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DISCLAIMER

This publiecation is produced under the auspices of rhe Technieal
Steerling Committee of the Vehicle Weights and Dimensions Study. The
paoincs of view expressed herein are exclusively those of the aurhors
and do not necessarily reflect the opinions of the Technical Sreer—
ing Committee, Canroad Transportation Research Corporation or its
supporting agencies.

This report has been published for the convenience of individuals or
agengies with interests in the subject area. Readers are cautrioned
thatr 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
congideratvion of the broader contexr of Vehicle Weighrs and Dimen-
gion I1sgzues, some of which have been examined in other slements of
the research program and are reported on in orher velumes in this
series.,

The Technical Sreering Commirtee will be considering the findings of
these research 1investigarions imn preparing irs "Final Technical
Report” (Volume 1 & 2), scheduled for complerion in Pecember 1986.
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ABSTRACT

Three series of tests of a C-train were conducted on behalf of the
CCMTA/RTAC venicle Weights and Dimensions Study.

The first series investigated the effect of hitch slack on vehicle sta-
pility. MNo instability occurred with slack up to 50 mm at speeds up to
72 km/h. Slack should, nevertheless, be maintained at a minimum.

The second series investigated the effect of drawbar length on vehicle
stability. Minimal effect was found but should not be a concern, be-
cause structural limitations will dictate the drawbar jengtn.

Tne final series was intended for validation of computer simulation, but
the desired test conditions could not be achievea. It did demonsirate
that B-dolly steer did not appear to be a serious problem when braking.
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1/ INTRODUCTION

The COMTA/RTAC Vehicle Weights and Dimension Study is a program of
research intended to obtain a uniform understanding of the stability and
control characteristics of heavy truck compinations and the effects of
these vehicles on pavement responses. The goal of the study s to
achieve uniformity in the application of vehicle weight and dimension
regulations across Canada.

Within the vehicle stability portion of the study, the primary objective
was to determine the nature and magnitude of the likely stability and
control problems which could be expected from truck configurations meet-
ing various weight and daimension constraints. This portion of the study
was based primarily on computer simulation, which permits ranges of vehi-
cle configurations and conditions to be easily examined. It was also
supported by full-scale vehicle tests, to demonstrate significant perfor-
mance characteristics of particular vehicles and investigate conditions
not easily simulated.

The B-converter dally, or double-drawpar dolly, has been jdentifieq as a
means to improve the dynamic characteristics of double and triple trailer
combinations [1,2]. It achieves this by means of the double hitch, which
prevents dolly articulation relative to its towing trailer. This means a
C-train double has only two points of articulation, whereas a convention-
al A-train double has three, as shown in Figure 1. A C-train triple has
three points of articulation, and the A-train triple has five. Wnile
elimination of hitch articulation with the B-dolly results in much
improved high-speed dynamic characteristics, it also results in nigh
1oaas on the dolly axle ana hitch, unless the axle is provided with self-
steering. A previous study identified the desirable characteristics for
self-steering and hitching of B-converter dollies [1], pased largely on
field testing of a particular aolly [3]. The US Federal Highway Admini-
stration (FHWA) currently has a study under way to refine these desirable
characteristics.

The B-aolly concepr is based on elimination of the hitch articulation,
which necessitates a self-steering axle. If some nitch articulation
should develop, because of wear or by design at the nitch, then the
C-train would have the same hitch articulation as the A-train, though,
presumably, it would be limited to a small amplitude, as shown in
Figure 2. It would also still have the self-steer capability of the
B-dolly axie. Such a vehicle could potentially have very poor dynamic
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stability characteristics because self-excited oscillation might occur.
A serilods accident attributed to free play of the hitch has, ingeed,
occurrad [4]. Therefore, for this study, the effect of B-dolly nitch
slack on vehicle dynamic stability was investigated.

The weight and dimension regulations of various provinces are generally
araftea so that the greatest gross combination weignt (GCW) occurs when
the overall venicle length and axle group spacings are greatest, This
encourages long converter dolly drawbars, to the length possible within
the desired load-beda length. Previous tests showed that when an empty or
loaded C-train was ariven on a smooth high-friction surface, relatively
mogest steer was sufficient to break out the B-dolly centre detent, hav-
ing the relatively high centring force and steer friction that gives
aesiraple high-speed characteristics [3]. The same test also shawed,
though, that the high centring force would Jead to tractor jackknife
rather than trailer swing when the C-train was driven empty in high-speed
lane-change manoceuvres on a low-friction surface. Inaeed, a spectacular
loss-of-control incident from a jackknife resulted in premature termin-
ation of a portian of the investigation [3]. Therefore, for this study,
the effect of B-aolly drawbar length on vehicle stability and control was
investigated. Emphasis was on empty vehicle behaviour on a low-Friction
surface, since a good understanding of the Joaded C-train high-speed
dynamic characteristics was obtained in the previous stugy [1,3].

