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FOREWORD

The Road Transport Reform (Mass and Loading) Regulations 1995 limit the total mass of a combination other than a road train or B-double, and any load, to 42.5 tonnes and also require that the loaded mass of a dog or pig trailer must not exceed the loaded mass of the towing vehicle. (ie a 1:1 mass ratio).

Operators in a variety of industry sectors, including quarry operations, sand, gravel and grain and brick distribution have expressed strong interest in using truck and trailer combinations at higher gross mass limits than 42.5 tonnes to improve their productivity.

As a means of addressing requests for increased productivity and to resolve vehicle performance issues, the Roads and Traffic Authority of NSW (RTA) and VicRoads separately instituted trials of truck and dog trailer combinations at higher gross mass.

To resolve any changes in the fundamental operating rules to exceed the allowable mass ratio of 1:1 and other vehicle performance issues, the RTA commissioned ARRB Transport Research Ltd to examine the effects of the higher loads and changes to the truck and dog trailer mass ratio on a range of vehicle performance and safety issues.  Secondary assessments on

1.
the necessity for requiring the fitting of Anti-Lock Braking Systems (ABS) was conducted for VicRoads; and

2.
the characteristics of 3 and 4 axle trucks towing a 5 axle trailer were conducted for the National Road Transport Commission.

These assessments were conducted with a full-scale field testing program using ISO/SAE procedures.  ARRB tested a range of truck and dog trailer combinations and also included for comparative purposes, a six axle prime mover/semi-trailer combination and a nine axle B-double in the program.  The testing included dynamic stability, braking, high speed offtracking and rearward amplification assessment.

The investigation by ARRB Transport Research Ltd contained in this Technical Working Paper reports the field studies and general recommendations on the operation of truck and dog trailers with mass ratios above 1:1 and two computer simulation studies on wheelbase effects.  The investigation and simulations were conducted as a separate task to the Mass Limits Review for General Freight Vehicles fitted with road friendly suspensions.

The Commission has worked with some jurisdictions to develop a policy framework for the operation of truck and dog trailer combinations covering higher mass limits up to 50 tonnes and mass ratios of 1:1.25 to ensure maximum safety with increased productivity.  The set of operating conditions developed generally cover suspension type, trailer axle spacing and vehicle capability.

The Commission is seeking comment on this paper and any implications seen in its findings.  The Commission will develop final recommendations for the Ministerial Council for Road Transport following evaluation of the responses received.

Written comments on the Technical Working Paper should be forwarded to:


Chief Executive


National Road Transport Commission


PO Box 13105


LAW COURTS   VIC   8010

Comments should reach the Commission no later than Friday, 30 January 1998.

You may care to direct any enquiries or requests for additional copies of the paper to Barry Hendry on Telephone (03) 9321 8444, Facsimile (03) 9326 8964 or Email nrtc@ozonline.com.au.
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Executive Summary

Background

General access rigid truck and trailer combinations are currently limited to a maximum gross mass of 42.5 tonnes under national mass and loading regulations.  This limit is consistent with that for six-axle articulated vehicles and reflects both past bridge load restrictions and some concerns over the performance of truck and trailer combinations at higher mass limits.

Operators in a variety of industry sectors, including quarry operations, sand, gravel and grain cartage and brick distribution have expressed strong interest in using truck and trailer combinations at higher gross mass limits to improve their productivity.  While higher gross mass limits are already available with B-Doubles, these vehicles do not suit all applications and their operation under route restrictions limits their flexibility in urban and inter-urban operations.

Gross mass limits over 42.5 tonnes are provided for in the Austroads bridge formula and axle spacing/mass schedule for general access freight vehicles.  This formula allows vehicle combinations meeting specific axle spacings and strict load compliance standards up to 50 tonnes gross mass.

As a means of addressing requests for increased productivity and to resolve vehicle performance issues, the Roads and Traffic Authority of NSW (RTA) instituted a trial of truck/trailer combinations at higher gross mass.

With a view to developing RTA policy for heavy truck/trailers as a freight efficiency measure, the trial was to examine:

· the effect of higher mass on the performance of general access truck/trailer combinations

· the capacity of vehicle operators to meet load control requirements (to eliminate overloading)

With the development and promotion of new truck/trailer configurations, the trial was expanded to include an examination of the relevance of the truck/trailer mass ratio to those vehicles.  Mass and loading regulations for truck trailer combinations up to 42.5 tonnes require the loaded mass of the trailer to not exceed the loaded mass of the truck - a truck/trailer mass ratio of 1:1 maximum.  Allowing maximum payload on some combinations, particularly those using a three-axle truck, requires a change to this fundamental operating rule to achieve maximum payload.

To resolve this and other vehicle performance issues, the RTA commissioned ARRB Transport Research Ltd to examine the effects of the higher loads and changes to the truck/trailer mass ratio on a range of vehicle safety and performance issues.

The project design

ARRB Transport Research was engaged by the Roads and Traffic Authority of NSW to investigate the effects on truck/trailer combinations safety performance of increasing the mass ratio above 1:1.  Two secondary assessments on 1) the necessity for requiring the fitting of Anti-lock Braking Systems (ABS) was conducted for VicRoads and 2) the characteristics of a 3 and 4 axle truck towing a 5 axle trailer were conducted for the National Road Transport Commission.

Vehicle performance characteristics were obtained using standard full‑scale test procedures as specified by the Society of Automotive Engineers (SAE) and the International Organisation for Standardisation (ISO).  The following three performance measures were used to assess and characterise the test vehicles:

symbol 183 \f "Symbol" \s 10 \h
Dynamic stability,

symbol 183 \f "Symbol" \s 10 \h
Braking,

symbol 183 \f "Symbol" \s 10 \h
Handling and roll gradients.

Characteristics of 10 vehicle combinations with various loads were obtained from full‑scale field tests.  The prime purpose of these assessments was to study the characteristics of 8 truck/trailer combinations.  However, for comparative purposes a "standard" 19m tractor‑semi‑trailer and a 23m tri‑tri B-double were also included in the program.

