane change to the left and return to the original lane, separated by
20 m (65.6 ft) in the left lane, The runs were made in accordance with
the standard test procedure L1].

The vehicle compbination was evaluated primarily in terms of the lateral
acceleration and yaw responses of the vehicle units. These are shown in
Figure 13. Each response 15 the peak-to-peak amplitude experienced Dy
the vehicle in the manoeuvre. The lateral acceleration of all vehicle
units increased with speed up to 54 km/h. Trailer 2 had the highest rate
of increase. The heading amplitude tended to decrease with speed for the
tractor and trailer 1 and remained relatively constant for trailer 2.
Data reveal that there w2s minor trailer 2 oscillation when the vehicle
returned to the original lane. As the speed Increased, ing¢reased steer
at the tractor was nacessary to negotiate the course, This indicateq
tractor understeer and s supportea by the driver's comments that the

vehicle tenaed to “"push.” At 54 km/n trailer Z swung out of lane on the
return to the original lane.
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A typical run at this speed is shown in Figure 14.
4.7/ Sinuscidal Steer

The objective of this test was to evaluate characteristics of rearward
amplification of lateral acceleration for this combination. A series of
runs was made where the driver made a sinusoidal steer input t0 the vehi-
cle while travelling at a steady speed, in accordance with the standard
test procecure [1]. Tnis test was conducted at speeds of 63, 84, and

94 km/h, with steer input periods between about 2 and 5 s.

The vehicle combination was evaluated in terms of the lateral accelera-
tion responses of the vehicle units. Rearward amplification of lateral
acceleration for the two trailers is presented in Figure 15, as a func-
tion of tractor steer ingut period for the three test speeds. Each gain
is defined as the peak-to-peak trailer lateral acceleration response
divided by the peak-to-peak tractor lateral acceleration, and is
dimensionless.

It is evident from Figure 15 that rearward amplification increases with
speed, rearward Dy trailer, and is also somewhat sensitive to steer peri-
od, reaching the highest value of about 1.70 at about 2 s at 94 km/h.

The results show that, at highway speed, the B-train double i5 a moder-
ately responsive vehicje. The reason for this is that its inherent sta-
pility s high. Stability and response of mechanical systems have an
jnverse relationship: high stabjlity means low response t¢ jnput and
vice versa,

Figure 16 shows the vehicle respense from a typical run with a steer
period of about 2 s at 94 km/h.

4.8/ Lane Change

The objective of this test was to evaluate venicle stability character-
istics in a dynamic manoeuvre. A series of runs was made where the driv-
er mage a fast lane change, which is considered representative of a high-
speed accident avoidance situation on a four-lane or divided highway.

The runs were made in accoraance with the standard test procedure {1l.

A gate of 30 m (98.4 ft) was used, to provide a vehicle speed of about
80 km/h, which is a typical speed limit and mignt permit some comparison
of the results of this test with that described in the preceding
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sactions.

The results from all runs are summarized in Figure 17. The peak-to-peak
lateral acceleration, roll, and yaw (or heaaing) angles all show an in-
crease as the limiting speed of 85 km/h was reached, at which point
trailer 2 rolied over to the left with outrigger touchdown, s1id about

1 m {3.3 ft) into the adjacent lane, swung back to the right, ana rolled
with a second outrigger touchdown on the right. Figure 18 shows such a
run. The response was rather violent, but the entire vehicle would not
have rollea over. Lateral acceleration and roll gains are aliso shown in
Figure 17. Tne lateral acceleration gains at 63 ana 84 km/h were consis-
tent with those from the sinusoidal steer test. Lateral acceleration lag
time for trailer 1 tends to ¢limb and stabilize, whereas for trailer 2 it
tends to fall for the first response peak, due to the cteer to the left,
The rear trailer response lags 1.0 to 1.3 s behind the tractor. There-
fare, once the driver initiates an input, the vehicle response will fal-
Tow and there is little that the driver can do to modify it. This lag
time is caused py the numper of articulation points and length of the
vehicle and is considered to reduce the driver's contro]l of the entire
vehicle. The yaw overshoot of the trailer clearly illustrates trailer 2
swing at the limiting speed and is partially as a result of roll states.
In all cases, trailer 2 reacted more violently than trailer 1, except
that trailer 1 overshot the most.

Figure 19 shows the steer input and vehicle response from a typical run
at 85 km/h. The yaw histories show signs of oversteer, and the roll
nistories for trailers 1 and 2 shaw a roll responsé to the rignht after

the vehicle has entered the exit lane, no doubt due to the preceding
oversteer track.

4.9/ Normal Straight-Line Driving

The objective of this test was to attempt to evaluate lateral motion of
the rear trailer of the combination, the phenamenon known as trailer
sway. A series of runs was made with the loaded vehicle driven normally

at 94 km/n in a stralght line, according to the standard test procedure
f1l.

As previously mentioned, the venicle was quite rasponsive, put the slight
steer corrections made in the course of normal driving, and roughness of
the test track surface, resulted in rear trailler sway that was hardly
perceptible to the occupants of a chase vehicle. Root mean square (RMS)
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lateral acceleration of the rear trailer was 1.49 g/° of RM3 steer input.
4.10/ Steady Circular Turn

The opjective of this test was to evaluate vehicle steady-state rollover
characteristics to determine the nigh-speed offtracking of the vehicle
and to examine the side loads exerted on the tractor by the trajlers. A
series of runs was made with the vehicle circumscribing a circle with a
B0 m (164 ft) radgius at a steaay speed, according to the standard test
procedure [11].

The results of this test are summarizea in Figure 20, The vehicle combi-~
nation was evaluated primarily in terms of the roll response of the vehi-
cle units. At the limiting speea of 63 km/h, a lateral acceleration of
0.49 g, the outriggers of both trailers touched down, as shown in

Figure 21 and 22. As Figure 20 shows, roll angles increased with speed
and articulation angles decreased, and as a consequence, the offtracking
decreased. The lateral force experienced by the tractor fifth wheel,

presented as a function of tractor lateral acceleration, shows a gradient
of 13.8 kN/g (3100 1p/g}.

A tilt test was conductea on tnis vehicle as part of a separate test
program L14]. The vehicle is shown on the tilt table in Figure 23. The
high-sige wheels of the rear trailer liftea at a tilt angle of 26.9°,
after all corrections were made, which corresponds to a lateral acceler-
ation of 0.51 g. Tnis is in quite good agreement with the rear trailer's
lateral acceleration of 0.49 g at outrigger touchdown. A full discussion
of the tilt test is presented elsewhere [14].
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5/ DISCUSSION

Tests were conducted with the equipment as provided. No efforts were
made to modify the equipment, except as requirea for testing, and these
moaifications did not affect vehicle operation.

Tests were conducted in various weather conditions. Tires wore progres-
sively as the various tests were conducted. The outrigger assembly was
aaaitional to normal trailer equipment, and the characteristics of the
trailers were, therefore, somewhat atypical, in both empty and loaded
conditions. In poth conditions, the centre of gravity was somewhat lower
than normal, particularly for the loaded condition, because of the under-
slung outriggers.

It is not possible to make any meaningful remarks on the effect these
factors might have had on the resuits. The results presented pertain to
the particular vehicle tested, and results different in some respects
might be obtained for another vehicle at another time.

This vehicle was considerad an easy vehicle to drive by the test driver.
Tne short trailer wheelbase made 1t easy to manoceuvre in low-speed turns,
though nigh driver effort was required in these and dypami¢ tests, as the
trailer imposed significant forces on the tractor. The vehicle was near-
1y as responsive as a similar A~-train [5].
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6/ CONCLUSIONS

A B-train double trailer combination was tested by the Ontario Ministry
of Transportation and Communications, as part of the CCMTA/RTAC Vehicle
weights and Dimensions Study. The vehicle was designated a baseline

vehicle and the representative test vehicle for similar configurations.

The venicle was subjected to turning, air drake system, lateral/
directjonal ana roll stability, ana trailer sway tests. A demonstration
of straight-line braking was also conducted. Tests were conducted with
an empty vehicle on a low-friction surface and a loaded vehicle on high-
friction surface.

The articuylation of this vehicle clearly contributed to the small space
required 1o make turns.

The air brake system was relatively fast and well balanced, largely
pecause the B-train has no converter dolly and pbecause the particular
vehicle was equipped with anti-lock brakes.

The lateral/directional stability of the venicle was moderate, both empty
on a low-friction surface ana loaded on a high-friction surface, S5ta-
pility deterioratea at the highway speed limit of 100 km/h. The roll
stability was high previously because of the low trailer centre of grav-
ity height. A nigner centre of gravity would significantly reduce the
rall threshold.
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Figure 1/ View of Vehicle

Figure 2/ venicle Dimensions
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Figure &/ Counter-Clockwise Final Offtracking
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ABSTRACT

A C-train double trailer combination was tested by the Ontario Ministry
of Transportation and Communications (MTC) as part of the CCMTA/RTAC
Vehicle Weight ana Dimensions Study. The vehicle was designated a base-
line vehicle and the representative test vehicle for similar
configurations.

The vehicle was subjected to turning, air brake system, lateral/
directional and roll stability, and trailer sway tests. A demonstration
of straight-1ine braking was also conducted. Tests were conducted with
the empty vehicle on a low-friction surface and the loaded vehicle on a
high-friction surface.

This report presents detailed results of the tests and demonstrations.
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1/ INTRODUCTION

The effects of changes in truck weight and dimension parameters on combi-
nation vehicle stability ana handling and on pavement response to axle
group loading are being examined 1n the CCMTA/RTAC Vehicle Weights and
Dimensions Study. The vehicle portion of the study involved both com-
puter simulation of vehicle dynamic manoeuvres and testing of vehicles
and components. Combination vehicles were classified into csix families,
based on the number of trailers and methods of hitching. A representa-
tive of each family was designated as the baseline vehicle configuration
for that family. Adaitional vehicle configurations of interest were also
dafined. All baseline and adaitional vehicle configurations were tested
to assemble a pody of technical and visual data that described the sta-
pility ana control characteristics of the vehicles with respect to ceér-
tain performance measures.

The Ontaric Ministry of Transportation and Communications (MTC) was asked
f0 test the six baseline venicles and three addgitional tractor-trailer
compinations, as part of its contribution to the study. This report
presents the results of a test of a C-train double trailer combination
paseline vehicle. It refers frequently to a report describing procedures
and equipment common to tests of all nine vehicles undertaken by MTC [1il.
Similar reports present details of the tests of the other eight vehicles
[2-9], and a summary report presents the results of tests of all six
paseline vehicles [10]. A computer simulation of vehicle responses to
actual test inputs using estimatea vehicle data has also been conducted
[11].
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2/ TEST VEHICLE DESCRIPTION

The test vehicle consisted of the MTC Freightliner [1] and two tandem-
axle flatbea semitrailers with a single-axle B-type converter dolly. The
combination is typical of egquipment used in all regions of Canada, except
the Atlantic provinces, though the C-train configuration 1s much less
common than the A-train. The same combination was also tested concur-
rently as an A-train, using an A-type converter dolly (3].

The equipment for these tests was provided by the Roads and
Transportation Association of Canada (RTAC). No modifications were made
to the trailers or dolly except for purposes of attachment of test equip-
ment, which had no effect on the operation of the vehicle, though umt
weights and polar moments of inertia were arfected.

The trailers used were both manufactured by Fruehauf in Winnipeg and were
model PB~F2-26-102-SF with serial numbers DXT2796-08 and DXT2796-06.

Fach trailer had a nominal length of 7.93 m (26 ft) and a nominal width
of 2.59 m {102 in). Each had two axles spaced 1.24 m (42 in) apart anda
suspended from a Reyco 21B four-spring leaf suspension system with torque
rods and equalizer arms. The spring centre spacing for each trailer was
0.96 m (38 in), and the overall track width was 2.44 m (96 in). Tne
dolly was made from the ASTL SSD frame, used in previous tests [12], and
a Sauer model RLZ 10041 self-steering axle rated at 10 000 kg (22 000 1b)
and placarded for a speed of 80 km/h. Suspension was a Reyco two-spring
leaf system with a torque rod. The B-dolly had a spring centre width of
0.76 m (30 in), ana the track width was 2.44 m (96 in). The fifth-wheel-
to-nitch aistance was 1.98 m (6.5 ft). Tne combination had an overall
Tfength of 20.97 m (68.8 ft).