The Weights and Dimensions Study was based primarily on computer simula-
tions conducted py the University of Micnigan Transportation Research
Institute {UMTRI). A significant segment of the study addresses the
C-train, wnich is a vehicle configuration not represented in the computer
simulations developed by UMTRI. UMTRI, therefore, modified their pro-
grams o represent the B-dolly and, hence, the C-train. The moadifica-
tigns were valiaated by simulation of actual tests conducted on a known
vehicle. One of the concerns identified, but not addressed in the previ-
ous study, was (-train response aue to differential longitudinal forces
at each wheel of a B-aolly steer axie [1]. UMTRI conducted the valida-
tion exercise, using the comprehensive handling and braking mode} {phase
IV moael). The tests were conducted using a C-train with characteristics
representative of typical nighway carriers used in Canada [6]. The MTC
test venicle was, in key respects, similar to the vehicle specifiea by
UMTRI, though gifferent in others not critical to the tests conducted.
The necessary valjdation of C-train braking and dynamic characteristics
was conaucted consecutively with the tests aescribeq previously.
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2/ TEST DEFINITION
2.1/ Test Vehicle Configuration

The MTC tast vehicle was used for all tests. The tractor was a 1975
three-axle Freightlirer cab-over-engine type with integral sleeper ana
two drive axles. The two-axle King trailers and converter dolly were
specially puilt to MTC specifications for research and testing. The
trailers were equipped with outriggers and safety cables to permit test-
ing to the 1imits of stability, without hazard to the vehicle or its
dgriver. 1The outriggers were set so that trailer body roll at outrigger
touchdown was about 6 to 7°. Safety cables between each vehicle unit
Vimitea articulation angles in jackknife or trailer swing to about 20° ro
prevent damage to the vehicle from uncontrolled articulation. The trail-
ers can pe loaded to any desired gross weight and centre of gravity by
standard caoncrete blocks weighing about 6.9 kN (2000 1b) each.

Tne {-train test vehicle configuration is shown in Figure 3, and its
dimensions are given in Figure 4. The nominal length of each trailer was
about 7.3 m (24 ft}, but the trombone-type lead trailer may extend to
lengths of 8.5 and 9.75 m (28 and 32 ft). All tests were conducted using
the leaa trailer at its shortest. Extension of this trailer caused 1it-
tle aifference in vehicle rollover responses on a dry surface. The over-
all length of this combination was 20.8 m (68.2 ft), with a B-dolly draw-
bar length of 2.19 m (7 ft) [3].

The C-train characteristics are greatly affectea by the air pressure
applied to the self-steering axle centring mechanism. The manufacturer's
recommended values of 241 andg 483 kPa (35 ana 70 psi) were used as the
nominal values for empty ana loaded vehicles, respectively. In aadition,
the limiting conaition of 0 kPa, which locks the steering, and 124 kPa
(18 psi), wnich s close to free castering, were used.

The Michelin XxZA rib-type radial ply tire was used for tractor steer,
trailer, and dolly axles, and the Michelin XM+S4 lug-type raaial ply tire
was used for tractor drive axles. Tire size 11R24.5 was used on the
tractor and 11R22.5 on trailers and aclly. A}l new tires were run a
gistance of 160 km (100 mi) to provide nominal wear conditions. A1l
tires were inflatea to the manufacturers recommended pressure for maximum
loaa, 690 kPa {100 psi).

The hitch slack device, shown in Figure 5, was provided py the study as
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part of the B-dolly drawbar modification. It has slack in the longitudi-
nal direction only, in increments of 6 mm (0.25 in) over a range of 0 to
50 mm (0 to 2 in).

The dolly braking system was modified to allow application of a specified
pressure to either brake chamber by means of a switch in the tractor.

The switch activated a cycle timer, which activated a solenoid valve on a
second reservoir added to the aolly, which was fed by a pressure regula-
tion valve so that the brake champer pressure could be Timited to the
specifiea pressure. Tnis reservoir fed the dolly relay valve, through a
limiting valve, to give a slow pressure rise. Shutoff valves were
installed on both output ports so that neither, either, or both of the
dolly brakes could be applied. The nominal brake pulse selected was

414 kPa (60 psi) ana 2 s duration on the right dolly wheel only. This
caused that wheel to lock momentarily and steer to the right.

