


B-tram and 0.54 g for the C-tram. Whether these 
vehicles would actually have rolled over is 
questionable. All wheels except those of me tractor 
clearly lifted for the B-train (Figure 21). For both 
A- and C-train triples the low trailer centre of 
gravity previously mentioned and the 2.59 m f 102 
in} wheel track width elevated the ron threshold 
above the threshold oflateral/directlonal stability. 
The rear trailer swung out on entry to the circular 
turn. and the driver steered out from the circle. at 
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-tram's rear trailer would undoubtedly have 
rolled over, and presumably the entire C-train 
triple vehicle would have roned over. While rolIover 
was the "expected" consequence of this test. the 
actual result illustrates that other modes of 
instability are possible. as already seen for the 
lane change. The outriggers of the 5- and 6-axle 
48 ft [14.63 m} semitrailers touched down at 
lateral acceleration of 0.52 and 0 .53 g. 
respectively. and the trailers than swung out. 
There was so much drag on the 7-a.xle 48 ft (14.63 
m) semi that the driver could only reach 0.39 g. 
well below the roll threshold. 

The 45 ft (13.72 m) semi and the L.'1ree doubles all 
have suspensions of similar roll stiffness. axle 
loads, and centre of gra'Vity heights. It is, therefore. 
hardly surprismg that they have Similar roll 
characteristics. In a manoeuvre at the limits of 
stability in an A-train. the driver has little, if any, 
feel for the rear trailer's state, and the trailer can 
rollover while the rest of the vehicle remains 
upngh t. However, in the semi or either ofthe other 
two doubles, the driver can feel roll moment 
transmitted forward from the rear trailer and, 
knowing that the entire vehicle will rollover. may 
have an opportunity to stabilize the vehicle. 
Drivers would be expected to prefer the A-train. as 
the likelihood of death or serious injury in a heavy 
truck roliover is high. However. with the feel 
provided by a B- or C-train. the driver m1ght 
respond to the vehicle and be better able to avoid 
the marginal situation. From this point of view. the 
B- or C-train double is preferred to the A-train. 

Static rollover characteristics of all vehicles tested, 
except for the triples. which were too long. were 
examined in a parallel part of the Weights and 
Dimensions Study. conducted by Centre de 
Recherche Industrielle du Quebec (CRIQ). using a 
tilt table built for this purpose (14). Vehicles were 
provided to CRIg staff. loaded as for these tests, 
except that outr'.gger outer sections were removed 
to get the vehicle onto the tilt table. The vehicle 
was driven onto the table, with load cells located 
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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 continuously tilted until 
enough axles on the high side of the vehicle had 
lifted for the vehicle to be deemed to have reached 
the rollover point. For the A-tram double the critl­
cal axles were those on the rear trailer only, as this 
trnller was free to roll independently of the rest of 
the vehicle since the dolly hitch offers no ron 
restraint. For all other vehicles. all high ~side wheel 
pad loads. except, pOSSibly, those at the steer axle, 
were required to reach zero, as roU moment was 
transmitted between vehicle units of these com­
binations. A typical roliover conditlon is shown in 
Figure 22, with the A-train double. The angles at 
which rollover occurred in the tilt test are com­
pared with the peak lateral acceleration at which 
outrigger touchdown occurred in the steady cir­
cular turn in Table 12. 

The agreement here seems quite good, but the data 
are sparse, based on a single test in each case. It 
is interesting that, except for the C-train double. 
all lateral accelerations in the steady c:lrcular turn 
are slightly less than those from the tilt test. This 
supports the observer's opinion that some of these 
vehicles might not have rolled over despIte the 
outrigger touchdown. 

The closeness of the tilt test results for the 45 ft 
(13.72 m) semi and the three doubles bears out 
the observation that these vehicles all have similar 
suspensions, axle 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 rolIover: 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 

A-train double, tilt test 
FIGURE 22 



in a truck. The 1.75 ID (70 in) centre of gravity 
height of Table 12 is typical of a load of steel or 
bricks. However, tankers, vans, and ilatbeds of 
lumber can often have a centre of gravity more 
than 2.5 ill (100 in) above the ground. which for 
the vehicles tested would reduce their roliover 
threshold to about 0.3 g. a substantial decrease 
(20). Such an elevated centre of gravity would have 
resulted in reliover of the triples in this test. It 
would also have resulted l.n rollover of all vehicles 
in the lane-change test. 