Conclusions

Mass ratios

Results from the tests showed that increasing the mass ratio up to 1:1.4, with vehicles fitted with air suspensions, is unlikely to compromise road safety.  This, of course, assumes as with any other vehicle, that the vehicles are maintained correctly and the drivers have appropriate experience with the relevant vehicle types.  In practice, the upper mass ratio limit to allow these truck/trailer combinations general access will be determined by the Austroads Axle Spacing/Mass Schedule.

For truck/trailer combinations to operate with a mass ratio greater than 1:1, the following general points should be considered when assessing suitability for on-road operation:

· Trailers should be fitted with good performing and well maintained air suspensions to minimise road wear and pavement damage;

· Vehicle performance on grades or power/weight ratio should be adequate to minimise traffic congestion;

· The upper mass ratio should be determined by the Austroads General Access bridge formula to ensure safe loading of bridges;

· The maximum speed of truck/trailer combinations with mass ratios above 1:1 should not be speed restricted below 100 km/h.

Conclusions specific to the various vehicles tested can be summarised as follows:

R12-T12 truck/trailer combinations with steel suspensions (vehicle “E”)
· Based on the dynamic stability tests for a 3 axle truck with a 4.3m wheelbase towing a 3 axle trailer with a 3.1m wheelbase both fitted with steel suspensions and coupled with a 4.5m drawbar, it was concluded that the mass ratio should be generally limited to 1:0.89 and not exceed a value of 1:1 except under one-off permit conditions.

R12-T12 truck/trailer combinations with air suspensions (vehicle “A”)
· Based on the lane encroachment information and dynamic stability tests for a 3 axle truck with a 4.6m wheelbase towing a 3 axle trailer with a 5.4m wheelbase both fitted with air suspensions and coupled with a 3.4m drawbar, it was concluded that a mass ratio up to 1:1.13 would not compromise safety.

R12-T22 truck/trailer combinations with air suspensions (vehicle “B”)
· Based on the lane encroachment information and dynamic stability tests for a 3 axle truck with a 4.6m wheelbase towing a 4 axle trailer with a 5.1m wheelbase both fitted with air suspensions and coupled with a 4.1m long drawbar it was concluded that a mass ratio up to 1:1.2 would not compromise safety.  This vehicle did show superior characteristics to the long wheelbase R12-T12 truck/trailer combinations fitted with air suspensions.  The addition of a second axle on the dolly provides better dynamic stability characteristics, better braking capability and less road wear for a given payload.

Note:
For both the R12-T12 and R12-T22 combinations fitted with air suspension, the full scale test results showed that the truck drive axle group will lift before the trailer axle groups.

R22-T22 truck/trailer combinations with air suspensions (vehicle “D”)
· Based on the lane encroachment information and dynamic stability tests for a 4 axle truck with a 6.0m wheelbase towing a 4 axle trailer with a 5.1m wheelbase both fitted with air suspensions and coupled with a 4.1m long drawbar, it was concluded that a mass ratio up to 1:1.2 would not compromise safety.  However, as the total vehicle mass will exceed 50t at a mass ratio of 1:1.2 it is unlikely under the current axle spacing/mass schedule that this vehicle will be granted general access conditions with a mass ratio greater than 1:0.8.

R22-T12 truck/trailer combinations with air suspensions (vehicle “C”)
· Based on the lane encroachment information and dynamic stability tests for a 4 axle truck with a wheelbase >5.9m towing a 3 axle trailer with a wheelbase >5.3m both fitted with air suspensions and coupled with a drawbar <3.5m, it was concluded that a mass ratio up to 1:0.9 would not compromise safety.  However, similar to the R22-T22 above, the total vehicle mass will exceed 50t at a mass ratio of 1:0.9 it is unlikely under the current axle spacing/mass schedule that this vehicle will be granted general access conditions with a mass ratio greater than 1:0.8.

R12-T23 truck/trailer combinations with steel suspensions, <19m overall length (vehicles “J”)
· Based on the lane encroachment information and dynamic stability tests for 3.7m wheelbase truck towing a 5 axle trailer with a 5.6m wheelbase both fitted with steel suspensions and coupled with a 3m drawbar, it was concluded that mass ratios up to 1:1.6 would compromise safety.  However, as the total vehicle mass exceeds 50t at a mass ratio of 1:1.2 it is unlikely that this vehicle will be granted general access conditions in the Eastern States.  Given that the total mass capability of this 5-axle trailer is 36.5t, it is unlikely that the full axle mass capability will be available for general access under the current axle spacing/mass schedule.  

R22-T23 truck/trailer combinations with steel suspensions, <19m overall length (vehicles “K”)
· Based on the lane encroachment information and dynamic stability tests of a 5.0m wheelbase truck towing a 5 axle trailer with a 5.6m wheelbase both fitted with steel suspensions and coupled with a 3m drawbar, it was concluded that mass ratios up to 1:1.4 would compromise safety.  However, as the total vehicle mass exceeds 50t at a mass ratio of 1:1.2 it is unlikely that this vehicle will be granted general access conditions in the Eastern States.  Given that the total mass capability of this 5-axle trailer is 36.5t, it is unlikely that the full axle mass capability will be available for general access under the current axle spacing/mass schedule.  A R22‑T23 truck/trailer combination minimises pavement wear per unit payload, but due to the relatively short truck wheelbase and short drawbar length this vehicle performed poorly in the dynamic tests.

· Unless an improvement in performance of the R12-T23 and R22-T23 can be demonstrated then it is recommended that they not be considered for operation in the Eastern states.

Other vehicle combinations

Tests were not conducted on all truck/trailer combinations eg, 4 axle trailers using steel suspensions.  Therefore further data is required if an increased mass ratio for other units is to be considered.