To test the effect of B-dolly drawbar length, a new frame with an extend-
able drawbar was made for the B-dolly that had previously been tested
[3]. Tne original drawbar length gave a tow-eye-to-fifth-wheel distance
of 2.19 m (7 ft). The new frame had a nominal tow-eye-to-fifth-wheel
distance of 1.52 m (5 ft), and two extension frames were made, which
extended this distance to 2.19 m {7 ft) and 3.05 m (10 ft). A fourth
length, using both extensions together to give a distance of 3.66 m

(12 ft}, was not run. The three drawbar lengths are shown in Figures &,
7. ana 8.

2.2,/ Hiten Slack Investigation

As speed was increased with slack in the dolly hitch, it was expected
that tne vehicle would become less stable. At the critical speed, the
vehicle would be neutrally staple, and at any higher speed, it would be
inherently unstable., Any input whatever at this point would result in a
rapidly increasing lateral/directional response of the vehicle. This
might pe limited by a non-linear characteristic of the vehicle, or if the
response was sufficiently violent, there could pe structural fajilure.

As the critical speed was approached, a low-damped oscillation of vehicle
response was eapected.

The effect of hitch slack was investigated using the B-dolly at its short
drawbar length of 1.52 m (5 ft), with an empty vehicle on a high-friction
surface. Several values of hitch slack were used, and the B-dolly steer
axle steer pressure was set at 241 kPa (35 psi), the manufacturer’'s
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recommended value for no Toad. A standarad excitation of the vehicle was
executed, and the magnitude of the response was recorded as the vehicle
approached the critical speed. Responses such as rear trailer lateral
acceleration, articulation, or path were used for evaluation, all normal-
jzed py an input. The vehicle was excited by a pulse input on the inde-
pengent hana-valve actuation of the B-dolly brakes, with the vehicle
travelling in a straight line and one output port of the dolly relay
valve closed. This applied the brake on ane wheel of the B-dolly, which
resulted in steering of the axle and a transient response of the dolly
and trailers. vehicle stability was then evaluated Dy comparing the
magnitude of this response with the magnitude of the brake pulse.

Speed was increased in small increments, up to a maximum of about

72 km/h, which was the highest possible speed through the nigh-friction
test area. Testing was to be terminated when it became evident that the
critical speed was very close or when 72 km/h was reached.

2.3/ Drawbar Length Investigation

The effect of dolly drawbar Tength for the three lengths given in Section
2.1 was evaluated, with the B-dolly steer axle pressure at the manufac-
turer's recommended value ana locked steer. This evaluation was con-
aucted with an empty vehicle, because the dolly centring force is
expected to have the greatest effect at this condition.

The effect of dolly drawpar length on lateral force at the tractor fifth
wheel was evaluated by ariving the vehicle through a fixed curve repre-
sentative of a freeway ramp at various speeds, up to a lateral accelera-
tion of apout 0-20 g, on a high-friction surface. Plots of lateral force
at the tractor fifth wheel against such measures as distance travelled or
tractor lateral acceleration gave a comparison of the effects of dolly
drawbar length.

The effects of drawbar length on vehicle stapility were further investi-
gated by means of a series of evasive manoeuvres, as shown in Figure 9.
These were conducted on a Tow-friction surface for the three drawbar
lengths, with dolly steer pressure set according to the manufacturer's
recommendation. The gate size was such that the vehicle configuration
with the lowest sideforce at the tractor was just able to make the lane
change at 40 km/h. Runs were made at steady speed and repeated as neces-
sary to ensure consistent results.
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The speeds of runs were increased until two speeds were found to bracket
the stability boundary of the vehicle. At the lower speed, the vehicle
was able to accomplish the manoeuvre consistently, and at the upper speed
the driver always lost control.

The effect of braking on vehicle stability was examined by driving the
empty test vehicle onto the wel low-friction surface through the 86.7 m
(284.5 ft) radius curve. The vehicle was driven at about 40 km/h, which
corresponds to a lateral acceleration of apout 0.15 g, and the service
nrakes were applied. The effects of B-dolly drawbar length were then
evaluated py performing the same manoeuvre but with the hrakes on one
side of the B-dolly axle deactivated.

7.4/ Simulation Validation

This series of tests examined the interaction of aifferential B-dolly
praking on C-train response and vehicle response to a rapid obstacle-
avoidance-type manoguvre.