The trailers and dolly were fitted with new Michelin XZA radial tires, in
load range H and size 11R22,5. These tires were run a nominal distance
of 600 km (370 mi) pefore any testing and were then, subsequently, used
for all tests. Tire pressure was set cola at 689 kPa (100 psi), which is
the manufacturer's recommended value for full load. This was used for
all tests and represents the common operating practice of not reducing
tire pressure wheén running empty.

The test vehicle is shown in Figure 1, in test condition with outriggers
instalied. The dimensions of the test vehicle are presented in Figure Z.
Empty weight of the combination in test condition was 24 196 kg

{63 230 1b). Concrete blocks were used to obtain a Toaded weight of
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48 668 kg (107 070 Ip). Axle loads in these conditions are given 1n
Taple 1.

Table 1/ Axle Loads

Empty L oaded T
Axle No. {kg) {(1b) (kg} {1p)
1 4 832 10 630 5 127 11 280
2 3 700 3 140 5 445 11 980
3 3 218 7 080 5 464 12 020
4 2 073 4 560 5 664 12 460
5 2 35% 5 180 6 536 14 380
& 3 518 7 740 7 721 17 000
7 2 445 hH 380 6 Bl4 14 990
8 2 055 4 520 5 891 12 960
Total 24 196 53 230 48 668 107 070

The empty weight exceeds that which would normally be seen on the high-
way, because the tractor is considerably heavier than late-model equip-
ment and because of the weight of test equipment installed, particularly
the outriggers. A target axle load of 8000 kg (17 600 1p) was set for
all axles except for the steer axle. This was not closely attained.

Both trailers were loaded in the same fashion. The legal gross weight of
the vehicle tested varies between 52 800 and 61 600 kg (116 160 and

135 520 1p), depending on the province.

The neight of the centre of gravity of the empty trailer sprung mass was
estimateda as 0.37 m (15 in) below the top of the floor. The centre of
gravity height was estimated as 0.20 m (8 in) above the top of the floor
in the loaded condition.
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3/ TEST PROGRAM
3.1/ Test Procedures

The test vehicle was prepared for testing in the following way:

1/ A mechanical inspection was carried out, and any necessary repairs or
maintenance was doneé.

2/ Outrigger and safety cable attachments were installed on the
trailers, and safety caple attachments were installed on the dolly.

3/ Outriggers were installed on the trailers.

4; The boxes containing instrument packages, power supplies and signal
conditioning., other instruments, and cabling were installed.

K/ New tires waere installed, and pressures were set.

6/ Other fittings necessary for testing were installed.

7/ Concrete blocks were located on the trajler beds to achieve specified
axle loaas.

8/ Notes were made from aetailed physical inspection, including an
inventory of components and measurement of dimensions.

9/ The MTC tractor was coupled to the trailers.

10/ The compination vehicle was weighea, empty and loaded.

11/ A functional test of the on-board electronics was conducted.

12/ Test runs were made to shake down the vehicle instrumentation and
familiarize the test driver with the vehicle's handling
characteristics.

13/ Tires were run a nominal aistance of 600 km (370 mi}.

14/ Articulation angle between the tractor and lead trailer was
caliprated.

15/ Details of the venicle and test equipment were recorded on photo-
graphs and videotape.

The following tests were performed:

Offtracking

Right-hand turn

Cnannelized right turn

Air brake system

Straight-1ine braking, empty vehicle, low-friction surface
Fvasive manoeuvre, empty vehicle, low-friction surface
Sinusoidal steer, loadea vehicle, nigh-friction surface
Lane change, loaded vehicle, high-friction surface

mormal straight-line driving

Steady circular turn, loaded vehicle, high-friction surface

s & & C & & 5 & 8 @
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A11 tests followed standard procedures [1], except as noted.
3.2/ Instrumentation

The instrumentation shown in Table 2 was installed. Brake pressure
transducers were only installed in the trailers and dollies for the air
brake system test, but all other instrumentation was installed for all
tests. Data were always captured from all instrumentation, but only
those pertinent to a particular test were analysed.

Tractor instruments were selected from the instrumentation that is per-
manently installed on the tractor. Instruments for the two trailers were
mounted in boxes placed on the trailer deck, which also contained power
supplies and signal conditioning. Trailer lateral acceleration and roll
angle were measured at a point midway between the kingpin and axle.

Full details of the instrumentation, signal conditioning, and data cap-
ture system are presented elsewhere [1].

3.3/ Data Capture and Data Processing

Data were digitized on board the vehicle and transmitted by telemetry as
a pulse-code modulated (PCM) data stream to a ground station, where they
were recorded on magnetic tape and captured in real time by an HP-1000
computer system. Test data for a run were processed immediately after
the run, and results from a series of runs were subsequently analysed
using the computer system [1].

Many test runs of all types were conducted for this vehicle. Not all
these runs were used in the preparation of this report. In a number of
instances, a run failed to meet a test condition.



Taple 2/ Instrumentation Instailed

Full Scale

104.8 xm/h

56.3 m/ramp

No Measurement Instrument
o o R e o e m Fomm o ———
1 Tractor steer angle Spectrol 139 potentiometer
? Tractor roll angle Humphrey CF18-0907-1
gyroscope package
3 Tractor lateral acceleration Kistler 303B accelerometer
4 Tractor yaw rate Humphrey RT03-0502-1
angular rate transducer
& Tractor longitudinal acceleration Kistler 303B accelerometer
6 Tractor speed, axle 1 right Airpax 087-304-0044 zero
velocity magnetic pickup
7 Tractor distance, axle 1 right Airpax 087-304-0044 zero
velocity magnetic pickup
8 Tractor fifth wheel load,

left-hand side

Tractor fifth wheel load
right-hand side

Tractor treadle valve pressure
Tractor Drake pressure,

axle 2 Left

Tractor lateral acceleration
at fifth wheel

Tractor yaw angle

TJrajler 1 articulation angle
Trailer 1 lateral acceleration
Trailer 1 roll angle

Trailer 1 outrigger touchdown
Dally 1 steer angle

Dolly 1 lateral acceleration
Brake pressure, axle 4 right
Brake pressure, axle b right
Brake pressure, axle 6 right
Brake pressure, axle 7 right
Brake pressure, axle 8 right
Spare

Spare

Trailer 2 articulation angle
Trailer 2 lateral acceleration
Trailer 2 roll angle

Trailer 2 outrigger touchdown

MTC load cell

MTC load cell
Celesco PLC-200G

Celesco PLL-200G

Columbia 5A-107 accelerometer
Humphrey CF18-0907-1
gyroscope package

Celesco pull cord DY-301-150
Calumbia SA-107 accelerometer
Humphrey W02-0128-1

vertical gyroscope

Strain gauge Dridge

Spectrol 139 potentiometer
Columbia SA-107 accelerometer
Celesco PLC-200G

Celesco PLLC-200G

Celesco PLC-200G

Celesco PLC-200G

Celesco PLC-200G

Spectrol 8409 potentiometer
Columbia SA-107 accelerometer
Humphrey W02-0128-1

vertical gyroscope

Strain gauge bridge

9890 1p

10290 1o
100 psi

99.80 psi
0.9%6 g

17.73°
23.194°
0.995 g

8.90°

1.0 ¥
25.0°
0.996 g
104.96 psi
101.06 psi
102.07 psi
101,93 psi
106.79 psi

2e.8°
0.980 g

8.91°
1.0 ¥
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4/ RESULTS

4.1/ Offeracking

Steady-state offtracking is considered an indicator of vehicle turning
ability. Offtracking of the vehicle was evaluated by making a complete
turn arcund & circle of radius 29.87 m {98 ft). The vehicle outer wheel
tracked the inside of the circle. Turns were made in both airections, as
shown in Figure 3. At the end of a turn, the vehicle was parked and the
radius to each axle was measured, according to the standard test
procedure [1].

The results are shown in Table 3. The measured data were averaged for
the left and right turn and then compared to data generated Dy a simple
offtracking formula [13]. The difference between actual and computed
values, shown in the last column of Table 3, is so small that steady-
state offtracking can clearly pe estimated very accurately by this simple
formula.

The final offtracking for the counter-clockwise turn is shown in

Figure 4. After averaging for both directions and correcting for aiffer-
ences in axle track width, the offtracking of 1.35 m (4.34 ft), shown in
Figure 4, pecame 1.31 m (4.29 ft).

Table 3/ Offtracking

F_ Radius to Inner
Wheel

Axle|Track]Right Left Difference|Average|Calculatea|lifference
No. {width|Turn {m){ Turn (m) (m} {m) (m) %
1 2.31 27.53 27.68 0.15 27.60 27.56 -0.14
2 12.37 27.24 27.30 0.06 27.27 27.21 -0.22
3 .37 27.23 27.26 0.03 27.258 27.21 -0.15
4 12,37 26.63 26.65 0.01 26.64 26.64 0.00
5 {2.37 26.60 26.61 0.01 26.61 26.64 +0.11
6 Z2.37 ?26.67 26.67 0.00 26.67 26.86 +0.71
7 2.37 26,20 26.23 0.03 26.22 26.29 +0.27
3 2.37 26,17 260.20 0.03 26.19 26.29 +0,38

4.2/ Right-Hand Turn

A 90° right-hand turn is a very demanding manoeuvre for a large truck.
The vehicle's swept path in a 90° right-hand turn of 15 m (49.2 ft)
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radius was measured, according to the standard test procedure [1]. Tnis
radius is typical in an urban area or where there is 1imitea truck traf-
fic. The swept path is shown in Figure 5.

The vehicle is shown in Figure 6 during the turn, The maximum excursion
out of lane was 0.80 m (3.62 ft}. It was out of the exit lane for a
gistance of 8.40 m (27.56 ft), as derivea from Figure 5. This test was
conducted at a creep speed and represents the best possible turn. A
rolling turn would probably result in a greater excursion out of the exit
lane,

4.3/ Cnannelized Right Turn

The venicle's swept patn in a channelized right turn was measured accord-
ing to the standard test procedure [1].

The vehicle is shown during the turn in Figure 7. The clearance of the
innermost wheel of tne rear trailer's rear axle from the Tnner curb is
shown in Figure 8 as a function of distance through the curve. The mini-
mum clearance was 1.66 m (5.45 ft) in the 5.5 m (18 ft) wide roadway.

The roadway geometry usea for this test is typical of an urban area,
where space is limited. The curb radius was 25 m {82 ft), and entry and
exit tapers typical of four-lane roadways with a 60 km/h speed 1Tmit were
used. The vehicle easily made it through the channel, with the left
front wheel tracking right on the outer curb.

4.4/ Air Brake System

The air brake system of the combination was evaluated according to stan-
dard test procedure [1].

Tne trailer air brake system was inspected. A schematic of the system is
shown in Figure 9. The dolly was not equipped with a booster relay valve
to speed the signal. Al slack adjusters required manual adjustment.
Stroke was adjusted to the minimum, about 32 mm (1.25 in) on each axle.
The tractor was supplied with shop air, regulated at 689 kPa (100 psi).
Pressure transducers were installed at all trailer and dolly axles.

The SAE J982a style test was performed for the full double combination.
The results of this test, presented in Table 4, are the average of sever-
al tests, each with a time resolution of 0,02 s. The application times
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of this test were typical of those obtained from tests conducted on other
aouble combinations [14]. The release times are considered Jong. A
typical time nistory response of application and release for the full
double combination is presented in Figure 10.

Table 4/ Air Brake Timing, SAE Jd982a Style Test

Application Timing Release Timing Final Pressure
Lacation 0-60 psi (s) to § psi {s) {psi)
Treadle 0.03 0.18 98.3
Axle 2 0.43 0.64 97.5
Axle 4 0.54 1.65 93.3
Axle 5 0.53 1.59 95.5
Axle 6 0.85 1.96 94.2
Axle 7 0.83 2.39 54.0
Axle 8 0.83 2.43 94,2

4.5/ Straight-Line Braking

It is aifficult to conduct rigorous braking tests and achieve consistent
results. A demonstration of modes of instability of the combination
vehicle in straight-line braking was, therefore, conducted. A series of
runs was made with the empty vehicle approaching the low-friction test
area at 47 km/n and the driver braking using the treadle valve. Runs
were mage dsing various application pressures, to the point where groups
of wheels locked. The driver was instructed not to attempt to counter
any loss of control, except as necessary to avoid hazard. The standara
test procedure was foliowea [1].