Suspensions

Given the current thrust to increase axle loads for good performing air suspensions and that the full‑scale tests showed that air suspensions provided good handling characteristics and high roll stiffness, there is evidence to suggest that truck/trailer combinations with mass ratios above 1:1 should be fitted with good performing and well maintained air suspensions and dampers.

Anti-lock Braking Systems (ABS)

· Based on the lane encroachment information collected during the ‘braking in a curve’ tests for loaded truck/trailer combinations, Anti-lock Braking Systems (ABS) did not show a benefit in reducing lane encroachments.  Based on this criterion, no compelling evidence was found to support the mandatory fitting of ABS.

· In braking tests conducted with a loaded truck and an empty trailer, (a mass ratio of 1:0.3), the advantage of an ABS system was evident.  The lane encroachments were high during braking without the ABS system active, and a 40% shorter stopping distance was achieved with the ABS active.  However, whilst this loading configuration is possible under the current truck/trailer operating conditions, it should not be introduced nor seen as a requirement to fit ABS on all vehicles.  Whilst it may not always be avoidable during in‑service operations, this loading configuration should also be discouraged.

1.  Background

General access rigid truck and trailer combinations are currently limited to a maximum gross mass of 42.5 tonnes under national mass and loading regulations.  This limit is consistent with that for six-axle articulated vehicles and reflects both past bridge load restrictions and some concerns over the performance of truck and trailer combinations at higher mass limits.

Operators in a variety of industry sectors, including quarry operations, sand, gravel and grain cartage and brick distribution have expressed strong interest in using truck and trailer combinations at higher gross mass limits to improve their productivity.  While higher gross mass limits are already available with B-Doubles, these vehicles do not suit all applications and their operation under route restrictions limits their flexibility in urban and inter-urban operations.

Gross mass limits over 42.5 tonnes are provided for in the Austroads bridge formula and axle spacing/mass schedule for general access freight vehicles.  This formula allows vehicle combinations meeting specific axle spacings and strict load compliance standards up to 50 tonnes gross mass.

As a means of addressing requests for increased productivity and to resolve vehicle performance issues, the Roads and Traffic Authority (RTA) of NSW instituted a trial of truck/trailer combinations at higher gross mass.

With a view to developing RTA policy for heavy truck/trailers as a freight efficiency measure, the trial was designed to examine:

· the effect of higher mass on the performance of general access truck/trailer combinations

· the capacity of vehicle operators to meet load control requirements (to eliminate overloading)

With the development and promotion of new truck/trailer configurations, the trial was expanded to include an examination of the relevance of the truck/trailer mass ratio to those vehicles.  Mass and loading regulations for truck trailer combinations up to 42.5 tonnes require the loaded mass of the trailer to not exceed the loaded mass of the truck - a truck/trailer mass ratio of 1:1 maximum.  Allowing maximum payload on some combinations, particularly those using a three-axle truck, requires a change to this fundamental operating rule to achieve maximum payload.

To resolve this and other vehicle performance issues, the RTA commissioned ARRB Transport Research Ltd (ARRB TR) to examine the effects of the higher loads and changes to the truck/trailer mass ratio on a range of vehicle safety and performance issues.

2.  Introduction

The recently introduced National Road Transport Reform (Mass and Loading) Regulations (Aust, 1995A) for heavy vehicles specifies for truck/trailer combinations the total loaded mass of the trailer must not exceed the total loaded mass of the truck (clause 1.4(2)), ie. the ratio of the masses of the truck to that of the trailer must not exceed 1:1.  Industry is seeking greater efficiencies by increasing the load carrying capacity of trailers by fitting additional trailer axles.  However, given that the trucks towing these trailers with larger payloads are already at their maximum axle load capacity, increasing the trailer mass will cause the truck/trailer combination to exceed the mass ratio of 1:1.  This project investigated, from a safety perspective, the necessity of enforcing this 1:1 mass ratio.

ARRB TR was engaged by the Roads and Traffic Authority of NSW to investigate the effects of increasing the mass ratio above 1:1 on truck/trailer combinations safety performance.  Two secondary assessments on 1) the necessity for requiring the fitting of Anti-lock Braking Systems (ABS) was conducted for VicRoads and 2) the characteristics of a 3 and 4 axle truck towing a 5 axle trailer were conducted for the National Road Transport Commission.  For completeness and comparative purposes all these contract tasks are reported in this document.

Over the period from April to July 1996 full-scale tests were conducted and the characteristics of 10 vehicle combinations with various loads were obtained.  The prime purpose of these assessments was to assess the characteristics of 8 truck/trailer combinations.  However, for comparative purposes a "standard" 19m tractor‑semi‑trailer and a 23m tri‑tri B-double were also included in the program.

Static stability information on one truck/trailer combination was obtained using the ARRB TR tilt deck facility.

Computer simulations were also conducted to provide a complementary analysis and allow supplementary vehicle comparisons to be made.

3.  Evaluation methods

The prime focus of these evaluations was to obtain definitive data on the effect on safety performance of various truck/trailer mass ratios for "state of the art" vehicles fitted with air suspensions.  Performance characteristics were obtained using standard full‑scale test procedures as specified by the Society of Automotive Engineers and the International Organisation for Standardisation.  The following three performance measures were used to assess and characterise the test vehicles:

symbol 183 \f "Symbol" \s 10 \h
Dynamic stability (SAE, 1993a);

symbol 183 \f "Symbol" \s 10 \h
Braking (ISO, 1985);

symbol 183 \f "Symbol" \s 10 \h
Handling and roll gradients (SAE, 1993b);

SAE (1993a; 1993b) and ISO (1985) specify the test procedures and data presentation formats only and do not specify minimum performance requirements or target values for acceptable performance.  However, the performance data obtained from these tests allowed vehicle comparisons to be made.

Testing was conducted at three venues: the Driver Education Centre at Armidale NSW, the Driver Education Centre of Australia (DECA) in Shepparton Victoria, and Westrak in Perth WA.  Smooth concrete skidpan areas were available at the first two venues and the third test area was a freight interchange facility with a bituminous spray seal of 14mm stone size.  