The B-dolly brake torque characteristics were determined by making vehi-
cle runs at 50 km/h on the split-friction surface, using the aolly brakes
alone by means of the switch described in Section 2.1. Brakes were
applieda in pressure increments of 15 kPa (2 psi) in successive runs until
the pressure level required to exceed the peak traction capability of the
tires on each surface was bracketed. This was achievea by finding the
nighest pressure at which wheel Tockup did not occur and the lowest pres-
sure at which it always occurred, with at least three occurrences in each
group- This procedure was repeated for the high-friction side of the
split-friction surface. The peak longitudinal traction performance of
the B-dally tires on the test surfaces was then determined using the
UMTRI mobile dynamometer shown in Figure 10. The caliprated load cell 1in
this device permitted the B-dolly brake characteristics to be

determined.

In the second step, & Known steering moment was applied to the B-dolly,
using key brake pressure levels determined in the previous test. This
results in a steer response of the B-dolly axle and response of the rest
of the vehicle. The simulation objective was then to match this
response. The tests were conducted at 60 km/h, with the vehicle strad-
aling the junction between the low- and high-friction surfaces. Runs
were made at several pressure levels, such that neither wheel locked, the
low-friction side wheel locked, and finally, poth wheels locked. Runs
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were also made with brakes active on only one side, to the point where
wheel tock occurred.

In the third step, full vehicle braking was applied by the treadlie valve,
with simultaneous application of the B-dolly brakes by means of the
switch. This test was conducted at &0 km/h on the split-friction sur-
face, and sufficient B-dolly braking was applied to lock the low-friction
wheel wnile the high-friction wheel remained rolling. The test was first
conducted at a vehicle aeceleration of apout 0.1 g and then repeateq with
a deceleration of about 0.2 g. This test was primarily of an investiga-
tive nature.

The fourth step reguirea that the B-dolly brakes be re-plumbed to be
activated by the treadle valve. The test was conducted at 60 km/h on

the split-friction surface, and a series of runs was made at increasing
prake fnputs until a condition was founa at which the B-aolly wheel on
the low-friction surface became lockea ana on the high-friction surface
remainea rolling. This condition was considered to give a representation
of the hazard faced by the C-train braking on a non-homogeneous surface.

For the final step, the test vehicle approached the low-friction surface
on the curved entry of radius 86.7 m (284.5 ft}, at a speed of about

47 km/h, which corresponds to a lateral acceleration of about 0.2 q9.

When on the low-friction test area, the throttle was released and the
B-dolly brakes were applied alone, using the switch and reguiated pres-
sure. A series of runs was made at increasing requlated pressures until
a pressure level was bracketed, at which the lightly loaded wheel locked
and the neavily loaded wheel remained rolling. A further series of runs
was made using the treadle valve to achieve vehicle decelerations of 0.2,
0.3, ana 0.4 g, while simultaneously using the switch to the regulated
pressure just determined to cause only the lightly loaded side of the
B-aolly axle to Tock. Another series was made using treadle valve appli-
cation of al) brakes, at decelerations up to the point where the lightly
loadea B-dolly wheel lockea. This last series was intended to give a
representation of the actual hazara facea by a C-train braking on a wet
and slippery curve. All these braking tests were conductea with load on
the front of the leaa trailer and on the front and rear of the rear
trailer. Tnis unusual condition was designed to promote lock of the lead
trailer's wheels.,

The rapid obstacle-avoidance-type manoeuvres were conducted on the dary
high-friction surface at a speed of 71 km/h. Tne vehicle was empty
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except for blocks loaded at the rear of the rear trailer. This unusual
configuration was selected to promote large vehicle responses, in lieu of
Tthose which occur at highway speeds of 90 to 120 km/nh, which were un-
reachable at the test faciiity. Tne driver released the throttle, de-
pressed the clutch, and applied & steer input representing a single-cycle
sine wave form. This steer input was appliea at periods of about 5, 4,
3, and 2 5, with amplitude scaled to achieve a peak lateral acceleration
at the tractor of about 0.2 g.
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3/ TEST EQUIPMENT AND PROCEDURES
3.1/ Test Site

Field tests were conducted at the MTC Commercial Vehicle Test Facility
{Centralia). Tnis is located at Huron Industrial Park, Centralia, 45 km
(28 mi) north of London, Ontario. The test track, shown in Figure 11, is
a former airfield runway 1000 m long by 50 m wide (3281 by 164 ft). It
has a test area approximately 350 m long (1148 ft) of smooth asphalt,
with a smooth approach 150 m fong (492 ft). The test area includes a
hign-friction surface 150 m long (492 ft) with a dry skid numper of about
96, ana a low-friction surface 200 m (656 ft) long with a wet skid number
of apout 18 to 24. A sprinkler system is used for continuous wetting of
this surface, There is also a curved entry of radius 86.7 m (284.4 ft)
into the low-friction surface. The Tow-friction surface is abutted by
smooth shoulders so that total loss of vehicle contrel would result in
the vehicle s1iaing off the test area. There is also a low-friction lane
on the smooth approach, which is used to provide a split-friction sur-
face. Vehicle speed through the high-friction test area is limitea by
the available approach length to apout 75 km/h with a loaded combination.
Speed through the low-friction test area is Iimited to 63 km/h, to avoid
the hazarg of the vehicle spinning out of control after the safety cables
are engaged.