The venhicle compination was evaluated primarily in terms of the yaw
response of venicle units, which is the neading angle of the vehicle unit
{in aegrees), with zero parallel to the original direction of travel.

Any significant yaw Seen in this manoeuvre arose from lateral/directional
instability of a vehicle unit.

The time history of a typical run that resulted in loss of control is
shown in Figure 11. The brake application of apout 310 xPa (45 psi)
caused all braked wheels to lock. The tractor was jackknifing to the
left when the driver momentarily released the brakes and steered ta the
right. Trailer 2 swung to the left but then straightened up as the
vehicle came to a stop. The driver managed to arrest the jackknife, but
would not have peen able to at the higher speed. If the tractor front
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axle brakes nad been used, it is probable the tractor would not have
jackknifed at this speed.

A summary of peak vehicle responses from the runs is shown in Figure 12,
as a function of average treadle valve pressure. The limit of surface
adhesion of about ©.15 g was reached at a brake pressure of about 173 kPa
(25 psi). ana the tractor started to jackknife at a brake pressure of
about 290 kPa (42 psil.

4.6/ Evasive Manoeuvre

The object of this test was to evaluate empty vehicle lateral/directional
characteristics at the limits of stability on a low-friction surface. A
series of Tuns was maoe where the driver made an evasive manoeuvre, which
is considered representative of a high-speed accident avoidance situation
on a two-lane, Two-way nignway. Gates of 22.5 m (73.8 ft) were used for
the lane change to the left and the return to the original lane, separ-
ated by 20 m (65.6 ft} in the left lane, The runs were made in accor-
dance with the standard test procedure [1].

The vehicle combination was evaluated primarily in terms of the lateral
acceleration and yaw responses of the venicle units. These are shown in
Figure 13. Each response is the peak-to-peak amplitude experienced by
the vehicle in the manoceuvre. The lateral acceleration for all three
vehicle units tendea to increase with speed. The vehicle maintained
stapility up to approximately 63 km/h, at which point the tractor was
unable to maintain, consistently, a trajectory through the course. NO
higher speed was attempted. Tractor steer input remained relatively
uniform throughout the speeds tested, indicating some sliding but no
serious instapility. The driver noted slight "push" of the tractor and
tire "howl." There was insufficient sideforce on the low-friction sur-
face to cause any B-aolly steer. From that point of view, therefore,
this vehicle was behaving as a B-train in this manceuvre.

A typical run at 63 km/h is shown in Figure 14,

4.7/ Sinusnidal Steer

The objective of this test was to evaluate characteristics of rearward
amplification of lateral acceleration for this combination. A series of

runs was made where the driver made a sinusoidal steer input to the vehi-
cle wnile travelling at a steady speed, in accordance with the standard
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test procedure [1]. This test was conducted at speeds of 84 and 94 ¥m/h,
with steer input periods between about 2 and 5 s. Weather conditions
preciuded runs at 63 km/h.

The vehicle combination was evaluated in terms of the lateral accelera-
tion responses of the vehicle units. Rearward amplification of lateral
acceleration for the two trailers is presented in Figure 15, as a func-
tion of tractor steer input period for the two test speeds. This is
aefined as the peak-to-peak trailer lateral acceleration response divided
by the peak-to-peak tractor lateral acceleration, and 1is dimensionless.

It is evident from Figure 15 that rearward amplification increases with
speed, rearward by trailer, and is also somewhat sensitive to steer peri-
od reacning the highest value of about 1.50 around 2.5 s. The results,
as seen in Figure 15, show that, at highway speed, the C-train double is
not a very responsive vehicle. The reason for this is that 1ts inherent
stability is rather nigh. Stability and response of mechanical systems

nave an inverse relationship: high stapility means low response to input
and vice versa.

Figure 16 shows the response of a typical run for a steer period of about
2.5 5 at 94 km/n.

4.8/ Lane Change

The objective of this test was to evaluate vehicle stability characteris-
tics in a dynamic manceuvre. A series of runs was made where the driver
Mmade a lane-change manoeéuvre, which is considered representative of a
high-speed accident avoidance situation on a four-lane or divided high-
wady. The runs were made in accordance with the standard test procedure

[il.

A gate of 30 m {98.4 ft) was used, to provide a venicle speed of about
80 km/n, which is a typical speed 1imit and might permit some comparison
of the results of this test with those described in the preceding
sections.

The results from all runs are summarized in Figure 17. The peak-to-peak
lateral acceleration, roll, and yaw (or neading) angles all show an
jncrease as the limiting speed of 94 km/n was reached, at which point the
trailers slid to the left about 1 m (3.3 ft) into the adjacent lane.
While the trailer did not roll over in this manceuvre, it undoubtedly
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would have if its centre of gravity had been higher and, perhaps, at a
somewhat lower speed than 95 km/h. The lateral acceleration gains are
consistent with the rearward amplification and tend to increase at a mod-
erate rate, as does the roll gain, the largest of each being the rearmost
trailer. The yaw overshoot of the trailer clearly illustrates the rear
trailer swing at the Timiting speed. The vehicle generally tended to
slide more than roll, although substantial roll was apparent.

Figure 18 is a time history of a run at 94 km/h, the steer input, and
vehicle responses. As can be seen, the vehicle was active in overshoot
of both trailers with large roll angles, because of the steer action of
the B-dolly.

4.9/ Normal Straighi-Line Driving

The objective of this test was to attempt to evaluate lateral motion of
the rear trailer of the combination, the phenomenon known as trailer
sway. A series of runs was made with the loaded venicle driven normally

at 94 km/n in a straight line, according to the standard test procedure
£1l.

As previously mentionea, the vehicle was not very responsive, and the
slight steer corrections made in the course of normal driving. and rough-
ness of the test track surface, resulted in little rear trailer sway that
was perceptible to the occupants of a chase vehicle. Root mean square
(RMS) lateral acceleration of the rear trailer was 1.46 g/® of RM5 steer
input.

4.10/ Steady Circular Turn

The objective of this test was to evaluate vehicle steady-state rollover
characteristics to determine the high-speed offtracking of the vehicle
ana examine the side loads exerted on the tractor by the trailers. A
series of runs was made with the vehicle circumscribing a circle with a
50 m (164 ft) raaius at a steady speed, according to the standard test
procedure [11].

The results of this test are summarized in Figure 19. The vehicle combi-
nation was evaluated primarily in terms of the roll response of the vehi-
cle units. Average steady-state roll angle is presented as a function of
tractor lateral acceleration. At the limiting speed of 61 km/h, a later-
al acceleration at (.54 g, the steer of the B-dolly caused the outrigger



- 13 -

of both trailers to touch down, as shown in Figure 20. As Figure 19
shows, roll angles increased with speed. Average steady-state articula-
tion angles decrease modestly with increase in lateral acceleration, and
as a consequence, the offtracking decreases. Offtracking was considera-
bly further outward for this vehicle than for tne comparable A-train I3].
The lateral force experienced by the tractor fifth wheel, presented as &
function of tractor lateral acceleration, shows a gradient of 8.9 kN/g
(2000 1n/q).

A tilt test was conducted on this venicle as part of a separate test pro-
gram L15]. The venicle is shown on the tilt table in Figure Zl. The
high-side wheels of the vehicle lifted at a tilt angle of 28.0°, after
all corrections were made, which corresponds to a lateral acceleration of
0.53 g. This is in quite a gooa agreement with the lateral acceleration
of 0.54 g at outrigger touchdown. A full discussion of the tilt test 1s
presented elsewhere [15].
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5/ DISCUSSION

Tests were conducted with the equipment as provided. No efforts were
made to modify the equipment, except as required for testing, and these
moaifications dia not affect venicle operation.

Tests were conducted in various weather conditions. Tires wore progres-
sivaly as the various tests were conducted. The outrigger assembly was
additional to normal trailer equipment, and the characteristics of the
trailers were, therefore, somewhat atypical, in both empty and loaded
conditions. In both conditions, the centre of gravity was somewhat lower
than normal, because of the underslung outriggers.

It is not possible to make any meaningful remarks on the effect these
factors might have had on the results. The results presented pertain to
the particular venicle tested, and results aifferent in some respects
might be obtainea for another vehicle at ancther time.

This vehicle was considereda an easy venhicle to drive by the test driver.
The short trailer wheelbase made it easy to manoeuvre in low-speed turns,
though high driver effort was required in these and dynamic tests, as the
trailer imposea significant forces on the tractor. The driver could feel
the trailers pushing the tractor through a manceuvre once it had started,
pecause the B-dolly did not steer initially, if at all, on the low-
friction surface. The vehicle was somewhat less responsive -- more
staple -- than the comparable A-train [3]. The driver felt it handled

quite well on the highway when returning to Centralia from Blainville in
snow and i<y road conditions,
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6/ CONCLUSIONS

A C-train double trailer combination was tested by the Ontario Ministry
of Transportation and Communications, as part of the CCMTA/RTAC Vehicle
Weights ana Dimensions Study. The vehicle was designated a baseline

venicle and the representative test vehicle for similar configurations.

The vehicle was subjected to turning, air brake system, lateral/
directional and roll stability. and trailer sway tests. A demonstration
of straignt-line praking was also conaucted. Tests were conducted with
an empty vehicle on a lTow-friction surface and a loaded vehicle on high-
friction surface.

The short trailers and articulation points of this venhicle ¢learly con-
tributed to the modest space required to make turns.

The air brake system was typical of doubles without a booster relay
valve.

The lateral/directional stability of the vehicle was moderate, both empty
on a low-friction surface and loaded on a high-friction surface. The
roll stability was hign, primarily because of the low trailer centre of

gravity height. A higher centre of gravity would significantly reduce
the roll threshold,

The {-train double configuration is preferanle to the A-train double
configuration because of its higher stability at highway speeds, as dem-
onstrated in a parallel series of tests.
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Figure 7/ Channelized Rignt Turn
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ABSTRACT

An A-train triple trailer combination was tested by the Ontario Ministry
of Transportation and Communications (MTC) as part of the CCMTA/RTAC
Venicle Weight and Dimensions Study. The vehicle was desjgnatea a base-
line vepicle and the representative test vehicle for similar
configurations.

The vehicle was subjected to turning, air brake system, lateral/
directional and roll stability, and trailer sway tests. A demonstration
of straight-iine braking was alsoc conducted. Tests were conducted with
the empty vehicle on a low-friction surface and the loaded vehicle on a
nignh-friection surface.

Tnis report presents detailed results of the tests and demonstrations.
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1/ INTRODUCTION

The effects of changes in truck weight and aimension parameters on compi-
nation vehicle stability and handling and on pavement response to axle
group loading are being examined in the CCMTA/RTAC Vehicle Weights and
Dimensions Study. The vehicle portion of the study involved both
computer simulation of vehicle dynamic manceuvres and testing of vehicles
and components. Compination vehicles were classified into six families,
based on the numper of trailers and methods of hitching. A representa-
tive of each family was designated as the paseline vehicle configuration
for that family. Additional vehicle configurations of interest were also
defined. A1l baseline and additional vehicie configurations were tested
to assemble a boay of technical and visual data that descriped the sta-
pility and control characteristics of the venhicles with respect to cer-
tain performance measures.

The Ontario Ministry of Transportation and Communications (MTC) was asked
To test the six paseline vehicles and three additional tractor-trailer
combinations, as part of its contribution to the stuay. This report
presents the results of a test of an A-train triple trailer combination
paseline venicle. It refers frequently to a report describing procedures
and equipment common to tests of all nine vehicles undertaken by MTC [1].
Similar reports present details of the tests of the other eignt vehicles
[2-9], and a summary report presents the results of tests of all six
baseline vehicles [10]. A computer simulation of venicle responses to
actual test inputs using estimated vehicle data has also been conducted
L1113,
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2/ TEST VEHICLE DESCRIPTION

The test vehicle consisted of the MTC Freightliner [1] and three single-
axie van-type semitrailers with singie-axle A-type converter dollies.

The combination is typical of equipment used in provinces where triple
trailer combinations operate under special permit. The same combination
was also tested concurrently as a C-train, using B-type converter dollies

Ls1l.

The equipment for these tests was obtained by the study from CP Express
and Transport. No modifications were made to the trailers or dollies
except for purposes of attachment of test equipment, which had no effect
on the operation of the vehicle, though unit weights and polar moments of
inertia were affected. The equipment was inspected before the test by a
representative of the owner on behalf of the Canadian Trucking
Association, with no deviations from specifications reported.