3.7 COMPUTER SIMULATION 

The University of MIchigan Transportation Re­
search Institute (UMTRI) yaw/roll program (21) 
was installed on the HP-WOO computer used in 
the ground station for data processing. The pro­
gram was extended to Simulate a triple trailer 
combination and was updated to include an im­
proved B-dolly model developed by UMTRI. There­
fore. all vehicles tested could be Simulated "With 
the same program. Details of the internal com­
putation were also modified to achieve run times 
no more than 250/0 the duration of those for the 
original program. and in most cases much less. 

The program was modified to read the steer input 
measured during a test run. and the initial 
conditions for some model degrees of freedom. It 
then integrated the equations of motion. 
computed responses of interest at the 
measurement locations on the test vehicle. and 
stored those responses in a data file so that the 
test and simulation results could be compared. 

The test program consisted of standardized tests 
of non vehicles of different configuration. The ob­
Jective was to demonstrate that computer simula­
tion could represent a vehicle's response in a 
specifiC manoeuvre and the trend in response 

as possible of the actual vehicle tested, using the 
same generic data (22) for suspension and tire 
characteristics as UMTRI used for Its simulation 
study. This work was not a validation of the com­
puter model. 

Computer Simulation was conducted for all 
vehicles in the loaded condition for sinusoidal 
steer, lane-change. and steady circulation turn 
tests on a high-friction slli-face. 

All vehicles showed good agreement between the 
simulation and test results in the sinusoidal steero 
However. it was found necessary to modify the 
tractor drive axle tire characteristics for the 
B-train and 7-axle 48 ft (14.63) semi to match the 
lane-change test results as well as the other seven 
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 approximatedo This same 
tire modification was found essential for all nine 
vehicles if the simulation was to match the test 
results in the steady circular turn. 

This work showed that the computer Simulation 
could produce a reasonable agreement with test 
results for a range of vehicle configurations a..'"1d 
conditions. both for individual runs as a trend over 
a number of runs, 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 between test 
runs. such effort did not appear warranted. In 
many instances, differences between Simulation 
and test results identified difficulties with 
measurements rather than the Simulation. 

characteristics over a range of manoeuvres. The A detailed summary of this work is presented 
program data were set up to be as representative elsewhere (23,24). 

Table 12 d Comparison of roll thresholds, tilt test and steady circular turn 

Lateral 
acceleration 

Tilt Tangent In steady Centre of gravity 
IImgle of tilt circular height above 

Vehicle (deg) ugle tmn Eg) 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-doub!e 28.0 0.53 0.54 1.73 

5-axle 48 ft semi 31.0 0.60 0.52 
6-axle 48 ft semi 29.3 0.56 0053 
7 -axle 48 ft semi 29.1 0 .56 
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3.8 DISCUSSION 

Tests were conducted with the equipment 
provided. No efforts were made to modify the 
equipment. except as required for testing. and 
these modifications did not affect vehicle opera­
tion. The outrigger assembiy was additional to 
norrnal 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. 

The test program started in eady June and ended 
in rrud-December. A test program of such duration 
encountered a varlety of weather conditions. The 
summer months. with air temperatures of 25 to 
30'C. resulted in high-friction surface tempera­
tures up to 55'C and low-friction surface tempera­
tures 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. The B-train and A- and 
C-train triples were tested in similar warm condi­
tions, whereas the 45 ft (13.72 rn}d semi and A­
and C-train doubles were tested in cold condi­
tions. While temperature may affect tire traction 
characteristics. there should be little 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. TIres were 
installed new 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. The 
three 48 ft (14.63 m) semitrailers were tested in 
sequence. When the tires were used for the second 
series of tests, they could still be described as 
"nearly new" and were without evident unusual 
wear patterns, except for the right rear axle tires 
of the 48 ft (14.63 m) vehicles. which got badly 
scalloped on their outer edge. 