Two curves were used for the handling tests, one at the maximum radius that the skidpan areas would allow, which was 44.3m at Armidale (for vehicles “A” to “G” see Table I, p. 6), and 39m at both Shepparton Vic (vehicle “I”) and at WA (vehicles “J” and “K”).  A smaller second radius of 32m was also used at all test venues.  These curves were marked with 300mm high traffic cones.

3.1  Dynamic stability

The dynamic stability of most vehicle combinations at two mass ratios was evaluated using the lane change procedure as outlined in SAE J2179 (1993a).  This test pertains to the lateral response of vehicles in an avoidance manoeuvre performed at highway speed without braking and allows the rearward amplification (RA) characteristic to be computed.  The specified test course has a lateral offset of 1.46m over a distance of 61.1m and a manoeuvre speed of 88 km/h.  Test outcomes are speed and steer‑frequency dependent and hence the variability of driver steer activity has a large influence.

3.2  Directional Response During Braking

The primary objective of this test is to determine the effect of braking on the directional behaviour of a vehicle, whose steady state turn characteristics will be influenced by braking.  Combination vehicle behaviour during a ‘braking in a curve’ test provides a measure of the dynamic behaviour (yaw divergence) under extreme braking conditions.  Whilst braking under these circumstances may not occur frequently during in‑service operation, the purpose of this and the other performance tests is to provide extreme conditions to enable differences between good and poor performance to be shown.

A procedure to evaluate the ‘braking in a curve’ characteristics of passenger vehicles is outlined in ISO 7975 (1985).  Unfortunately this procedure does not apply to truck/trailer combinations.  After consultation with Richard Radlinski, (an authority on heavy vehicle braking), a modified test procedure was devised to evaluate the ‘braking in a curve’ characteristics of truck/trailer combinations and other heavy vehicles.  The variations from the ISO passenger vehicle procedure included a speed around a curve to obtain a steady‑state lateral acceleration of 0.2g, and stopping in the shortest distance possible without full wheel lock‑up or encroaching adjacent lanes.  Radlinski suggested that the stopping distance be used as the performance measure as the peak and mean deceleration levels during the braking have large variability and may present difficulties in obtaining a measure or presentation of this data suitable for comparative purposes.  Nevertheless, as the vehicles were instrumented to measure and record both the lateral and longitudinal acceleration, these measured parameters are reported with the stopping distance results.

During the first braking test it was found that with a steady‑state lateral acceleration of 0.2g the vehicle stopped easily without diverging from the curve.  Since the purpose of this test was to examine the stability of the combination vehicles during braking, it was decided to increase the steady‑state lateral acceleration until a "reasonably difficult" braking task was achieved.  It was found that a lateral acceleration of approximately 0.34g (45 km/h around the larger radius) provided an appropriate steady‑state condition.  This speed generated a lateral acceleration approximately 70% of the vehicle's roll-threshold and tested the stability of the vehicle under braking as the inside wheels were near lifting, therefore reducing their braking capability.  This speed was subsequently set as the required steady‑state condition for all the braking tests around the larger circumference.

3.3  Handling and Roll characteristics

Test vehicle characteristics were evaluated using the procedure as outlined in SAE J2181 - Steady‑State Circular Test Procedure for Trucks and Buses (SAE 1993b).  The primary goal of this test is to determine the relationship between the steering wheel angle and lateral acceleration levels.  It was also possible to obtain other vehicle characteristics, such as:  dynamic stability, suspension roll gradient and suspension roll stiffness given the level of instrumentation and data acquired during these tests.

3.3.1  Handling Diagram

An analysis of steady‑state turning behaviour of motor vehicles was conducted by Pacejka (1973).  This analysis produced a "handling diagram" to study the yaw behaviour of vehicles.  This handling diagram has been successfully applied to assess heavy vehicle characteristics by Tso (1987) and Ervin et al (1979).



Fig. 1 - Handling diagram for a vehicle with linear tyre properties

The handling diagram shown in Figure 1 illustrates three possible steering characteristics for vehicles with linear tyre properties, ie. tyres whose cornering stiffness does not vary significantly with change in vertical loads or slip angle.  In reality, a tyre's characteristics will depend on both vertical load and slip angle.  The weight transfer that occurs during cornering will change the vertical loads imposed on tyres and therefore affect the steer characteristics.  The gradient of the handling curve is a direct indicator of the vehicle's under‑steer/over‑steer characteristics.

The handling diagram is a means of displaying how under​steer/over‑steer properties change as a vehicle executes a turn at increasing levels of lateral acceleration.  The diagram is based upon the following equation:





(1)

where
L
geometric wheelbase of the vehicle (m)

R
radius of turn (m)

(
front wheel steer angle (radians)

U
steer gradient (rad/g)

V
velocity of the vehicle (m/s)

g
acceleration due to gravity (m/s2).

3.3.2  Vehicle Handling Properties

The following discussion is from HSRI (1979) and offers a brief outline on the properties of under‑steer, over‑steer and neutral‑steer characteristics that are illustrated by the handling diagram.

3.3.2.1  Under‑steer

For a vehicle that exhibits this characteristic, the steer angle needed to execute a turn of constant radius increases as the velocity of the vehicle increases, and the gain in yaw rate remains finite for all velocities.  Therefore, the  under‑steer vehicle cannot exhibit unstable yaw and is said to be "stable" in all turning manoeuvres with lateral acceleration levels less than its roll threshold.

3.3.2.2  Over‑steer

For a vehicle that exhibits this characteristic, the steer angle needed to execute a turn of a constant radius decreases as the velocity of the vehicle increases.  At a critical velocity the front‑wheel steer angle needed for any turn diminishes toward zero and the gain in the yaw rate increases to infinity.  An over‑steer vehicle is therefore said to be "unstable" at some level of lateral acceleration less than its roll threshold.