The trailers and dollies were brand new. They were manufacturea by
Traiimobile in February 1985. The trailers had serial numbers
2TCHZ28186EA303117, 2TCH281B93A303130, and 25CH2R1B93A303127 and fleet
numbers 7794, 7807, and 7804, from front to rear, respectively. The
A-dollies had serial numbers 2TCT101AXEA303207 ana 2TCTIOLA3EA303209 and
fleet numbers 0747 ana 0745 for front and rear, respectively.

Each trailer had a nominal length of B.53 m {28 ft) and a nominal width
of 2.59 m (102 in}. Each trailer had a tapered nose section and a 1.22 m
{4 fr) kingpin set back so that they could also pe operated as a legal
doubles compination in some provinces. The trailers were insulated, and
a propane heater was installed at the front near the roof. The trailer
suspension had a single tapered leaf spring and was rated at 9616 kg

(21 155 1b). Tne spring spread was 1.09 m (43 in), and the overall track
width was 2.59 m (102 in). The spring lash space was 38 to 41 mn (1.5 to
1.63 in}. The trailers were equipped with an air-actuated no-slack
pintle hook. The dollies had the same suspension as the trailers, a
drawbar length of 2.13 m (84 in), and a fifth wheel set 25 mmn (1 in)
forward of the axle centreline. The combination haa an overall length of
31.08 m (102 fr).

The traifers and dollies were fitted with new Michelin XZA radjal tires,
in load range H and sjze 11R22.5. These tires were run a nominal dis-
tance of 160 km (100 mi) pefore any testing and were then, subsequently,
used for all tests. Tire pressure was set cold at 689 kPa (100 psi),
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which 15 the manufacturer's recommended value for full load. Tnhis was
used for all tests ana represents the common operating practice of not
reducing tire pressure when running empty.

The test vehicle is shown in Figure 1, in test condition with outriggers
installed. The dimensions of the test vehicle are presented in Figure 2.
Empty weight of the combination in test condition was 33 0B7 kg

(72 790 1b). Concrete blocks were used to obtain a loaded weight of

55 942 kg (123 070 1b). Axle loads in these conditions are given in
Table 1.

Table 1/ Axle Loads

Empty lL.oaded

Axle No. (kg) {1p) {kg) (1)
1 4 864 10 700 5 289 11 630
2 3 945 8 680 & 914 13 010
3 3 705 8 150 5 168 11 370
4 4 177 9 190 7 800 17 160
5 4 091 9 000 8 073 17 760
6 4 377 9 630 7 964 17 520
7 3 8b5 8 480 8 005 17 610
8 4 073 8 960 7 732 17 010
Total 33 08/ 72 790 6b 942 123 070

The empty weight exceeds that which would normally be seen an the high-
way, because the tractor 15 considerably heavier than late-model equip-
ment and because of the weight of test equipment installed, particularly
the autriggers. The loaded weight is also somewhat greater than that
allowed by provinces where this combination runs under special permit.
Typical loaded weights on the highway for such combinations are often
much less than that allowed, by the nature of the cargo carried hy the
vehicle. A target axle 1oaa of 8000 kg (17 600 1b) was set for al] axles
except for the steer axle. This was nearly attained, with the exception
of the tractor drive axles, as all three trailers were loaded in the same
fashion, consistent with normal practice. The tractor drive axles,
therefore, were l1oaded less than each trajiler axie, because their com-
bined load was much 1ess than 12 000 kg {26 400 1b) because of the empty
vehicle.
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The height of the centre of gravity of the empty trailer sprung mass was
estimated as 0.40 m (16 in} above the top of the floor. The centre of

gravity height was estimated as 0.33 m (13 in) above the top of the floor
in the loaded condition.
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3/ TEST PROGRAM

3.1/ Test Procedures

The
i/

2/
3/
4/
5/
6/
1/
8/
9/
10/

11/
12/

13/
14/

15/

The

4 % & & & 0 9 8 B

test vehicle was prepared for testing in the following way:

A mechanical inspection was carried out, and any necessary repairs or
maintenance was done.

Outrigger and safety cable attachments and load bleck retention sills
were installed on the trailers, and safety cable attachments were
installed on the dolljes.

Outriggers were installed on the trailers.

The baxes containing instrument packages, power supplies and signal
conditioning, other instruments, and cabling were installed.

New tires were installed, and pressures were set.

Other fittings necessary for testing were installed.

Concrete blocks were Jocated on the trailer beds to achieve specified
axle loads.

Notes were made from detailed physical inspection, including an
inventory of components and measurement of aimensions.

The MTC tractor was coupled to the trailers.

The combination vehicle was weighed, empty and 1oaded.

A functional test of the on-board electronics was conducted.

Test runs were made to shake down the venicle instrumentation and
familiarize the test driver with the vehicle's handling
characteristics.

Tires were run a nominal distance of 160 km (100 mi).

Articulation angle between the tractor and lead trailer was
calibrated.

Details ¢of tne vehicle and test equipment were recarded on phato-
graphs and videotape.

following tests were performed:

Offtracking

Rignt-hand turn

Channelized right turn

Air hrake system

Straight-line braking, empty vehicle, low-friction surface
Evasive manoeuvre, empty vehicle, low-friction surface
Sinusoidal steer, loaded venicle, high-friction surface
Lane change, loaded vehicle, high-friction surface

Normal straignt-line ariving

Steady circular turn, loaded vehicle, high-friction surface
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A1l tests followed standard procedures [1], except as noted.
3.2/ Instrumentation

The instrumentation shown in Table 2 was installed. Brake pressure
transducers were only installed in the trailers and dollies for the air
brake system test, but all other instrumentation was installed for all
tests., Data were always captured from all instrumentation, but only
those pertinent to a particdlar test were analysed.

Tractor instruments were selected from the instrumentation that s per-
manently installed on the tractor. Instruments for the two front trail-
2rs were mounted in boxes placed inside the van on the trailer deck,
which also contained power supplies ang signal conditioning. Instruments
for the rear trajler and dollies were wired into these boxes. Trailer
lateral acceleration and roll angle were measured at a point midway
petween the kingpin and axle, which was very close to the trajler sprung
mass centre of grayity.

Full details of the instrumentation, signal conditioning, and data cap-
ture system are presented elsewhere [1].

3.3/ Data Capture and Data Processing

Data were digitized on board the vehicle and transmitted hy telemetry as
a pulse-code modulatea (PCM) data stream to a ground station, where they
were recorded on magnetic tape and captured in real time by an HP-1000
computer system. Test data for a run were processed immediately after
the run, and results from a series of runs were subsequently analysed
using the computer system [1].

Many test runs of all types were canducted for this vehiclie. Not all
these runs were used in the preparation of this report. In a number of
instances, a run failed to meet a test condition, ar runs were made to
evaluate the ability of the vehicle to make a particular manoeuvre.



Table 2/ Instrumentation Installed

Fall Scale

104.8 km/n
56.3 m/ramp

N0 Measurement Instrument

e — ot ————— o —— T T w— Y Ty

1 Tractor steer angle Spectrol 139 potentiometer

2 Tractor roll angle Humphrey CF18-0907-1
gyroscope package

3 Tractor lateral acceleration Kistler 303B accelerometer

4 Tractor yaw rate Humphrey RT03-0602-1
angular rate transducer

5 Tractor longitudinal acceleration Kistler 303B accelerometer

6 Tractor speed, axle 1 rignt Airpax 087-304-0044 zero
velocity magnetic pickup

7 Tractor distance, axle 1 right Airpax 087-304-0044 zero
velocity magnetic pickup

8 Tractor fifth wheel load,

lefr-hand side

Tractor fifth wheel load
right-hand sige

Tractor treadle valve pressure
Tractor brake pressure,

axle 2 Left

Tractor lateral acceleration
at fifth wheal

Tractor yaw angle

Trailer
Trailer
Trailer

1 articulation angle

1 lateral acceleration
1 rol] angle

Tratler 1 ocutrigger touchdown
Dolly 1 hitch angle

Dolly 1 Tateral acceleration
Brake pressure, axle 4 right
Brake pressure, axle 5 right
Brake pressure, axle & right
Brake pressure, axle 7 right
Brake pressure, axle B right
Spare

Spare

Trailer 2 articulation angle
Trailer 2 lateral acceleration
Trailer 2 roll angle

Trailer 2 outrigger touchdown
Dolly 2 hitch angie

Dolly 2 lateral acceleration
Trailer 3 articulation angle
Trailer 3 lateral acceleration
Trailer 3 roll rate

Trailer 3 outrigger touchdown

MTC loada cell

MTC load cell
Celesco PLC-200G

Celesco PLC-200G

Columpia SA-107 accelerometer
Humphrey CF18-0907-1
gyroscope package

Celesco pull cord DV-301-150
Cotumbia SA-107 accelerometer
Humphrey WM02-0128-1

vertical gyroscope

Strain gauge bridge

Spectrol 139 potentiometer
Columbia SA-107 accelerometer
Celesco PLLC-200G

Celesco PLLC-200G

Celesco PLC-200G

Celesco PLLC-200G

Celesco PLC-2006G

Spectrol 8409 potentiometer
Columbia SA-107 accelerometer
Humphrey W02-0128-1

vertical gyroscope

Strain gauge bridge

Spectrol 139 potentiometer
Columpia SA-107 accelerometer
Spectrol 8409 potentiometer
Columbia SA-107 accelerometer
Humphrey RT03-0502-1 anguiar
rate transducer

Strain gauge bridge

9890 1b

10 250 1
100 psi

99.80 psi
0.996 g

17.73°
23.194°
0.995 g

8.90°
1.0¥
25.0°
0.99 g
104.96 psi
101.06 psi
102.07 psi
101.93 psi
106.79 psi

22.8°
0.980 g

8.910
1.0v
25.0°
0.993 g
22.7°
0.986 g

80.85%/3
1.0¥




-8 -
4/ RESULTS

4.1/ Offtracking

Steaqy-state offtracking is considered an indicator of vehicle turning
ability. Offtracking of the vehicle was avaluated by making a complete
turn arouna a circle of radius 29.87 m (98 ft). The vehicle outer wheel
tracked the inside of the circle. Turns were made in both directions, as
shown in Figure 3. At the end of a turn, the vehicle was parked and the
radius to each axle was measured, according to the standard test
procedure [11.

The results are shown in Table 3. The measured data were averaged for
the left and right turn and then compared to data generated by a simple
offtracking formula [12]. The difference between actual and computed
values, shown in the last coludmn of Table 3, is s¢ small that steady-

state offtracking can clearly be estimated very accurately by this simple
formula.

The final offtracking for the counter-ciockwise turn is shown in

Figure 4. After averaging for both directions and correcting for differ-
ences in axle track width, the offtracking of 2.68 m (8.79 ft), shown in
Figure 4, became 2.77 m (9.09 ft).

Table 3/ Offtracking

Radius 10 Inner [
Track Wheel
AxleiWiath{Right Left Difference|Average|CalculatedjDifference
No.) (m) |Turn (m)| Turn (m)] (m) {m) {m) %
1 2.31 27.45 27.47 0.02 27.46 27.56 +0.36
2 12.37 27,10 27.13 0.03 27.12 27.21 +0,33
3 2.37 27.07 27.08 0.01 27.07 27.21 +{3. 5]
4 12,53 ?26.25 26,32 0.07 26.29 26.33 +0,156
5 2.3 | 26.20 26.27 0.07 26.24 | 26.27 +(.12
6 }2.53 § 25.39 ?75.54 0.15 26.47 | 25.46 -0.04
7 2.53 25.31 25.49 0.18 25.40 25.39 -0.04
8 2,583 | 24.47 24.67 0.20 24.57 | 24.56 -0.04

4.2/ Right-Hand Turn

A 90° right-nand turn is a very demanding manoeuvre for a large truck.
Tne vehicle's swept path in a 907 right-hand turn of 15 m (49.2 ft)
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radius was medsured, according to the standara test procedure [1]. This
raajus is typical in an urban area or where there is limited truck traf-
fic. Tne swept path is shown in Figure 5,

The vehicle is shown in Figure & during the turn, at a point close to its
maximum excursion out of the exit lane., The maximum excursion out of
lane was 3.80 m (12.5 ft) or slightly over one lane width. It was out of
the exit lane for a distance of 19.40 m (63.6 ft), as derived from
Figure 5. This test was conagucted at a creep speed and represents the
best possible turn. A rolling turn would probably result in a greater
excursion out of the exit lane.