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 
te the particular vehicles tested, and results 
different in some respects might be ebtained for 
other vehicles at another time. 
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The 45 it (13,72 m) semi was conSidered an easy 
vehicle to drive by the test driver. It tracked wen, 
manoeuvred well. and was very stable. It took 
more space to turn than the three doubles, due to 
the trailer length. The A-train double was also an 
easy vehicle to drive, particularly in the evasive 
manoeuvre on the low-friction surface. The trailers 
had little influence on vehicle handling in this 
case, whereas the trailers of both B- and C-train 
doubles were pushing the tractor threugh the 
return tQ the original lane. The tendency to push 
was also noticeaJ:;le on the high-friction surface, 
particularly 1n the steady circular turn, where 
sttnply follov,1ng the turn required considerably 
greater effort in the B- and C-trains than :in the 
A-train. The short trailer wheelbase and single 
axle made the A-train triple easy tc manoeuvre in 
both low-speed turns and dynamic tests, as the 
trailer imposed rather modest forces on the trac­
tor. It was alse particularly easy in the evasive 
manoeuvre on a low-friction surface. where the 
rear two trailers and dollies appeared to slide 
through the gates. 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 wiL.~ a higher trailer centre of 
gravity. The driver had no feedback of second- or 
third-trailer response once a manoeuvre had 
started, because the A-dolly hitch does not trans­
mit trailer roll moment forward. The responsive­
ness of this vehicle in normal 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~tra1n triple 
was rather stable, but, again, it tended to push the 
tractor in manoeuvres. With regard to the C­
trains, the driver felt that the Sauer axle was 
preferable to the axle tested previously (IS) be­
cause the force requtred to break out the self­
steering mechanism was lower, 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 mas."1oeuvre by the driver. The 5-axle 48 it 
(14.63 m) semi was si.."TIilar to the 45 ft (13.72 m} 
semi. The 7 -axle vehicle drove well in a straight 
line, but took a lot of effcrt to turn, and the tractor 
was particularly sensitive in the wet. The 6-axle 
vehicle was intermedIate behveen the other two. 

In absolute terms there is no question that the 
5-axle 45 ft {I3.72 m} semi was the most stable of 
the six baseline vehicles. This is attributable to its 
single poffit of articulation and the long wheelbase 
of the trailer. However, this is a util.ityvehicle and 



is not the vehicle of choice fer heavy~haul 
applications, where double trailer combmaUons 
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-tram double, simply because these two vehicles 
have one less point 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 S- or C-tram. It was certainly the 
easiest for the driver to put through the course, 
but this was because the driver had no feel for 
second trailer response which L", available v.rith the 
other two configurations. However, from previous 
experience (15). the doL.'y Jack.1rnife/traHer swing 
mode of loss of control of the A-tram is judged 
potentially more hazardous to ot.her road users 
than the loss of tractor control that is most 
apparent with the B- or C-trains. On the 
high-friction surface L"1e 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 traUer swing or rollover 
m a dynamic manoeuvre. Again, because of a lack 
of feedback from the rear trailer to the driver, it is 
more likely that the driver of an A-train will 
approach the point where loss of control i"> likely 
than will the driver of a B-train or the 
corresponding C-train. 

4. C-TRAIN mTCH SLACK AND 
DRAWBAR LENGTH TESTS 

4.1 INTRODUCTION 

A study of C-train stability was conducted in 1982 
by MTC. the National Research Council of Canada 
(NRC), and UMTRI (25). That study consisted 
principally oHests conducted by MTC (15), v.rith 
component parameter measurements and 
computer Simulation by UMTRI. It was found that 
a C-tram using an automotive steer-type dolly had 
some deSirable stability charactertstics relative to 
the comparable A-tram. 

A serious accident occurred to a C-train, where it 
was thought that excessive slack at the B-dolly 
hitch contributed to loss of lateral/directional 
stability of the vehicle (26). The A-train dolly is free 
to rotate in yaw about the hitch of its towing 
trailer. The double drawbars of the B-dolly. in 
principle. prevent this yaw rotation. However, to 
assist m vehicle manoeuvrability the B-dolly is 
provided with a se1f-steering axle. A- and C-trruns. 
therefore. have the same number of dynamic 