The test facility also nas about 2000 m2 (21 529 ft2) of work space for
vehicle preparation and storage. It includes basic shop facilities, an
electronics Jab, office space, and the ground station for data acquisi-
tion ana processing, which is described in Section 3.2.

3.2/ Instrumentation

The MTC test vehicle has been extensively instrumented to provide a range
of dynamic variables and has been used for a number of test programs.

For any new test, it is merely a matter of selecting the variables of
interest, adding the new ones special to that test, and allocating the
variaples to channels of the data acquisition system. For these tests,
sufficient on-poara instrumentation was present to describe driver input
ana vehicle responses [6].

Lateral load at the tractor fifth wheel was measurea using a fifth wheel
specially moaified by MTC, as shown in Figure 12. A long trunnion bar
was obtained, and the fifth wheel mounts were modified to accept two



- 10 -

cylinarical load cells. These were specially fabricated by the MTC
Researcn Laboratory and calibrated. The load cells were captured between
the fifth wheel pillow blocks and retainers nby nuts which tensioned the
Ttrupnion bar, as shown in Figure 13. A compressive pre-load of about
22.3 kN (5000 Tn) was put into each load cell. Tne load cells, there-
fore, gave an output proporticnal to trailer lateral load parallel to the
fifth wheel trunnion bar. A load to the right would increase the left
load cell output and, correspondingly, reduce the right load cell output.
It was found that changes in vertical and longitudinal load, and perhaps
roll moment, resulted in bending of the trunnion bar, which increased the
output of each load cell. Net lateral load, therefore, was obtained from
the mean difference of the inaividual Toad cell caliprated outputs.

The B-qgolly hitch slack was measured at each hitch, using a linear vari-
apnle displacement transformer (LVDT), as shown in Figure 14. B-dolly
steer angle was measured on both sides, using a Spectrol model 139 rotary
potentiometer attached to each kingpin.

Wheel speeds at axles used in draking tests were measured using a flexi-
ble cable from the wheel to a rotary continuous potentiometer mounted on
the vehicle. Brake chamber pressures were measured using Celesco model
200G pressure transducers installed in the prake lines aajacent to the
brake champers.

3.3/ Data Capture

The qata acquisition system on board the vehicle providea the necessary
Transducer excitation and signal conditioning for 36 individual signals.
Each conditioned signal was digitized at a rate of 100 scans/s, andg a
digital pulse-code modulated (PCM) data stream was produced with appro-
priate synchronization words. The P(M data stream was broadcast by tele-
metry from the tTractor to a ground station.

Tne ground station received the PCM data stream and recorded it as
received on ane track of a Honeywell 5600C instrumentation Tape recorder.
IRIG B time code was alsc recorded on a second track so that the location
of a particular run could pe found easily if data playback was required,
This recording was for archival and backup purpases.

The POM data stream was processed by a decommutator, which formatted it
into a 16-pit parallel input stream for a Hewlett-Packard HP-1000 A700
computer, in the ground station. The computer read each run in real
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time and created a raw data file on disk for subsequent processing.
Tnis system is described in more detail elsewhere [6].

Each run was also recerded on colour videotape, generally from the van-
tage point of a cherry picker. Other sequences of the test program, and
of the test devices, were also videotapea. Still photographs and slides
of the test devices ana testing were taken, as were notes of all test
conditions.

3.4/ Data Processing and Analysis

Data processing was conducted concurrent with testing. At the beginning
of each day, certain data files ana procedures were initialized within
the HP-1000 computer system. Data from each run were captured in real
time and previewed by the test engineer on a graphics display to deter-
mine whether all critical data channels were functioning correctly and
The run appeared to meet the general requirements. Portions of the run
were selected for analysis, the details of which would vary depending
upon the particular type of run. The raw aata file was read, any correc-
tions necessary were made, calibrations were appliied to bring each chan-
nel to engineering units, and other quantities of interest were derived.
The quantities critical to the test were displayed o the test engineer
and used to make recommendations regarding the next run, which were
Transmitted by radio to the test director on the track. At the end of
each test session, all gata files createad were archived to tape. The
archive tape was indexed and complete, so that the processing of any
particular run could be reconstructed at a later date.