4.3/ Channelized Right Turn

The vehicle's swept path in a channelized right turn was measured accord-
ing to the standara test procedure [1],.

The vehicle is shown during the turn in Figure 7. The c¢learance of the
innermost wheel of the rear trailer's rear axle from the inner curb is
shown in Figure 8 as a function of distance through the curve. The mini-
mum clearance was only 0,51 m (20 in) in the 5.5 m {18 ft) wide roadway.

The roadway geometry used for this test is typical of an urban area,
where space 1s limited. The curb raajus was 25 m (82 ft), and entry ana
exit tapers typical of four-lane roadways with a 60 km/h speed 1imit were
used. Tne vehicle barely made it through the channel, with the left
front wheel tracking right on the outer curb., In practice, a driver
would allow some clearance on this side, if only to stay clear of catch
basins. This would mean the rear axle would Tikely run over the inner
curb. The test was run at creep speed, the worst condition, as the
effect of lateral acceleration is to reduce the geometric offtracking
measured in this test. However, ip an urban area the truck driver cannot
be guaranteed free-flowing traffic at such roadway geometry, so it is
evident that this channelized right turn may limit access of such large
combinations.

4.4/ Air Brake System

The air brake system of the combination was evaluated according to stan-
dara test procedure [1].



- 10 -

The trailer air brake system was inspected. A schematic of the system is
shown in Figure 9. The dollies were equipped with a booster relay valve
to speed the signal. AJ) slack adjusters were automatic. Stroke was
adjusted to the minimum, about 32 mm (1.25 in) on each axle. The tractor
was supplied with shop air, regulated at 689 kPa (100 psi). Pressure
transducers were installed at all traller and dolly axles.

The SAE J982a style test was performed for the full triple combination;
for the double, which resulted wnen air to the second dolly was shut off;
and for the tractor-trailer when air to the first dolly was shut off.

The results of these tests are presented in Tables 4, 5, and 6. A typi-
cal time history response of application and release for the full triple
is presentad in Figure 10. There appears to be something wrong with the
two 001ly valves, axles 5 and 7, as pressdre did not rise fully. How-
ever, the timing of axles 7 and 8 on the rear trailer was very close.
This is a desirable situation, because when a trailer axle 15 slower than
its dolly axie, the inertia of the trailer pushes the dolly for a short
time while the dolly axle is braking and the trajler axle is still rising
to its steady pressure. This would provide a potential dolly jackknife
situyation in hard braking of an empty vehicle on & low-friction surface.
The timing of axles 5 and 6 on the second trajler was not close.

Table 4/ Air Brake Timing, SAE J982a Style Test, Triple

Application Timing Release Timing Final Pressure
Location 0~60 psi (s) to 5 psi (s) (psi)
Treadle 0.07 0.18 95.6
Axle 2 0.37 0.58 95.0
Axle 4 0.54 1.42 92.6
Axle 5 0.57 1.50 88.9
Axle 6 0.85 1.92 93.1
Axle 7 0.95 1.95 77.0
Axle 8 0.97 2.05 52.4
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Table &/ Air Brake Timing, SAE J982a Style Test, Double

Application Timing Ralease Timing Final Pressure
Location 0-60 psi (s) to 5 psi (s) (psi)
Treaale 0.03 0.17 95.3
Axle 2 0.37 0.57 93.6
Axle & G.55 1.41 91.9
Axle 5 0.59 1.47 90.0
Axle 6 0.67 1.51 §2.5

Table &/ Air Brake Timing, SAE J982a Style Test, Semi

Application Timing Release Timing Final Prassure
Location 0-60 psi (s) to § psi (s) (psi)
Treadle 0.02 0.18 97.4
Axle 2 D.36 0.58 96.7
Axle 4 0.37 0.78 94.2

The results in these tables are the average of several tests in each
case, each with a time resotution of 0.02 s.

The results when trailers were progressively added are interesting. As a
semi (Taple 6), application times for tractor and trailer were Doth

G.37 s, an jdeal situation, When the second trajler was added (Table 5},
the first trailer application time was prolonged to 0.55 s, When the
rear trailer was added (Table 4), the second traller application time was
increasea from 0.47 to 0.85 s. As each trailer was added, only the pre-
ceding trailer was affected, as the plumbing and valves preventea feed-
back to more than one trailer ahead. Simjlar resylts pertain for the
release times.

Tne application times of the SAE J982a style test compare favourably with
those obtained from a test conducted previously by MTC on another triple
combination [13]. The release times are considered long, however, espe-
cially as it was shown that a quick-release valve operating with the
pooster relay valve could halve the release time [13]. The benefit to
brake timing of the booster relay valves on the dollies is amply demon-
strated when comparing timing results to triple combinations not so
equipped [6,14].
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4,5/ Straight-Line Braking

It is aifficult to conduct rigorous braking tests and achieve consistent
results. A demonstration of modes of instability of the combination
vehicle in straight-line braking was, therefore, conducted. A serjes of
runs was made with the empty vemicle approaching the low-friction test
area at 47 km/h and the driver braking using the treadle valve, Runs
were made using various application pressures, to the point where groups
of wheels locked. The driver was instructed not to attempt 0 cCounter
any loss of control, except as necessary to avoid hazard. The standard
test procedure was followed [1].

The vehicle combination was evaluated primarily in terms of the vaw
respanse of vehicle units, which is the heading angle of the vehicle unit
{in degrees), with zero parallel to the original direction of travel.

Any significant yaw seen in this mandeuvre arose from lateral/directional
instability of a vehicle unit.

The time nistory of a typical run that resulted in loss of control s
shown in Figure 11. The brake application of about 193 kPa (28 psi)
caused the tractor to jackknife to the left. The driver released the
brakes and steered ocut of the manceuvre without coming to a complete
stop. The remainder of the vehicle remained straight. He probably would
not have been able to arrest the Jackknife at a higher speed. If the
tractor front axle brakes had been used, it is probable that the tractor
would not have jackknifed at this speed.

A summary of peak vehicle responses from the runs is shown in Figure 12
as a function of average treadle valve pressure.

4.6/ Evasiva Manoeuvre

The object of this test was t0 evaluate empty vehicle lateral/directional
characteristics at the 1imits of stability on a low-friction surface. A
serjes of runs was made where the driver made an evasive manoeuvre, which
is considered representative of a high-speed accident avoidance situation
on a two-lane, two-way highway. Gates of 22.5 m (73.8 ft) were used for
the lane change to the left and the return to the original lane, separ-
ated by 20 m (65.6 ftr) in the left lane. The runs were made in accor-
aance with the standard test procedure [1].

Tne vehicle combination was evaluated primarily in terms of the lateral
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acceleration and yaw responses of the vehicle units. These are shown in
Figure 13, Each response 15 the peak-to-peak amplitude experienced ny
the venicle in the manceuvre. The lateral acceleration of all units of
the train increased to 54 to 57 km/h and then levellea off, indicating
sliding. The tractor heading amplitude tended to decrease with speed,
whereas the lead trailer’'s heading appeared to remain constant. These
two components appeared to remain under control at all speeds.

Trailers 2 and 3 showed an increase in heaaing angles, indicating slide
while re-entering the original lane. At a speed of 54 km/h, the second
dolly was jackknifing during the return to the original lane, which
resulted in rear trailer swing. This was a consequence of the rearward
amplification of lateral acceleration, discussed in Section 4.7 for the
loaded vehicle. A typical run at 54 km/h is presented in Figure 1l4. The
dolly jackknife is evident in the dolly 2 hitch angle trace, at a time of
10 s, and the trailer 3 articulation clearly shows the subsegquent trailer
swing.

Tne vehicle is shown in this manceuvre in Figure 15.
4.7/ Sinusoidal Steer

The objective of this test was to evaluate characteristics of rearward
amplification of lateral acceleration for this combination. A series of
runs was mads where the driver made a sinusoidal steer input to the vehi-
cle while travelling at a steady speed, in accordance with the standard
test procedure [1]. This test was conducted at speeds of 63, 84, and

94 km/h, with steer input periods between about 2 and 5 s. The vehicle
is shown in this manoeuvre in Figure 16.

The vehicle combination was evaluated in terms of the lateral accelera-
tion responses of the vehicle units. lateral acceleration gains of the
trailers are presented in Figure 17, as a function of tractor steer input
period fur the three test speeds. Each gain is defined as the peak-to-
peak trailer lateral acceleration response divided by the peak-ta-peak
tractor lateral acceleration, and is dimensionless.

It is evigent from Figure 17 that rearward amplification increases with
speed and rearward by trailer, for the two highest speeds. It is of
interest, however, to see that there is Tittle increase in lead trailer
amplification with speed, which shows how little jnfluence the other
trailers have on this unit. Rearward amplification is also somewhat
sensitive to steer period reaching the highest value at around 2 to 3 s,
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The results show that, at highway speed, the A-train triple is a very
responsive vehicle. The reason for this is that its inherent stability
is rather low. S$Stability and response of mechanical systems have an
inverse relationship: high stability means low response to input and
vice versa.

Figure 18 shows the vehicles' responses from a typical run with a steer
period of apout 2.5 s at 94 km/h. This run illustrates well the
increasa, or amplification, rearwdard by trailer from the tractor.

Notice, also, how the response of each trailer rearward lags behind the
steer ipput at the tractor, nearly 2 s for the rear trailer. It can be
seen that this trailer's peak response occurs some time after the driver
completes the the steer jnput, and nothing the driver can do in the
interim will affect the amplitude of the response. If the response is
close to the limits of this trailer's stability, any action by the driver
to try and effect recovery might onrly increase the response. This lag is
caused by the number of articulation points and the length of the vehicle
and is considered to affect adversely the driver's control of the
vehicle.

Figure 19 shows rear trajler responses from typical runs with a steer
period of about 2.5 5 at each test speed. At 63 km/h the response is
nearly deadpbeat; at 84 km/n the rear traller js clearly oscillating; and
at 94 km/h the rear trailer is oscillating strongty. Those three time
nhistories clearly depict the reduction in damping of the vehicle's
lateral /directional response.

The responsiveness of this venhicle made this and other tests difficult to

conquct:

1/ On approach, small steer corrections made by the driver were amplified
rearward so that a desired steady period before the manoeuvre was
rarely achieved. Tnis made data detrending difficult [1] and may
account for a certain amount of scatter in the data.

2/ Tne response to the manoeuvre itself continued to the point where the
driver had to exit the test area; a complete response could not be
obtained because the test area was simply mot large enough.

3/ The steer inputs were very small, typically 25 to 35° of steering
wheel angle, which is less than 17 steer at the front axle. Tnis
small steer resulted in a tractor lateral acceleration of about 0.1 to
0.15 g.

A rearward amplification of 3.0 did, on occasionr, result in substantial
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trailer roll anda sometimes trailer swing, even on the hign-friction sur-
face, as can be seen ip Figure 16. However, tempering the steer Tnput

to avoid excessive rear trailer response resulted in such a small sieer
input that, while it was closely sinusoidal at the steering wheel, 1t was
often rather poorly balanced at the front axle. The reason for this is
probably backlash, compliance, and non~linearity within the steering
system itself. A careful inspection and some tests of the steering sys-
tem showed no evident defect or pias. The steering system had previously
been inspected and aligned when the tires for the test program were
installed. The front axle steer, however, is the actual input that
causes venhicle response. Responses, therefore, were often not well bpal-
anced, which means that the steer input contained, perhaps, substantial
other periodic content besides the intended steer period.

It is for this reason that the rearward amplifications were computed as
tne ratio of peak-to-peak trailer lateral acceleration response to peak-
to-peak tractor lateral acceleration. Tnis significantly reduced the
scatter in the results and avoided the issue of whether the first, sec-
ond, or hignest input and response peaks should be used as the basis for
these ratios. Nevertheless, because the input was often unbalanced and
not a pure sine wave, it was likely that the response was soméwhat atien-
uated compared to what would result from a pure sine wave. The data
presented in Figure 17 are, therefore, considered optimistic, in the
sense that they are probably lower than would arise from a perfect steer-
ing system cr a computer simulation of the vehicle using a pure sine wave
steer input.