degrees of freedom, with A-dolly yaw replaced by 
B-dolly axle steer for the C-train. If L"1ere is slack 
at the B-dolly hitches, the doUy and the entire 
vehide accrue two more degrees of freedom. The 
first is dolly longitUdinal motion, and the second 
is dofrj yaw. The amplitudes of these degrees of 
freedom are limited by the amount of slack. Now 
compare a C-train 'kith hitch slack to an A-train. 
For small amputude motions. both dollies are free 
to yaw. The C-tram now has two additional 
degress of freedom, dolly longitudinal motion, and 
axle steer. Dependir,g upon the propertIes of the 
components, it could be less stable than the 
A-train in some respects because of these extra 
degrees of freedom, Stability would depend. on 
speed, and it was expected that there would exist 
some critical speed at each hitch slack at which 
the vehicle would become unstable. A lateral 
motion would develop that would increase in 
amplitude until limited by non-linear vehicle 
characteristics or structural failure occurred. As 
the Critical speed was approached, the vehicle 
would exhibit lateral motions having low damping. 
It was conSidered deSirable by the study that the 
effect of hitch slack on C-train stability be 
investigated. 

In practice, vehicles are configured. for a specifiC 
mission, and the regulations of some provinces 
permit greater gross weight to be carried if the 
drawbar of the dolly of a doubles combination is 
longer. Drawbar length can clearly affect C-train 
stability, particularly for the empty vehicle on a 
low-friction surface. Since this was not covered in 
the earlier tests. the study considered it deSirable 
that the effect of drawbar length on C-t.rrun 
stability be investigated. 

Neither of these topics were readily amenable to 
computer simulation, because of the complexity of 
the model and the non-linear effects of slack and 
self-steertng a:ue Coulomb friction. They were 
therefore investigated by full-scale vehIcle tests, 
using the same vehicle as was used in the previous 
tests {l5}. 

The test vehicle consiSted of the lVITC Freightliner. 
the trailers of the MTC doubles combination, and 
a B-dolly fabricated specially for these testso The 
B-dolly had a frame with two bolt -on drawbar 
extensions, which permitted drawbar lengths of 
1.65,2.13, and 3005 m {5, 7, and 10 ftl. The dolly 
used the same BPW self-steerL."'1g axle that was 
used on the ASTL B-dolly of the earlier tests (15). 
The test vehicle was also the same, except that it 
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was fitted with Michel1n XZA radial tires rallier 
than the Firestone Transport 1 bIas ply tires of the 
earlier tests. Two hitches shown in Figure 23 were 
specially fabricated by NRC for these tests. with 
longitudinal slack adjustable from 0 to 50 mm (0 
to 2 1n) in increments of 6 mm (0.25 in) (27). 

The test program was divided into two parts. one 
for hitch slack and the other for drawbar length, 

It was expected that with slack at the dolly hitch 
there would be a low-damped oscillation of the 
vehicle as a critical speed was approached. The 
vehicle response could only be evaluated properly 
if a standard input was used to excite the vehicle. 
A 414 kPa (60 psi) brake pulse of 2 s duration 
applied to the right-hand wheel of the B-dolly was 
chosen as the excitation. This caused the wheel to 
steer to the right as it momentarily locked. and 
produced a lateral! directional response of the 
dolly and rear trailer. Runs were made on a 
high-friction surface at a series of speeds between 
33 and 72 km/h at slack up to 50 mm (2 in). 

The effect of drawbar length on vehicle stability 
was evaluated by three tests. First, the loads at the 
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Hitch slack measurement 
FIGURE 23 

tractor fifth wheel were examined as a function of 
speed. Various runs through a fixed curve 
representative of a portion of a freeway ramp were 
conducted for each drawbar length. These loads 
were expected to be related to vehicle stability. 
This was Investigated by an evasive manoeuvre 
conducted on a low~frtcUon surface. A series of 
runs was made at increasing speeds until the 
driver was unable to maintain control of the entire 
vehicle through the m.anoeuvre. Finally. the effect 
of braking was introduced by making stops using 
both symmetric and asymmetric dolly braking In 
a CUlve on a low-friction surface. 

The test procedures and data processing were 
generally similar to those deSCribed above for the 
baseline vehicles. 