The time nistory results of particular test runs, and cross-plots of
typical desired quantities over a series of test runs, were used as the
basic input to analysis of the various tests and the test program as a
whole for the report.

Further details of this process are presented elsewnere [6].
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4/ RESULTS
4,1/ Hitch Slack Investigation

When the test was initiated, it was expected that increasing slack and
vehicle speed woula result in emergence of a low-damped lateral/
directional oscillation of the vehicle. For this reason, the brake on
the right-hand wheel of the B-dolly was pulsed as a method of excitation,
pecause anly a small Tnput 1s necessary to Cause considgeradle venhicle
response at low levels of damping. However, with slack up to 50 mm

(2 in}, no such osciliation arose up to a speed of 72 km/h, the nighest
possible at the test area. The brake pulse momentarily Tocked the wheel
and caused the axle to steer to the right. This caused the dolly to vaw
to the right, with the left-nand hitch remaining at full extension and
the right-hand hitch moving forward to the full extent of the slack. The
rear trailer responded by moving to the right, and the vehicle progressed
with the rear trailer offset a small amount to the right. When the brake
was released, the B-dolly axle self-steering mechanism centred itself,
and the venicle returned to normal. The time history of typical runs is
shown in Figure 15.

variations in the amplitude and duration of the brake pulse had no effect
on the vehicle response. The brake pulse was applied during the normal
method of running, which was at full throttle in a specifieda gear when
the engine governgr provided a controlled speed and the vehicle was fully
extended. These runs were made with the brake pulsed and the clutch
depressed, resulting in the vehicle slowly decelerating against the
various resjstances and the 8-aolly floating within its hitch slack.

Runs were also made with the brake pulsed, the rear trailer brakes
gisabled, and the lead trailer brakes 1ightly applied by means of the
hang valve, resulting in the B-dolly and rear trailer bunching up on the
lead trailer. Runs were made with the same varijations with the vehicle
following a spiral trajectory. Finally, runs were made without pulsing
the brake but with a small sinusoidal steer input. None of these inputs
resulted in any significant vehicle response that had the appearance of a
Tow-damped oscillation; in all cases, the response was rather well
damped.

This test nad various Timitations relative to the particular conditions
of the accident that identifiea the issue. Stability is strongly
affected by speed, aetails of tne vehicle, and other factors. The maxi-
mum speed achieved was substantially below that at which trucks travel an
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the highway. The high on-¢entre stiffness and high Coulomb friction in
the automotive steer mechanism of the axle are both very beneficial to
stapility. A different result might have ensuea if a turntable-type
B-dolly. which has much tess friction, had been used. Indeed, if nothing
else, this test confirmed the desirable properties of the BPW axle, which
were so apparent in the earlier tests [3].

The null result should certainly not be construed as a finding that any
amount of slack at the hitch is acceptable. Since slack adads degrees of
freedom to this dynamic system and is inherently destabilizing, any slack
is undesirable. Some slack, perhaps 6 mm (0.25 in), is inevitable from
the need to couple the dolly to the trailer and because of the effects of
wear. Even this should always be controlled hy an air-actuated no-slack-
type pintle hook. Any more slack, whether by design, wear, or due to
compliance of hitch components, is considereda unacceptable.

4.2/ Drawbar Length Investigation

Tne effect of drawbar length was investigated by three tests, as
aescriped préeviously.

The loaas at tne fifth wheel were measured auring a spiral curve entry
with the empty vehicle on a high-friction surface. The change in drawbar
fength was expected to affect the force required to turn the lead trail-
er, which would require a greater steer effort by the ariver during a
dynamic manoeuvre, to meet the increased sige friction demana [7]. An
increase in steer effort was considered to result in an earlier Joss of
control, as the 1imit of sfae friction was reached. No clear patterns
emerged from these tests, in part pecause of developmental problems with
the load-measuring fifth wheel.

The evasive manoeuvre was conducted with the empty venicle, using gates
of 20 m {65.6 ft) with 20 m in the left lane. A typical run is illu-
strated in Figure 16. This test was originally proposed as a lane
change, but preliminary test runs showed that the vehicle could reach the
safe 1imit speed for this type of test at the test area for any gate size
the vehicle was able to get through. The evasive manoedyre is much mare
complex than the lane change. The vehicle was evaluated in terms of
various responses, with the dolly steer pressure set at 241 kPa (35 psi)
to permit dolly steer. With the dolly steer locked, the vehicle became
somewhat representative of a B-train. The limit speed, in kilometres/
hour, at which the venicle became unstable is presentea in Table 1.
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Table 1/ Instability in Evasive Manoedvre