Tests were only conductea to 94 km/n. It is our opinion that this vehi-
cle would be even more responsive at a typical highway speed 1imit of
100 km/h. Actual speeds are often higher than this 1imit, and the vehi-
cle would become yet more responsive if actual speeds did exceed

100 km/n. Despite the enviable safety record achieved by some special
permit operations using A-train triples, this configuration cannot be
recommended when the comparable C-train is so much less responsive [6].
Tne response characteristics of this vehicle were found to be much aif-
ferent from those of the comparable C-train., which was found to be much
more stable [&].

4.8/ Lane Change

The objective of tnis test was to evaluate vehicle dynamic stapility
cnaracteristics in a dynamic manceuvre. A series of runs was made where
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the driver made a Tane-change manoeuvre considered representative of a
high-speed accident avoidance situation on a four-lane or divided high-

way. The runs were made 1n accordance with the standard test procedure
f1l.

A gate of 30 m (98.4 ft) was used, to provide a vehicle speed of about
80 km/h, which is a typical speed 1imit and might permit some comparison
of the results of this test with those described in the preceding
sections

The results from all the runs are summarized in Figure 20. The peak-to-
peak lateral acceleration, roll, and yaw {or heading) angles all showed
an increase as the limiting speed of 74 km/h was reached, at which point
the rear trailer was rolled rather violently to the left and slid about

1 m to the left into the aajacent lane. While the trailer did not roll
over in this manceuvre, it undoubtedly woyld have if its centre of grav-
ity had been higher and, perhaps, at a somewhat lower speed than 74 km/h.
Tne lateral acceleration gain was computed by the same method as rearward
amplification and is consistent with the results obtained there by inter-
polation. The yaw overshoot of the trailer clearly illustrates the rear
trailer swWwing at the 1imiting speed.

Figure 21 shows selected vehicle responses im @ run at 75 km/h, where
trailer swing was encountered. The swing is evident in the rear trailer
yaw angle overshoot, around 8 s, and the trailer roll to the left, which
reached 6°. The vehicie is shown in Figure 22 at about this point in
that run. Note that the ocutrigger did not touch down.

4.9/ Normal Straight-Line Driving

The objective of this test was to attempt to evaluate Tateral motion of
the rear trailer of the combination, the phenomenon known as trailer
swdy. A series of runs was made with the loaded vehicle ariven normally

at 94 kw/h in a straight line, according to the standard test procedure
[il.

As previously mentioned, the vehicle was very responsive and even the
slight steer carrections made in the course of normal driving, and rough-
ness of the test track surface, resulted in rear trailer sway that was
strongly perceptibie to the occupants of a chase vehicle. Root mean
square (RM3) lateral acceleration of the rear trailer was 3.37 g/° of RMS
steer input. ®MS sway of the rear of the rear trailer relative to the
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tractor steer axle was 418 mm/° (16.5 in/®) of RMS steer input. This
value is suspect because of the small articulation angles.

4.10/ Steady Circular Turn

The objective of this test was to evaluate vehicle steady-state rollover
characteristics to aetermine the high-speed offtracking of the vehicle
and to examine the side loads exerted on the tractor by the trailers. A
series of runs was made with the vehicle circumscribing a circle with a
RD m (164 ft) radius at a steady speed, according to the standard test
procedure 1].

The vehicle is shown in this manoeuvre in Figure 23, The results of this
test are summarized 1n Figure 24. Tne vehicle combination was evaluated
primarily in terms of the roll response of the vehicle units. Average
steady-state rol)l angies, presented as & function of tractor lateral
acceleration, increased with speed., However, the trailer centre of grav-
ity was not high enough for the rollover point to be reached jn this
test. Rollover of the rear trailer would normaily be expectad with this
vehicle, because the payloaa centre of gravity would usually be consider-
ably higher than that of the vehicle as tested. Average steady-state
articulation angles decreased modestiy with increase in lateral accelera-
tion, and as a consequence, the offtracking decreased. The lateral force
gexperienced by the tractor fifth wheel, presented as a function of trac-
tor lateral acceleration, shows a graaient of 33.4 kN/g (7500 1b/qg).

At the limiting speed of 54 km/h, a peak lateral acceleration of 0.50 g,
the rear trailer swung out and the driver departed from the circular
trajectory, as shown in Figure 25.
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5/ DISCUSSION

Tests were conducted with the equipment as providea. No efforts were
made to modify the equipment, except as required for testing, and these
moaifications aid not affect vehicle operation.

Tests were conducted in various weather conditions. Tires wore progres-
sjvely as the various tests were conducted. The outrigger assembly was
anaitional to normal trailer equipment, and the characteristics of the
trailers were, therefore, somewhat atypical, in poth empty and loaded
conditions. In both conditions, the centre of gravity was somewhat lower

than normal, particularly for the loaded condition, because of the under-
slung outriggers.

It is not possible to make any meaningful remarks on the effect these
factors might have had on the results, except for centre of gravity
height, which has been mentionea already where it may have affected the
results. Thne effect of raising the trailer centre of gravity to 1.20 m
{48 in) apove the trailer floor from 0.33 m (13 in} for this venicle
would be to reduce the vehicle's roll threshold to, perhaps, 0.30 g [15].
This would nave reduced the 1imiting speed in the steady c¢ircular turn
and resulted in dynamic rollover in the lane change. The results pre-
sented pertain to the particular vehicle tested, and results aifferent in
some respects might be obtained for another vehicle at another time.

Tnis vehicle was considered an easy vehicle to drive by the test driver.
Tne short trailer wheelbase and single axle made T easy TO manoeéuvre in
poth lTow-speed turns ana dynamic tests, as the trailer imposed modest
forces on the tractor. However, because it was so responsive it was very
easy for the driver to create a trailer swing situation, and this would
have been a rollover situation with a higher trailer centre of gravity.
The driver had no feedpack of second- or third-trailer response once a
manoeuvre had started, because the A-dolly hitch does not transmit
trailer roll moment forward. Once the driver had made an excessive in-
put, there was nothing that could pe done to alleviate trailer response,
pecause rear trailer response lagged 1.5 to 2.0 s behind the stéer input.
The responsiveness of this vehicle in normal driving, particularly when
empty., was a concern because rough roads excitea considerable trailer
sway. FEven hauling two trailers to the test site on defivery was not a
pleasant experience.
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6/ CONCLUSIONS

An A-train triple trailer combination was tested by the Ontario Ministry
of Transportation and Communications, as part of the CCMTA/RTAC Venicle
Weights and Dimensions Study. The vehicle was designated a baseline
vehicle and the representative test vehicle for similar configurations.

The vehicle was subjected to turning, air brake system, lateral/
directional and roll stability, ana trailer sway tests. A demonstration
of straight-1ine braking was also ¢onducted. Tests were conducted with
an empty venicle on a lTow-friction surface and a loaded vehicle on high-
friction surface.

The length of this vehicle clearly contributed to the significant space
required to make turns. Since such vehicles only operate by special
permit, however, this may not be a major issue because the permit usually
limits where the vehicle may go.

The air brake system was relatively fast and well balanced, largely
because of the valves used. Booster relay valves on the dollies made a
major contribution to this.

The lateral/directional stability of the vehicle was poor, both emply on
a low-friction surface and loaded on a high-friction surface. Stability
deteriorated quickly at the highway speed limit of 100 km/n. The vehicle
was so responsive, with a rearward amplification of lateral acceleration
of nearly 3, that it was easy to cause a trajler swing. The A-train
triple configuration is considered undesirable because of its low stabil-
ity at nighway speeds. The C-train configuration is preferable from this
point of view, as demonstrated in a parallel series of tests. The roll
stapility was high because the centre of gravity of the trajler was quite
low. A nhigher centre of gravity would have reduced the roll threshold
significantly.
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Figure &/ Right-Hand Turn

Figure 7/ Channelized Right Turn
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ABSTRACT

A C-train triple trailer combination was tested by the Ontario Ministry
of Transportation and Communications (MTC) as part of the COMTA/RTAC
vehicle Weight and Dimensions Study. The vehicle was designated a base-
line vehicle and the representative test vehicle for similar
configurations.

The vehicle was subjected to turning, air brake system, lateral/
directional and roll stability, and trailer sway tests. A demonstration
of straignt-line braking was also conducted. Tests were conducted with
the empty venicle on a low-friction surface and the loaded vehicle on a
high-friction surface.

This report presents detailed results of the tests and demonstrations.
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1/ INTRODUCTION

The effects of changes in truck weight and dimension parameters on combi-
nation vehicle stability and hanaling and on pavement responsgé to axle
group loading are being examined in the CCMTA/RTAC Vehicle Weights and
Dimensions Study. The vehicle portion of the study Involved both com-
puter simulation of vehicle dynamic manoeuvres and testing of vehicles
and components. Combination vehicles were classified into six families,
pased on the numbper of trailers and methods of hitching. A representa-
tive of each family was designated as the baseline vehicle configuration
for that family. Adaitional vehicle configurations of interest were also
defined, All paseline ana additional vehicle configurations were tested
to assemble a hody of technical and visual aqata that described the sta-
bility and control characteristics of the vehicles with respect to cer-
tain performance measures.

The Ontario Ministry of Transportation and Lommunications (MTC) was asked
10 test the six baseline vehicles and three additional tractor-trailer
combinations, as part of its contribution to the study. This report
presents the results of a test of a C-train triple trailer combination
paseline venicle. It refers frequently to a report descrining procedures
and equipment common to tests of all nine vehicles undertaken by MTC [1].
5imilar reports present details of the tests of the other eight vehicles
LP-9], and a summary report presents the results of tests of all six
paseline vehicles [10]. A computer simulation of vehicle responses to

actual test inputs using estimated vehicle data has also been conducted
[11].
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2/ TEST VEHICLE DESCRIPTION

The test vehicle consisted of the MTC Freightliner L1l and three single-
axle van-type semitrailers with single-axle B-type converter dollies.
The combination is typical of equipment used in provinces where triple
trailer combinations operate under special permit. The same combination
was also tested concurrently as an A-train, using A-type converter
dollies [6].

The equipment for these tests was obtained dy the study from CP Express
ana Transport. No modifications were made to the trailers or dollies
except for purposes of attachment of test equipment, which had no effect
on the operation of the venicle. though unit weights and polar moments of
inertia were affected. The equipment was inspected pefore the test by a
representative of the owner on pehalf of the Canaaian Trucking
Association, with no deviations from specifications reported.

The trailers and dollies were brand new. They were manufacturea by
Trailmobite in February 1985, The trailers had serial numbers
2TCH281B6EA303117, 2TCH281B93A303130, and 25CHZB81B93A303127 and fleet
numbars 7794, 7807, and 7804, from front to rear, respectively.

Each trailer had & nominal length of 8.53 m (28 ft) and a nominal width
of 2.59 m (102 in}. Fach trailer had a tapered nose section and a 1.22 m
(4 ft) kingpin set back so that they could also be operated as a legal
doubles combination in some provinces. The trailers were insulated, and
a propane heater was installed at the front near the roof. The trailer
suspension naa a single tapered leaf spring and was rated at 9616 kg

{21 155 1b}. Tne spring spread was 1.09 m (43 in}, and the overall track
width was 2,59 m (102 in}. The spring lash space was 38 to 41 mm (1.5 to
1.63 in). Tne trailers were equipped with an air-actuated no-slack pin-
tle hook. The dollies were made up from two ASTL SSD frames and a Sauer
mode]l RLZ 10041 self-steering axle rated at 10 000 kg (22 OO0 1b) and
placarded for a speed of 80 km/h. Tne suspension was a two-spring leaf
system with torque rods. The spring centre width was 0.76 m (30 in), and
the track width was 2.44 m {96 in). The combination had an overall
length of 31.14 m (102.17 ft).

Tne trailers and dollies were fitted with new Michelin XZA raaial tires,
in load range H ana size 11R22.5. These tires were run a nominal dis-
tance of 160 km (100 mi) pefore any testing and were then, subseguently,
used for all tests. Tire pressure was set cola at 689 kPa (100 psi),
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which is the manufacturer’'s recommended value for full loaa. This was
usea for all tests and represents the common operating practice of not
reducing tire pressure when running empty.

The test vepicle is shown in Figure 1, in test condition with outriggers
installed. The dimensions of the test vehicle are presented in Figure 2.
Empty weight of the compination in test conagition was 33 997 kg

(74 790 1p). Concrete blocks were used to obtain a loaded weight of

86 386 kg (124 050 Tb). Axle Toadas in these conditions are given in
Table 1.