3.3.2.3  Neutral‑steer

For a vehicle that exhibits this characteristic, the steer angle needed to execute a turn of constant radius is independent of forward velocity; the steer angle is determined only by the radius of the turn.  Therefore, the neutral‑steer vehicle is also "stable" in all turning manoeuvres with lateral acceleration levels less than its roll threshold.

4.  Test Vehicles

With the active cooperation of transport industry, test vehicles as shown in Table I were provided by various transport companies.  The companies who supplied vehicles and drivers are listed in the acknowledgments.  

Table I:  Test Vehicles

	Configuration
abbreviation
	Code
	Gross Mass
	Mass Ratio*
	Pictorial

	R12-T12
	A45
A49
	45.3
49.0
	1:1.0
1:1.1
	


	R12-T22
	B45
B50
	45.3
50.3
	1:1.0
1:1.2
	


	
R22-T12
	C51
C55
	50.9
54.6
	1:0.8
1:0.9
	


	R22-T22
	D50
D61
	50.4
61.3
	1:0.8
1:1.2
	


	R12-T12†
	E45
E48
	44.5
47.6
	1:1.0
1:1.2
	


	A123
	F41
F46
	40.9
46.3
	-
	


	B1233
	G64
	63.9
	-
	


	
R12-T22§
	I46
I49
I55
	46.0
49.2
54.6
	1:1.0
1:1.2
1:1.4
	



	R12-T23†
	J63
	63.3
	1:1.6
	


	R22-T23†
	K66
	66.1
	1:1.4
	



Notes:


*
Mass ratios are shown to one decimal place

†
These vehicles were fitted with steel suspensions, all other vehicles were fitted with air 

suspensions.

§
This vehicle was fitted with ABS and braking characteristics were obtained both with and without 

the ABS active.

Note that vehicles “A” and “B” were driven by the same driver, another driver drove both vehicles “C” and “D”;  all other vehicle combinations were driven by individual company drivers.  During full‑scale testing of this nature, driver interactions may contribute to the vehicles' performances particularly the braking and lane change tests as will be discussed later.

Appendix A contains the test vehicles’ dimensions and characteristics, Table AI for the truck/trailer combinations and Table AII for the single articulated vehicle and the B‑double.  Table AIII lists the suspension types, engine power and brake chamber types.  Throughout this report the vehicles will be shown in the form as shown in Figure 2 - the single articulated vehicle and B-double on the extreme left and the truck/trailer combinations in alphabetical order after a gap.

Figures 2 and 3 show the truck and trailer wheelbases of the test vehicles.  Figure 2 shows that most truck wheelbases are greater than 4.5m except for the older steel sprung vehicles; “E”, “J” and “K”.  Figure 3 also shows the shorter trailer wheelbase of vehicle “E”.



Fig. 2 - Test vehicle truck wheelbases

The code to describe the vehicles used throughout this report is as follows - letters “A” to “K” to represent a specific vehicle combination and a two digit number to denote the gross combination mass (GCM), eg. “A49”.




Fig. 3 - Test vehicle trailer wheelbases

Brake tests were conducted with an empty truck and loaded trailer using vehicle "C".  As expected, these tests produced regular lane encroachments and this loading practice is not recommended nor used during normal in‑service operations.

The performance of the ABS was evaluated with Vehicle “I” (R12-T22) at 4 mass ratios.  The code used to identify this vehicle and when the ABS was active is “I49A”: indicating testing with ABS and 49t GCM and “I49W” without ABS.  Vehicle codes, GCM and mass ratios are given in Table I, on page 6.

5.  Test procedure

5.1  Vehicle preparation

The test vehicles were prepared for testing by mounting separate outriggers on both the truck and trailer to prevent rollover and by installing the measuring instruments and data logging equipment.  This preparation generally required two days work, which consumed more than half of the time required for each vehicle test.

Vehicles were weighed for each test load with the cooperation of State Road Authority vehicle inspection officers.  The tyre pressures were set to either the manufacturer's recommended pressures or to those used by the vehicle operators.  The condition of the tyres was also noted.

5.2  Instrumentation

Each test vehicle was instrumented to measure and record the following:

· Lateral and longitudinal acceleration and the yaw rate atthe centre of gravity of both the truck and the trailer,

· Sprung mass roll angles of both the truck or prime‑mover and trailer chassis,

· Both front wheel steer angles,

· Brake actuation (rise in brake pressure at the actuation line junction),

· Articulation angles of both the ringfeder and fifth wheel connections,

· Forward travel distance.

The above listed variables were recorded on a laptop computer through a 16 channel data acquisition system for subsequent analysis.  The data were recorded to a RAM file during the manoeuvres and stored to a fixed disk at the completion of each test.  The data were compressed and backed-up onto removable disks at night.  Two data sampling rates were used during these tests, 80 samples per second for the lane change tests and 20 samples per second for all other tests.  These sampling rates were chosen as they represented greater than 10 times over‑sampling for the frequencies of interest in each test.

5.3  Calibrations

A number of the measuring devices required in‑situ calibrations to be conducted after installation on the test vehicles.  These devices measured the steering road wheel angles and both truck/trailer articulation angles.  The articulation angle calibrations were carried out by positioning the vehicle at a number of articulation angles, measuring these angles and recording the output of the measuring devices at each angle.  A similar procedure was conducted for the steering road wheel angle calibrations - both wheels were raised to allow them to turn freely and the angles of each wheel were noted for successive half turn rotations of the hand wheel.  The outputs of the measuring devices were recorded at each half turn position of the hand wheel.  Subsequent analysis of this data established a relationship between the recorded angles and the recorded output voltages for each measure.

Vehicle travel distance was obtained by attaching reflective material to the tail‑shaft and using an infra‑red reflective device to detect the tail‑shaft rotation rate.  A calibration constant for the number of pulses detected for 1km of travel was obtained over an accurately measured distance.  These distance pulses were accumulated and recorded against time with the other signals, and were subsequently converted to forward velocity of the vehicle.