bolly Dolly
Drawbar Steering Locked
Short 57 52
Meaium b8 57
Long 55 h2

In all cases, the mode of instability was rear traijler swing during the
return to the original lane. wWhen the aolly was not locked, it dia steer
a small amount, 2 or 3%, during the manceuvre. The driver felt that the
dolly behaved much more consistently than in the previous tests [3], when
the steer woula break out inconsistently ana, hence, unexpectedly,
affecting ariver performance of the manoeuvre. The driver also felt that
the surface was less slippery than in the previous tests, though thase
tests were performed with different tires. For each drawbar length,
there 15 a small reduction, as seen in Table 1, in the speed at which the
vehicle coula make the manceuvre between the Steering and locked cases,
as would be expected. The results for the short drawbar, however, appear
somewhat anomalous. The single physical difference petween the three
series of tests was air temperature, which was about 15°C for the short-
ana medium-arawbar tests, and 25-30° for the long- drawbar tests. The
difference, therefore, is not readily accountable.

The principal conclusion from these taests is that the C-train, the case
with the dolly steering, appears more staple than the B-train, repre-
sented by the dolly steer locked case, because of a reduced side friction
demand. If the C-train dolly steer aid not break out, the vehicle
behaved as a B-train, so it can be concluded that the C-train is no less
staple than a B-trajin. Since there are some B-trains with very large
centre-axle group spreads or with a third single axle on one or other of
the trailers, the (-train, even with a long drawbar, is probably no less
stable than some of these B-trains. There may be some B-trains with
small axle spreads that would be more stable than this C-train. Beyond
that, 1t also appears that the effect of drawbar length on vehicle sta-
bility and control is relatively small. The principal benefit of the B-
ar C-train is that the driver has some feel for the rear trailer, feel
which s not availaple with the A-train. There is a substantial aiffer-
ence in the stability characteristics of A- and C-trains [3]. The dif-
ferences to the driver between the C-trains, due to drawbar length, are
much less than due to the aifference between A- and C-trains. There are
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also a number of semitrailers, such as the 3-axle trailer with a wide-
spread tandem and an airlift pelly axle or any trailer of four or more
axles, which have very much higher side friction demands than any
C-train. Since drivers are readily able to adapt their driving tech-
niques to the differences between the C-train and other configurations,
the subtle differences caused by drawbar length should not cause much
difficulty.

The final test was braking in a turn. The ariver braked to a stop from
40 km/h, with a deceleration of about 0.18 g, which required a brake
application nara enough to lock some wheels. The test was performed with
the B-dolly both locked and steering and with brakes on the left side
only, right side only. and both sides of the B-dolly. Wheels locked
erratically in the various runs, ana any steering of the B-dolly did not
seen to have any significant effect on the vehicle response. It was
possiple to provoke a tractor jackknife with a harder brake application
or trailer swing if a nigher speed was used, but these instabilities are
essentially independent of venhicle configuration. It was concluded that
any bana of operating conditions where the B-dolly steering or drawbar
length would potentially cause a difference in vehicle response for the
C-train is so0 small that it may reasonably be jgnored.

Drawbar length, therefore, is not considered a significant factor in
C-train stapility and control, but it is a very significant structural
concern. Previous tests [3] showed that it was possible to develop very
nigh loads at the hitch, loads close to yielding the dolly frame in as
simple a manoceuvre as driving the vehicle over a curb. Structural con-
siderations, therefore, should be governing and should curb any tendency,
not just to long drawbars but to large Spreads between the last axle of
the lead trailer and the dolly axle, ariven by loading considerations.
The drawbar should be as short as possible to minimize this spread, but
overall, this is not a serious concern as there are many vehicles on the
highway with a much greater side friction demand than any C-train [71.

4.3/ Simulation Yalidation

Tnese tests were performed with the B-dolly 1in the short drawbar configu-
ration with a hitch-to-fifth-wheel distance of 1.52 m (5 ft).

A1l the braking tests were inconclusive, since brake applications, brake
torque, and tire-road traction are all essentially uncaontrollead varia-
ples. Wnile inaividual test points coula be reasonably closely
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replicated, as shown in Figure 15, the resylt in terms of wheel lock was
random, especially for the braking in a turn. A discussion with the
UMTRI staff indicated that there were corresponding difficulties with the
computer simulation. They found that instability only resultea in some
unusual conditions that would not be expected in normal use of such a
vehicle. The tests, then, demonstratea that the effect of B-dolly steer-
ing on stability is negligipnle, at least at speeds that were feasinle and
safe for the test area, up to 63 km/h, in the situations examined.