Taple 1/ Axle Loads

Empty Loaded

Axle No. (kg) {1b) (kg) {1b)
1 5 014 11 a3a 5 286 11 630
2 4 114 9 050 5 914 13 010
3 3 523 7 750 5 168 11 370
4 4 305 9 470 7 800 17 180
5 4 286 9 430 8 295 18 250
6 4 409 9 700 7 964 17 520
7 3 223 9 290 g 227 18 180
8 4 123 9 Q70 7 732 17 010
Total 33 997 74 790 56 386 124 050

The empty weight exceeds that which would normally be seen on the high-
way, because The tractor is consideradly heavier than late-model equip-
ment and because of the weight of test equipment installed, particularly
the outriggers. The loaded weight is also somewhat greater than that
allowed by provinces where this combination runs under special permit.
Typical loaded weights on the highway for such combinations are often
much less than that allowed, by the nature of the cargo carried by the
vehicle. A target axle load of 8000 kg {17 600 1p) was set for all axles
except for the steer axle. Tnis was nearly attained, with the exception
of the tractor drive axles, as all three trailers were Joaded in the same
fashion, consistent with normal practice. The tractor drive axles,
therefore, were loaded less than each trailer axle, because their com-
pined 10ad was wucn less than 12 000 kg (26 400 1b) because of the empty
vepicle.

The height of the centre of gravity of the empty trailer sprung mass was
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estimated as 0.40 m (16 in) above the top of the floor. The centre of
gravity neight was estimated as 0.33 m (13 in) above the top of the floor

in the 1oaded condition.
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3/ TEST PROGRAM
3.1/ Test Procedures

The test vehicle was prepared for testing in the following way:

1/ A mechanical inspection was carried out, and any necessary repairs or
maintenance was done.

2/ Qutrigger and safety caple attachments and Toad plock retention sills
were installed on the trailers. and safety cable attachments were
installed on the dollies.

3/ Outriggers were installed on the trailers.

4/ Tne poxes containing instrument packages, power supplies and signal
conditioning. other instruments, and cabling were installed.

5/ New tires were jnstalled, and pressures were set.

6/ Other fittings necessary for testing were installeda.

7/ Concrete blocks were located on the trailer beds to achieve specified
axle loaas.

8/ Notes were made from detailed physical inspection, incluaing an
inventory of components and measurement of dimensions.

9/ The MTC tractor was coupled to the trailers.

10/ The compination vehicle was weighed, empty and loaded.

11/ A functional test of the on-board electronics was conducted.

12/ Test runs were made to shake down the vehicle instrumentation and
familiarize the test ariver with the vehicle's handling
characteristics.

13/ Tires were run & nominal distance of 160 km (100 mij}.

14/ Articulation angle between the tractor and lead trailer was
calibrated.

15/ Details of the vehicle and test equipment were recoraed on photo-
graphs and videotape.

The following tests were perfarmed:

Of ftracking

Right-hand turn

Channelized right turn

Alr Drake system

Straight-line braking, empty vehicle, low=friction surface
Evasive manoeuvre, empty vehicle, low-friction surface
Sinusoidal steer, loaded vehicle, high-friction surface
Lane change, loaded venicle, high-friction surface

Normal straignt-line driving

Steady ¢ircular turn, loaded vehicle, high-friction surface
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All tests followed standard procedures [1], except as noted.

3.2/ Instrumentation

The instrumentation shown in Table 2 was installed. Brake pressure
transducers were only installed in the trailers and dollies for the air
brake system test, but all other instrumentation was installed for all
tests. Data were always capturea from all instrumentation. but only
those pertinent to a particdlar test were analysed.

Tractor instruments were selected from the instrumentation that is per-
manently installed on the tractor. Instruments for the two front trail-
ers were mounted in baxes placed inside the van an the trailer deck.
which also contained power supplies and signal conditioning. Instruments
for the rear trailer and dollies were wired into these boxes, Trailer
Jateral acceleration and roll angle were measured at a point midway
petween the kingpin and axle, which was very close to the trailer sprung
mass centre of gravity.

Full details of the instrumentation, signal conditioning, and data cap-
Ture system are presentea elsewhere [1].

3.3/ Data Capture and Data Processing

Data were digitized on boara the vehicle and transmittea by telemetry as
a pulse-code modulated (PCM) data stream to a ground station, where they
were recorded on magnetic tape ang captured in real time by an HP-1000
computer system. Test data for a run were processed immediately after
the run, and results from a series of runs were subsequently analysed
using the computer system [1]. )

Many test runs of all types were conducted for this vehicle, Not all
these runs were used in the preparation of this report. In a number of
instances, a run failed to meet a test condition.



Table 2/ Instrumentation Installed

Full Scale

104.8 km/h

No Measurement Instrument

o m m m m m  r rm  r — h m m r  w e e o ————

1 Tractor steer angle Spectrol 139 potentiometer

2 Tractor roll angle Humphrey CF18-0907-1
gyroscope package

3 Tractor lateral acceleration Kistler 3038 accelerometer

4 Tractor yaw rate Humphrey RT03-0502-1
angular rate transducer

5 Tractor longitudinal acceleration Kistler 303B accelerometer

6 Tractor speed, axle 1 right Airpax 087-304-0044 zero
velocity magnetic pickup

7 Tractor distance, axle 1 right Airpax 087-304-0044 zero
velocity magnatic pickup

8 Tractor fiftn wheel load,

3 Trailer

left-hand side

Tractor fifth wheel load
right-hana side

Tractor treadle valve pressure
Tractor brake pressure,

axle 2 Left

Tractor lateral acceleration
at fifth wheel

Tractor yaw angle

Trailer 1 articulation angle
Trailer 1 lateral acceleration
Trailer 1 roll angle

Trailer 1 outrigger touchdown
Dolly 1 steer angle

Dolly 1 lateral acceleration
Brake pressure, axle 4 right
Brake pressure, axle 5 rignt
Brake pressure, axle 6 right
Brake pressure, axle 7 right
Brake pressure, axle 8 right
Spare
Spare
Trailer
Trailer
Trailer

2 articulation angle
2 lateral acceleration
2 roll angle

Trailer
Dolly 2
Dolly 2
Trailer
Trailer
Trailer

2 outrigger touchdown
steer angle

lateral acceleration

3 articulation angle

3 Jateral acceleration
3 roll rate

3 outrigger touchdown

MTC load cell

MTC load cell
Celesco PLC-200G

Celesca PLC-200G

Columbia 5A-107 accelerometer
Humphrey CF18-0907-1
gyroscape package

Celesco pull cora DV-301-150
Columbia SA-107 accelerometer
Humphrey WMO02-0128-1

vertical gyroscope

3train gauge bridge

Spectrol 139 potentiometer
Columbia SA-107 accelerometer
Celesco PLC-200G

Celesco PLC-200G

felesco PLLC-200G

Celesco PLC-2006G

Celesco PLC-200G

Spectrol 8409 potentiometer
Columbia 3A-107 accelerometer
Humphrey WM02-0128-1

vertical gyroscope

Strain gauge bridge

Spectrol 139 potentiometer
Columbia SA-107 accelerometer
Spectrol 8409 potentiometer
Columbia SA-107 accelerometer
Humphrey RT03-0502-1 angular
rate transducer

Strain gauge bridge

h6.3 m/ramp
9890 1b

10 290 1bp
100 psi

99.80 psi
0.996 g

17.73°
23.194°
0.995 ¢

8.90°

1.0 v
25.0°
0.99 g
104.96 psi
101.06 psi
102.07 psi
101.93 psi
106.79 psi

22.8°
0.980 g

8.91°
1.0 v
25.0°
0.993 g
22.7°
0.986 g

80.85% /5
1.0 v
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4/ RESULTS
4.1/ Oofftracking

Steaqy-state offtracking is considered an inaicator of vehicle turning
apility. Offtracking of the vehicle was evaluated by making a complete
turn arogund a circle of radius 29.87 m (98 ft). The vehicle outer wheel
trackea the inside of the circle. Turns were made in both directions, as
shown in Figure 3. At the end of a turn, the vehicle was parked and the
radius to each axle was measured, according to the standard test
procedure L[1l.

The results are shown in Table 3. The measured data were averagea for
the left ang right turn anda then compared to data generated by a simple
offtracking formula L12]1. The difference between actual and computed
values, shown in the last column of Table 3, is so small that steady-
state offtracking can clearly be estimated very accurately by this simple
formula.

Tne final offtracking for the counter-clockwise turn is shown in

Figure 4. After averaging for both directions and correcting for aiffer-
ences in axle track width, the offtracking of 2.3%9 m (7.84 ft), shown in
Figure 4, became 2.52 m (8.33 fr).

Taple 3/ Offtracking

Radius to Ipner
Track Wheel
Axle{Width|Right Left Difference{Average|Calculatea}Difference

No.} (m) [Turn (m)}| Turn (m){ {(m) (m) {m) %

1 2.31 27.60 27.66 0.06 27.63 27.56 -0.25
2 ]2.37 | 27.26 27.31 0.05 27.29 | 27.21 -0.29
3 j2.37 1 27.23 27.26 0.03 27.25 | 27.21 -0.15
4 |2.53 | 26.29 26.35 0.06 26.32 | 26.33 +0.04
5 Z2.53 26.36 26.43 0.07 26.40 26.48 +0.30
b {2.53 | 25.50 25.58 0.08 25.54 | 25.66 +(. 46
7 {2.53 | 25.53 25.63 0.10 25.58 | 25.81 +0.89
8 |2.53 | 24.75 24.86 0.11 24.80 | 24.98 +0.72

4.2/ Right-Hand Turn

A 90° right-hand turn is a very demanding manoeuvre for a large truck.
The vehicle's swept path in a 90° right-nand turn of 15 m (49.2 ft)



-9 -

radius was measured, according to the standard test procedure [1]. This
radius is typical in an urban area or where there is limited truck traf-
fic. The swept path is shown in Figure 5.

The vehicle is shown in Figure 6 during the turn, at a point close to its
maximum excursion out of the exit lane. The maximum excursion out of
Tane was 3.70 m {12.14 ft) or slightly over one lane width. It was out
of the exit lane for a distance of 22.0 m (72.18 Tt), as derived from
Figure %. This test was conducted at a creep speed and represents the

pest possible turn. A rolling turn would probably result in a greater
excursion out of the exit lane.

4.3/ Channelized Right Turn

The vehicle's swept path in a channelized right turn was measured accord-
ing to the standard test procedure [1].

The venhicle 15 shown during the turn in Figure 7. The clearance of the
innermost wheel of the rear trailer’'s rear axle from the inner curb is
shown in Figure 8 as a function of distance tnrough the curve. The mini-
mum clearance was only 0.18 m (7 in) in the 5.5 m (18 ft) wide roadway.

The roaaway geometry used for this test is typical of an urban area,
where space is limited. The curb radius was 256 m (82 ft), and entry and
exit tapers typical of four-lane roaaways with a 60 km/h speeda 1imit were
used. The vehicle barely made 1t through the channel, with the left
front wheel tracking right on the outer curb. In practice, a driver
would allow some clearance on this side, if only to stay clear of catch
pasins. This woula mean the rear axle would likely run aver the inner
curb. The test was run at creep speed, the worst condition, as the
effect of lateral acceleration is to reduce the geometric offtracking
measurad in this test. However, in an urban area the truck driver cannot
pe guaranteed free-flowing traffic at such roadway geometry, 50 1T 1s
evident that this channelized right turn may 1imit access of such large
combinations.

4.4/ Air Brake System

The air brake system of the combination was evaluated according to stan-
dard test procedure [1].

The trailer air brake system was jnspected. A schematic of the system is
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shown in Figure 9. The dollies were not equipped with a booster relay
valve to speed transmission of the signal. All trailer slack adjusters
were automatic, whereas those on the dollies required manual adjustment.
Stroke was adjusted to the minimum, about 32 mm (1.25 in) on each axle.
The tractor was supplied with shop air, regulated at 689 kPa (100 psi}.
Pressure transducers were installed at all trailer and dolly axles.

The SAE J982a style test was performed for the full triple compination;
for the double, which resulted when air to the second dolly was shut off;
and for the tractor-trailer when air to the first dolly was shut off.