5.4  Testing

For the constant radius tests the same procedure was followed for all vehicles, ie. the driver was requested to drive around the circumference, with the trailer rear tyres tracking as close as possible to the cones marking the circle.  After the driver became familiar with the manoeuvre and the tyres were warm, the driver was requested to negotiate the circumference at 10 km/h for a complete circle then increase the speed in 5 km/h increments until the wheels on the inside of the turn lifted or the driver felt uncomfortable with any higher speeds.  Data were recorded at each test speed for one complete circuit once a constant speed had been achieved.  This procedure was followed for both radii in both clockwise and counter clockwise directions.  

The braking tests were conducted around the larger circumference in both the clockwise and counter clockwise directions, five tests in each direction were attempted.  These tests were generally conducted at the conclusion of the constant radius tests, although it was found that by staggering these tests with the constant radius tests the brakes and tyres were allowed time to cool.

The lane change course was marked‑out with 10mm thick white rubber diamonds and the tests were conducted on public roads with appropriate traffic control.  Five lane change tests were conducted for each test load except for vehicle I, which was tested at two loads only.

6.  Data Analysis

Due to the volume of data collected and the large number of data files (80 to 90 files per vehicle depending on the number of speeds achieved during the constant radius tests) sorting the data into vehicle type, load condition and test type required considerable time.  After the calibration constants were established, all recorded data were converted to engineering units and summary statistics (mean, standard deviation, maximum and minimum) were computed.  This summary data from each test was used to compute the performance measures as detailed below.

6.1  Lane‑change

Data from the lane change tests were analysed to extract the following key parameters:

symbol 183 \f "Symbol" \s 10 \h
truck (or prime‑mover) and rear trailer peak lateral acceleration,

symbol 183 \f "Symbol" \s 10 \h
truck (or prime‑mover) and rear trailer peak yaw velocities,

symbol 183 \f "Symbol" \s 10 \h
steering frequency.

These values were computed to produce the acceleration and yaw amplification factors.  The steer frequencies and the peak lateral acceleration at the truck or prime‑mover are also reported.

6.2  Braking

The braking data were analysed to extract the following information for each recorded braking event:

symbol 183 \f "Symbol" \s 10 \h
the stopping distance after the brake pressure reached 50% of its maximum level,

symbol 183 \f "Symbol" \s 10 \h
the steady‑state lateral acceleration when the brake pressure reached 15% of its maximum level,

symbol 183 \f "Symbol" \s 10 \h
the peak level of the longitudinal acceleration (deceleration),

symbol 183 \f "Symbol" \s 10 \h
the mean longitudinal acceleration, computed from when the brake pressure reached 15% of its maximum level to the zero crossing of the lateral acceleration,

symbol 183 \f "Symbol" \s 10 \h
the final resting angles (relative to the circumference of travel) of both the truck and trailer units.

From this data the mean and standard deviation values from the five repeat tests were computed for each of the above measures.

6.3  Handling and roll characteristics

The data acquired from these tests were processed and the vehicle characteristics listed in the following sections were calculated.

It should be noted that some drivers were reluctant to increase vehicle speed on the circular path beyond what they considered to be safe - although the outriggers were fitted to both the truck and the trailer.  

6.3.1  Roll stability

Roll stability was estimated from the maximum lateral acceleration recorded during steady state turning in either the clockwise or counter clockwise direction.  Whilst this maximum lateral acceleration may not represent the absolute roll-threshold of the vehicle in all cases, it does provide a measure of the level of lateral acceleration that the driver was comfortable with and the vehicle could sustain, without rollover.

6.3.2  Handling

The handling coefficients were computed from the horizontal axis of the handling diagram (steer angle subtracted from the wheelbase divided by turn radius, which is equal to the difference between the front and rear slip angles) truck or prime‑mover slip angles and the mean lateral acceleration for each constant speed around the circles.  The handling gradients are the reciprocal of the computed coefficients.  The difference in the truck, or prime‑mover, front and rear tyre slip angles was computed from the measured steer wheel angles, geometric wheelbase and the mean radius of turn.

6.3.3  Sprung mass roll angle

The sprung mass roll angle was taken to be the average body roll angle recorded at the highest speed and hence the maximum average lateral acceleration during the constant radius tests.  The roll angles were computed with simple geometry using the change in chassis height and the distance between the height measuring devices.  Sprung mass roll angle can be used to estimate the vehicle's overall suspension roll characteristics.

6.3.4  Roll gradient

The roll gradient is the roll angle divided by lateral acceleration, and is a convenient way of expressing suspension performance and the vehicles roll angle response to lateral acceleration.  A lower roll gradient characterises a stiffer suspension.  This measure was calculated from the roll angle of the sprung mass (chassis) regressed against the lateral acceleration for each speed increment.  The roll gradient is expressed as degree/g and was determined for both the truck and trailer suspensions.  The lateral acceleration and the sprung mass roll angles are the prime measures of stability and are a useful way to compare vehicle performance.

A number of factors influence the roll gradient, these include the roll stiffness of the suspensions and the load COG height.  These are all considered in the calculations of the suspension roll stiffness.

6.3.5  Roll stiffness

The suspension roll stiffness is an expression of suspension performance taking into account the sprung mass roll moment and is measured about the suspension (or sprung mass) roll-centre.  The suspension roll stiffness was calculated by regressing the chassis roll angle against the calculated body roll moment.  Some slight variability in the roll stiffness results may be attributed to the following factors:

· The roll angle was measured approximately in the centre of the trailer units and at the rear of the truck.  Therefore these reported values represent a lumped value for the whole vehicle units assuming stiff chassis frames with little twisting.

· The centre of gravity height was only estimated from the load densities for each test load.

· The angle measuring devices were ultra‑sonic transducers and occasionally the reflected signal was interrupted by traffic cones.