For most stops in straight-line braking, the venicle remained essentially
straight ana in-lane. The exceptions wera on the low-friction surface,
when a tractor jackknife and a trailer swing were encountered. The form-
er would certainly be expected, because front axle brakes were nol used
on the tractor. This mode is inaependent of any B-dolly action. The
trailer swing was an isolated occurrence that may or may not have been
due to the action of B-dolly steer. The reason for the general lack of
serpentine responses appears to be that on the low-friction surface,
there is insufficient sideforce generated by the B-dolly to push the lead
trailer laterally. On a split-friction surface with the nigh-friction
B-dolly wheel braked or on a high-friction surface, the sideforce of the
rear trailer's axles is sufficient to stapilize the vehicle.

For stops in a turn, there was a tendency for the venhicle to understeer
out of the turn, which leads to tractor jackknife or trailer swing.

There dia not appear to be any tendency for the 8-dolly steer to push the
jead trailer laterally, which woula be accentuated by the inertia of the
rear trailer pushing at an articulation on the doily.

It is concluded, therefore, that the stapility characteristics of the
C-train while braking are similar to those of the B-train. It must also
pe recalled that this test was conducted with an unusual load distribu-
tion on the vehicle, which was designea to increase the Tikelihood of an
unstable response. It is 1ikely that there would have been further
instapilities if it had been possible to conduct tests at highway speeds.
There appeared to be no reason to believe, however, that these would be
any less catastrophic with this C-train than they would with any A- or
B-train.

Sinusoidal steer tests were conducted at a speed of 71 km/h, with the
vehicle loaded in the atypical manner usea for the braking tests. The
rearward amplification of lateral acceleration for the rear trailer was
apout 1.20 for a steer period of 2 s and 1.35 for a steer period of 3 s.
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5/ CONCLUSIONS

Tnree series of tests have been conducted on a C-train double trailer
combination on behalf of the CCMTA/RTAC vehicle weights and Dimensions
Stuay.

The first series investigated the effect of hitch slack on vehicle sta-
bility. Tests were conducted with stack from 0 to 50 mm (2 in), at
speeas up to 72 km/h. There was no significant reduction in the stabil-
jty of the vehicle. The B-dolly used was of the automotive steer type.

A turntable steer type, which has much 1ess internal friction, may have
produced a aifferent result. If a higher speed could have peen attained
in the test area, instability possiply coula have occurred at some slack.
Presence of slack tends to be destapilizing, and hence, minimal slack
associated with coupling and wear is considered tolerable. The finding
of this test does not imply that any slack s either desirable or accept-
able. Slack is potentially nazardous, particularly for low-stability
combinations such as a triple using turntable-steer B-dollies or a double
with a rearwarg-biased load on the rear trailer. No-slack pintle hooks
or any other coupling that ensures no slack should be used.

The second series investigated the effect of drawbar length on vehicle
stability. Increase in drawbar length from 1.52 to 3.05 m (5 to 10 ft)
had little effect in reducing the inherent stability of the empty vehicle
on a low-friction surface. while some weight regulations may tend to
encourage longer drawbars, severe structural problems caused by twist of
the dolly frame as the vehicle drives across an uneven surface are
encountered. It is hoped that this will mitigate any tendency towards
longer drawbars. There was little change from the ariver's perspective.
The handling aifferences between the extremes of drawbar length were much
less than the differences between the C-train and an A-train or some
semitrailers haying three or more axles. Because the drivér can feel the
response of the trailers with this configuration, ne will become familiar
with the handling of the particular vehicle he is driving. A profession-
al driver should drive according to both the road conditions and the
characteristics of his vehicle. Drawbar length is, therefore, not con-
sidered a major consideration in stability and control of the C-train. A
short drawbar is preferrea both from this point of view and dolly struc-
tural design.

The third test series was primarily concerned with C-train response to
braking, for purposes of validation of computer simulations. It was not
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possinle to generate consistent results in this test. The test served to
demonstrate that steering of the B-aolly axle appeared to have littie
effect on vehicie stability when locked wheel braking was applied on
nigh-, low-, ana split-friction surfaces.
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h figure 6/ B-Dolly, Short Drawbar



Figure 7/ §-Dolly. tedium Drawbar

Figure 8/ B-Dolly, Long Drawbar
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Figure 10/ unTRI Hooile Dynamometer
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Figure 12/ lLoaa-heasuring Fifth wheel on Mounting Plate
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Figure 14/ Hitch Slack Heasurcment
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Figure 16/ Vehicle Haking Evasive Hanoeuvre on
Low-Friction Surface