The results of these tests are presented in Tables 4, 5, and 6. A typi-
cal time history response of application and release for the full triple
is presented in Figure 10. The timing of axle 7 is slower than axle 8 on
the rear trailer. This is a desirable situation, because when a trajler
axle is slower than its dolly axle, the inertia of the trailer pushes the
dolly for a short time while the dolly axle is braking and the trailer
axle is still rising to its steady pressure. This would provide a poten-
tial dolly jackknife situation in hard braking of an empty vehicle on a

low-friction surface. The timing of axles 5 and & on the second trailer
was not close.

Table 4/ Air Brake Timing, SAE J982a Style Test, Triple

Application Timing Release Timing Final Pressure
Location 0-60 psi (s) to 5 psi (s) {psi)
Treadle 0.11 0.16 88.6
Axle 2 0.39 {.56 88.2
Axle 4 0.96 3.68 85.3
Axle 5 1.25 3.78 86.9
Axle 6 1.52 3.98 86.4
Axle 7 1.70 4.00 83.9
Axle 8 1.57 4.08 85,9
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Table 5/ Air Brake Timing, SAE J982a Style Test, Double

Application Timing Release Timing Final Pressure
Location 0-60 psi (s) to 5 psi (s) {psi)
Treadle 0.08 0.16 89.4
Axle 2 0,38 0.56 88.8
Axle 4 0.76 2.06 Bh.6
Axle § 0.9 2.19 85.9
Axle 6 0.84 2.12 36.4

Table 6/ Air Brake Timing, SAE J982a Style Test, Semi

Application Timing Release Timing Final Pressure
Location 0-60 psi (s) to 5 psi (s) (psi)
Treadle 0.05 0.14 89.2
Axle 2 0.37 0.57 90.5
Axle 4 0.37 0.75 87.2

The results in these tabples are the average of several tests in each
case, each with a time resolution of 0.02 s. Figure 10 is a typical test
used in these averages.

The results when trajlers were progressively added are interesting. As a
semi (Table 6), application times for tractor and trailer were both

0.37 s, an ideal situation. When the second trailer was added (Table 5),
the first trailer application time was prolonged to 0.76 s. When the
rear trailer was added (Table 4), the second trailer application time was

increased from 0.85 to 1.52 s, and the first trailer application time, to
(.96 s.

The application times of the SAE J9872a style test compare with those
obtained from a test conducted previously by MTC on another triple com-
pination [15]. The benefit to brake timing of booster relay valves on
the dollies is amply demonstrated when comparing these timing results to
triple combinations equipped with such valves [6,14]. The release times
are considered excessive.



- 12 -
4.5/ Straight-Line Braking

1t is difficult to conduct rigorous braking tests and achieve consistent
results. A demonstration of modes of instability of the combination
vehicle in straight-line braking was, therefore, conducted. A series of
runs was made with the empty vehicle approaching the low-friction test
area at 47 km/h and the driver braking using the treadle valve. Runs
were made using various application pressures, to the point where groups
of wheels locked. The driver was instructed not to attempt to counter
any loss of control, except as necessary to avoid hazard. The standard
test procedure was followed [1].

The vehicle combination was evaluated primarily in terms of the yaw
response of vehicle units, which is the heading angle of the vehigle unit
{in degrees), with zero parallel to the original direction of travel.

Any significant yaw seen in this manoceuvre arose from lateral/directional
instapility of a vehicle unit.

The time history of a typical run that resulted in loss of control is
snown in Figure 11. The brake application of about 221 kPa (32 psi)
caused the tractor to jackknife to the left. The driver released the
prakes, steered to the right, and drove out of the manoeuvre without
coming to a full stop. He probaply woula not have been able to arrest
the jackknife at a higher speed. If the tractor front axle brakes had
been used, it is probable the tractor would not have jackknifed at this
speed.

A summary of peak venicle responses from the runs is shown in Figure 12
as a function of average treadle valve pressure.

4.6/ Evasive Manoeuvre

The object of this test was to evaluate empty vehicle lateral/directional
characteristics at the limits of stability on a low-friction surface. A
series of runs was made where the driver made an evasive manoeuvre, which
is considered representative of a nigh-speeda accident avoidance situation
on a two-lane, two-way highway. Gates of 25 m (82 ft) were used for the
lane change to the left anda the return to the original lane, separated by
20 m (65.6 Tt} in the left lane. This was necessary because the venicle
would not go through the standard. The runs were made in accordance with
the standard test procedure [1].
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The vehicle combination was evaluated primarily in terms of the lateral
acceleration and yaw responses of the vehicle units. These are shown in
Figure 13. Lateral acceleration amplitude for vehicle units increased as
speed increased up to approximately 63 km/h. Tractor heading amplitude
tended to decrease with speed, the first trailer remained relatively
constant, and the second and third trailers increased slightly. The
vehicle slid little, with the exception of the tractor. At the higher
speeds the tractor tended to slide laterally on the return to the origi-
nal lane. The steer input remained relatively constant throughout the
speed range, indicating that the tractor's slide was possibly caused by
lateral forces generated by the trailers. At 63 km/h there was severe
second and third trailer swing as the driver recovered after returning to
the original lane. There was insufficient sideforce on the low-friction
surface to cause any B-dolly steer, From that point of view, therefore,
this vehicle was pehaving as a B-train in this manceuvre.

A typical run at 63 km/h is shown in Figure 14,
4.7/ Sinusoidal Steer

The objective of this test was to evaluate characteristics of rearward
amplification of lateral acceleration for this combination. A series of
runs was made where the driver made a sinusoidal steer input to the veni-
cle while travelling at a steady speed, in accordance with the standard
test procedure L11. This test was conducted at speeds of 63, 84, and

94 km/h, with steer input periods between about 2 and 5 s.

The vehicle combination was evaluated in terms of the lateral accelera-
tion responses of the vehicle units. Lateral acceleration gains of the
three trailers are presented in Figure 15, as a function of tractor steer
input period for the three test speeds. Each gain js definea as the
peak-to-peak trailer lateral acceleration response divided by the peak-
to-peak tractor lateral acceleration, and is dimensionless.

It is evident from Figure 15 that rearward amplification increases moder-
ately with speed, rearward by trailer, and js also sensitive to steer
period reaching the highest value at around 2.5 s, The results, show
that, at highway speed, the {-train triple is not a very responsive vehi-
cle. The reason for this is that its inherent stability 7s nign. S5ta-
bility and response of mechanical systems have an inverse relationship:
high stability means low response to input and vice versa.
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Figure 16 shows the response of a typical run for a steer period of about
2.5 5 at 94 km/h. Figure 17 shows typical rear trailer responses for the
three test speeds. The response characteristics of this vehicle are much
aifferent than those of the comparable A-train, which was found to be

much less stable [6].
4.8/ Lane Change

The objective of this test was to evaluate vehicle stability character-
istics in a dynamic manceuvre. A series of runs was made where the
driver made a lane-change manoeuvre, which is considerea representative
of a nigh-speed accident avoidance situation on a four-lane or divided
highway. The runs were made in accordance with the standard test
procedure [11].

A gate of 30 m (98.4 ft) was used, to provide a vehicle speed of about
80 km/h, which is a typical speea 1imit and might permit some comparison
of the results of this test with those described in the preceding
sectiong

The results from all runs are summarized in Figure 18. The peak-to-peak
lateral acceleration, roll, and yaw {or heading) angles all show an
increase as the limiting speed of 89 km/h was reached, at which point the
traiters were sliding rather violently to the left into the adjacent
Tane. HWnile there was no outrigger touchdown in this manoeuvre, there
undoubtedly would have been if the centre of gravity of the trailers had
peen higher and, perhaps, at a somewhat lower speed than 84 km/h.

Lateral acceleration and roll gains are reasonably consistent with the
rearward amplifications at 63 and 84 km/h. The yaw overshoot of the
trailer clearly illustrates the trailers swinging at the Timiting speed.

Figure 19 shows the steer input and vehicle response for a test run at

89 km/h. As can be seen, roll and overshoot tend to occur at all
trailers, whereas high left roll only is evident on trailer 3. Figure 20
shows this vehicle recovering from slide out of lane.

4.9/ Normal Straight-Line Driving

The objective of this test was to attempt to evaluate lateral motion of
the rear trailer of the combination, otherwise known as trailer sway. A
series of runs was made with the loaded vehicle driven normally at

94 km/h in a straight 1ine, according to the standard test procedure [1].
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As previously mentioned, the vehicle was not very responsive, and the
slight steer corrections made in the course of normal driving, and rough-
ness of the test track surface, resulted in 17ttle rear trailer sway that
was perceptible to the occupants of a chase vehicle. Root mean square
(RMS) lateral acceleration of the rear trailer was 2.05 g/"of RMS steer
input.

4.10/ Steaay Circular Turn

The aobjective of this test was to evaluate vehicle steady-state rollover
characteristics to determine the high-speed offtracking of the vehicle
and examine the side loads exerted on the tractor by the trailers. A
series of runs was made with the vehicle ¢ircumscribing a c¢ircle with a
80 m {164 ft) radius at a steady speed, according to the standard test
procedure [11.

The venicle is shown in this manoeuvre in Figure 21. The results of this
test are summarized in Figure 2Z2. Tne vehicle combination was evaluated
primarily in terms of the roll response of the venicle units. Average
steady-state roll angles, presented as a function of tractor lateral
acceleration, increased with speed. However, the trailer centre of grav-
ity was not high enough for the rollover point to be reached in this
test. Rollover would normally be expected with this vehicle, because the
payload centre of gravity would usually he considerably higher than that
of the vehicle as tested. Average steady-state articulation angles
decrease modaestly with increase in lateral acceleration, and as a conse-
quence, the offtracking decreases. The lateral force experienced by the
tractor fifth wheel, presented as a function of tractor lateral accelera-
tion, shows a gradient of 23.4 kN/g (5250 Tb/g}.

At the limiting speed of 55 km/h, a lateral acceleration of 0.46 g, the
rear trailer swung out and the driver departed from the circular trajec-
tory, as shown in Figure 23,
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5/ DISCUSSION

Tests were conducted with the equipment as provided. No efforts were
made to modify the equipment, except as required for testing, and these
modaifications did not affect vehicle operation.

Tests were conducted in various weather conditions. Tires wore progres-
sively as the various tests were conducted. The outrigger assembly was
additional to normal trajler equipment, and the characteristics of the
trailers were, therefore, somewhat atypical, in both empty and loaded
conditions. In poth conditions, the centre of gravity was somewhat lower
than normal because of the underslung outriggers.

It is not possible to make any meaningful remarks on the effect these
factors might have had on the results, except for centre of gravity
height, which has been mentioned already where it may have affected the
results. The results presented pertain to the particular vehicle tested,
and results agifferent in some respects might be obtained for another
vehticle at another time.

This vehicle was considered an easy vehicle to drive by the test arjver.
The short trailer wheelbase ana single ax)le made it easy to manoeuvre in
low-speed turns, though moderate driver effort was required in these and
dynamic¢ tests, as the trailers jimposed significant forces on the tractor.
The driver coula feel the second and third trailers pushing the tractor
through a manoeuvre once it had started, because tne B-dolly did not
steer initially, if at all, on the low-friction surface. The vehicle was
much less responsive - more stable -- than the comparable A-train [6],
which, in some raspects, made it easier to drive because there was less
traller sway.
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6/ CONCLUSIONS

A C-train triple trailer combination was tested by the Ontario Ministry
of Transportation and Communications, as part of the CCMTA/RTAC Vehicle
Weights and Dimensions Study. The vehicle was designated a baseline

vehicle and the representative test vehicle for similar configurations.

The vehicle was subjected to turning, air brake system, lateral/
directional and roll stability., and trailer sway tests. A demopstration
of straight-1ine braking was alse conducted. Tests were conducted with
an empty vehicie on a low-friction surface and a loaded vehicle on high-
friction surface.

The length of this vehicle clearly contributed to the significant space
required to make turns. Since such vehicles only operate by special
permit, however, this may not be a major issue because the permit usually
limits where the vehicle may go.

The air brake system was slow, largely because booster relay valves were
not used on the dollies.

The lateral/directional stability of the vehicle was good, both empty on
a low-friction surface and loaded on a high-friction surface. The roll
stability was good, primarily because of the Tow trailer centre of gravi-
ty height. A higher centre of gravity would significantly reduce the
roll threshold.

The C-train triple is clearly preferabple to the A-train triple pecause of
its higher stability at highway speeds.
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