7.  Full‑scale results

7.1  Lane change

Table BI in Appendix B lists the results from the lane-change tests.  Figure 4 shows the rearward amplification (RA) performance of the vehicles.  The rearward amplification values are shown by the bars with the standard deviation represented by the dark and light bars around the mean values.  A number of observations can be made from these results:

· Vehicle “D50” (R22-T22) had the best overall performance (mean RA ratio of 1);

· Vehicles “E45” and “E48” (R12-T12) with steel suspension had the worst performance (mean RA ratio of 1.7), the driver of this vehicle also produced the highest lateral acceleration (0.2g) at the truck COG (Figure 5) and the highest steer-frequency (Figure 6), 2.25 rad/sec (0.44 Hz);

· In general there was little difference in the RA performance between the truck/trailer combinations at different mass ratios - the effect on performance of the mass ratio will be discussed later;



Fig. 4 - Rearward amplification results  from lane.xls:fig4
· There was a 27% difference between the two R12-T22 fitted with air suspension (vehicles “B” and “I”) - there are several possible reasons for this difference;

a)
different wheel base and drawbar lengths;

b)
different drivers;

· Different levels of lateral accelerations (0.15 and 0.13g) and steer-frequencies (1.9 and 1.0 rad/s) applied during the tests.

Figure 5 contains the same rearward amplification data as shown in Figure 4, with the addition of the mean peak lateral acceleration measured at the truck or prime‑mover.  The dots represent the peak lateral acceleration and the dotted line the level of lateral acceleration (0.15g) that the lane change test is designed to apply to the truck if the driver follows the manoeuvre at the correct speed.  One effect of the driver input during the lane change tests can be seen by the broad spread of the measured lateral acceleration values around the desired value (0.15g).



Fig. 5 - Rearward amplification results with peak lateral acceleration

Figures 5 and 6 contains the same rearward amplification data as Figure 4 - the measured lateral acceleration shown with the bars using the scale on the left vertical axis and the lateral acceleration of steer frequency represented by the dots against the scale on the right axis.  This form of presenting dual information will be used during this report.

Figure 6 is similar to Figure 5 except that it shows the addition of the mean maximum steer frequencies measured at the truck or prime‑mover.  The dots represent the maximum steer frequency and the dotted line the target steer frequency (2.5 rad/sec) for the lane change test if the driver follows the prescribed path at the correct speed.  The measured data show that the drivers’ steer frequencies were well below the desired value of 2.5 rad/sec.

The parameters that influence the vehicle's rearward amplification performance are lateral acceleration and steer frequency - both are determined by driver input during the lane change tests.



Fig. 6 - Rearward amplification results with peak steer frequencies

Figure 7 shows that neither lateral acceleration nor the steer frequency parameters dominated the rearward amplification results, they are randomly spread across all vehicles; eg. Vehicles “K66” and “J63” both with low lateral acceleration levels and high steer frequencies.  However, these vehicles produced the highest levels of rearward amplification, which reflects other influential characteristics such as wheelbases and suspensions types.



Fig. 7 - Levels of lateral acceleration and steer frequencies for lane change test

Vehicle “E” is the exception as it recorded the highest values for both parameters.  It is difficult to isolate the effects of lateral acceleration and steer frequency inputs from the short wheelbase influence on the rearward amplification performance.  

7.2  Lane encroachment under ‘braking in a curve’

7.2.1  Braking levels

Table CI in Appendix C lists the results from the ‘braking in a curve’ tests.  These results are summarised in Table II.  The deceleration values listed are the mean from both the clockwise and counter-clockwise directions, which was generally repeated 5 times each.

Table II: Deceleration values measured on truck during ‘braking in a curve’

	Vehicle
	 Truck Deceleration

	Code
	Mean
	Std. Dev
	Peak
	Std. Dev

	
	(g)
	(g)
	(g)
	(g)

	A45
	0.17
	0.02
	0.49
	0.03

	A49
	0.15
	0.02
	0.41
	0.13

	B45
	0.16
	0.02
	0.44
	0.03

	B50
	0.16
	0.02
	0.42
	0.06

	C51
	0.17
	0.02
	0.54
	0.03

	C55
	0.15
	0.02
	0.51
	0.04

	D50
	0.15
	0.03
	0.54
	0.02

	D61
	0.14
	0.02
	0.50
	0.02

	E45
	0.18
	0.02
	0.44
	0.02

	E48
	0.18
	0.02
	0.45
	0.01

	F41
	0.16
	0.03
	0.32
	0.03

	F46
	0.15
	0.03
	0.37
	0.03

	G64
	0.17
	0.02
	0.42
	0.02

	I55A
	0.17
	0.01
	0.31
	0.04

	I55W
	0.15
	0.02
	0.40
	0.03

	I49A
	0.18
	0.01
	0.44
	0.03

	I49W
	0.18
	0.02
	0.38
	0.13

	I46A
	0.17
	0.02
	0.46
	0.16

	I46W
	0.17
	0.02
	0.42
	0.14

	I30A
	0.16
	0.01
	0.38
	0.03

	I30W
	0.15
	0.02
	0.38
	0.03

	J63
	0.10
	0.01
	0.34
	0.11

	K66
	0.13
	0.02
	0.36
	0.16

	R12
	0.13
	0.03
	0.39
	0.05

	Average
	0.16
	0.02
	0.42
	0.06


The average measured peak deceleration of the truck, or prime-mover, during the braking tests was 0.42g with a mean standard deviation of 0.06g.  The average mean deceleration was found to be 0.16g with standard deviations of less than 0.02g, as shown in Table II.  The full data are listed in Appendix C.  These data show that all drivers applied consistent levels of deceleration during these tests.  

Table III: Typical heavy vehicle braking (after Jarvis 1993)
	
	Deceleration (g)

	
	Mean
	Peak

	Urban
	0.07
	0.1

	Rural
	0.04
	0.17


The levels of deceleration that heavy vehicles generally experience during in-service operations are given in Table III.  Comparing these values with those recorded during the braking test during this work suggests that these truck/trailer vehicles experienced levels of deceleration well above the normal in‑service range.