4.4 HITCH SLACK TEST RESULTS 

When the test was initiated, it was expected that 
increasing slack and vehicle speed would result In 
the emergence of a low-damped laterall directional 
oscillation of the vehicle. It was for thiS reason that 
the brake on the tight-hand wheel of the B-dolly 
was pulsed as a method of excitation, as at low 
levels of damping. only a small input is necessary 
to cause considerable vehicle response. However. 
with slack up to 50 mm (2 in), no such oscillation 
arose to a speed of 72 km/h. the highest possible 
at the test area. The brake pulse momentarily 
locked the wheel and caused the axle to steer to 
the right. This caused the dolly to yaw to the 
right-hand hitch moving fOlward to the full extent 
of the slack.. The rear trailer responded simply by 
moving to the right. and the vehicle progressed 
with the rear trailer offset a small amount to the 
light. When the brake released. the B-dolly axle 
self-steering mechanism centred itself. and the 
vehicle returned to normal. 

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 fun throttle, in 
a specified gear when the engine governor 
provided a controlled speed and the vehicle was 
fully stretched out. Runs were made when the 
brake was pulsed with the clutch depressed and 
the vehicle slowly decelerating against the various 
reslstances. when the B-dolly tended to float 
w:!.thin its bitch slack. Runs were also made when 
the brake was pulsed with the rear trailer brakes 
disabled and the lead trailer brakes lightly applied 
by means of the hand valve, when the B-dolly and 
rear trailer bunched up on the lead trailer. Runs 
were made with the same variations 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 sigrliftcant response of the vehicle 
that had the appearance of low-damped oscilla­
tion; indeed. in all cases, the response was well 
damped. 

This test had various limitations relative to the 
particular conditions of the accident that 
identified the issue. Stability is strongly affected 
by speed. details of the vehicle, and other factors. 
The maximum speed achieved was substantially 
below that at which trucks travel on the highway. 
The high on-centre stfffness and high Coulomb 
friction in the automotive steer mechanism of the 
axle are boL1. very beneficial to stability. and a 
different result might have ensued if a 
turntable-type B-dolly. which has much less 
friction, had been used. Indeed. if nothing else. 
this test confirmed the desirable propertIes of the 
BPW axle that were so apparent in the earliertests 
(15). The null result should certainly not be 
construed as a finding that any amount of slack 
at the hitch is acceptable. Since slack adds 
degrees of freedom to the dynamic system that is 
the truck. and this is inherently destabllizing. any 
slack at all is undesirable. Some slack. perhaps 
6 mm (0.25 in) is inevitable from the need to 
couple the dolly to the trailer, and the effects of 
wear. Even this should always be controlled by an 
air-actuated no-slack type pintle hook, Any more 
slack. whether by design, wear, or due to 
compliance of hitch components, Is considered 
unacceptable. 

4.5 DRAWBAR LENGTH 
TEST RESULTS 

Increase in drawbar length from 1.52 to 3.05 m (5 
to 10 ft) had little effect in reducing the stability of 
the empty vehicle on a low-friction surface. While 
some weight regulations may tend to encourage 
longer drawbars. there are severe structural 
problems caused by twist of the dolly frame as the 
vehicle drives across an uneven surface. This is 
expected to mitigate any tendency towards longer 
drawbars. There was little change as far as the 
driver was concerned. The differences between the 
extremes of the drawbar length were much less 
than the difference betvleen the A-train and a 
C-train. Because the driver can feel the action of 
the trailers with this configuration, he will become 
familiar with the handling of the particular vehicle 
he is driving. A professional driver should drive 
according to both the road conditions and the 
characteristics of his vehicle. Drawbar length is. 

therefore, not considered a major conSideration in 
stability and control of the C-train. A short 
drawbar is preferred both for vehicle stability and 
dolly structural design. 

This investigation also induded some C-train 
responses to braking. It was not possible to 
generate consistent results in this test. which 
simply served to demonstrate that steering of the 
axle of the B-dolly appeared to have no effect on 
vehicle stability when braking with locked wheels 
on high-, low-, and split-friction suIfaces. 

5. CONCLUSIONS 

The CCMTA/RTAC Vehicle Weights and 
Dimensions Study selected a baseline vehicle to 
represent each of six major truck configurations: 
the tractor-trailer: A-, B-, and C-tFctin 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 hitching. 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. 

Laterall directional 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. 

Static roll stability is essentially independent of 
vehicle configuration where vehicles have the 
same suspension, axle load, and centre of gravity 
height. 

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. 
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Results different in some respects might be 
expected for other vehicles or test conditions. 
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