7.2.2  Lane encroachment

At the conclusion of each braking test the final resting position of the axle groups relative to the edge of the circumference was noted.  From these distance measurements, estimates were made on possible lane encroachments of the vehicle's axles.  Table CII contains a summary of the distance measurements for the braking tests and a simplified analysis of the possible lane encroachment of each axle group of each vehicle unit.  A nominal lane width of 3.7m was assumed.

Having established that all vehicles were braking at similar levels then it is reasonable to compare the vehicle lane encroachments.  Figure 8 shows the number of times, expressed as a percentage of the number of braking tests, any axle group encroached an adjacent lane.  A number of factors need to be considered when interpreting these results, eg. the initial offset from the circumference had a large influence on the results.  

Vehicle “I30W” (R22-T22) without ABS active and with an empty trailer, and vehicle “C34” (R22-T12) an empty truck with a loaded trailer both developed high yaw divergence during ‘braking in a curve’ and encroached adjacent lanes.  Both these conditions, especially empty truck, are considered unsafe and should be avoided.

In general the two truck/trailer combinations using a 5 axle trailer (“J63” and “K66”) encroach the adjacent lane 30 - 50 % during of the braking tests and the vehicle “F” (A123) encroached with both load conditions.  Vehicle “D50” also encroached the adjacent lane but not at the higher mass, this could be attributed to driver control or that the driver became familiar with braking during the lower vehicle mass.

In general the truck/trailer combinations fitted with air suspensions showed a high level of control during ‘braking in a curve’ and the number of adjacent lane encroachments was small.




Fig. 8 - Lane encroachment

7.4  Dynamic stability

Although the outriggers were adjusted to allow test vehicle wheel lift at high levels of lateral acceleration, it was observed during these tests that the outrigger wheels only provided intermittent support to the vehicle during the high speed steady turn tests, and was typical of the vehicles with high suspension roll stiffness, as will be shown later.  For most vehicles the drive group lost traction before the trailer showed significant roll or tendency for the inner tyres to lift.  Table DI in Appendix D lists the maximum lateral acceleration levels recorded during one complete circuit at the highest constant speed.  The mean lateral acceleration of all test vehicles, corrected for the roll angle of the respective vehicle unit, was found to be 0.41g.  Table DI also lists the maximum mean speed for each test vehicle.



Fig. 9 - Truck maximum lateral acceleration  from lcircle:fig9
Figure 9 shows the truck or prime‑mover maximum lateral acceleration results for the larger radius turn.  It shows that vehicle “J63” achieved the lowest lateral acceleration (0.33g) and “A49” produced the highest lateral acceleration level (0.49g).  Figure 10 shows the highest lateral accelerations for the trailer.  The results for the smaller radius turn (32m) are given in Table DII.



Fig. 10 - Trailer maximum lateral acceleration  from lcircle:fig10
7.5  Suspension Characteristics

The suspension characteristic results are given in Tables DI and DII in Appendix D, and discussions on these results follow.

7.5.1  Handling gradients

A linear regression analysis was conducted on the difference in front and rear slip angles of the truck, or prime‑mover, against the lateral acceleration at each of the constant speeds around the curve to produce the handling coefficients.  The handling coefficients and regression coefficients (r2) produced from these analyses are listed in Table DI and DII.



Fig. 11 - Handling gradients  from handling.xls:fig11
Figure 11 is a plot of the handling coefficients that are the slope of the relationship derived from the linear regression.  The major observations made from these data is that the handling coefficients derived in this manner fall into three broad groups:

1.
Vehicles “A” and “B” - the lowest under‑steer gradients producing less under‑steer.

2.
Vehicles “C” and “D” - mild under‑steer gradients.

3.
Vehicles “F” and “E” - highest under‑steer gradients.

The regression coefficients (r2) for the air suspended truck/trailers were consistently around 0.9, which indicates a near constant handling gradient.  This can be interpreted as near constant steer characteristics, which are independent of the lateral acceleration.  

It is noted that the regression coefficients (r2) for vehicles “E”, “G” and “J” were considerably lower than for other vehicles.  Further investigation showed a non‑linear relationship between the slip angles and lateral acceleration.  Figures 12 and 13 are the handling diagrams for vehicle “G”.  Figure 12 is constructed from the data recorded around the smaller radius and shows a random pattern, and no useful handling information can be obtained from this data.



Fig. 12 - B-double (vehicle G) handling diagram - small radius  from handling.xls:fig12
CW = Clockwise Direction; ...CCW = Counterclockwise Direction

Figure 13 is the B-double handling information calculated from the data recorded around the large radius turn.  The trends in this data suggest neutral handling at very low levels of lateral acceleration, moving quickly into the over‑steer regime.  



Fig. 13 - B-double (vehicle G) handling diagram - large radius  from handling.xls:fig13
Whilst this migration into the over‑steer regime is possible, it is generally an undesirable characteristic at relatively low levels of lateral acceleration.  On this basis this data was not used for comparative purposes in this study.



Fig. 14 - Vehicle E48 handling diagram  from handling.xls:fig14
Unfortunately, one of the measuring instruments was damaged during the testing of vehicle E (steel sprung R12-T12), nevertheless some information was extracted.  Figure 14 shows the under‑steer characteristics for this vehicle.  The data obtained from the clockwise travel showed a more linear relationship, whilst the data from the counter clockwise travel showed a negative logarithmic relationship.  Given these two relationships between the slip angles and the lateral acceleration, it was not possible to compare the handling gradient with the other vehicles.



Fig. 15 - Vehicle E45 handling diagram  from handling.xls:fig15
Figure 15 displays the handling data for vehicle “E” at 45 GCM.  The information from the counter clockwise direction shows a similar pattern to that recorded for E48 also in the counter clockwise direction.  The data obtained from the clockwise travel shows handling characteristics moving into the over‑steer regime.

7.5.2  Roll angles

Generally, the truck/trailer combinations with air suspensions exhibited truck body roll angles that were approximately twice that of the trailer.  This difference in roll angles was visually apparent during testing.  

The 3 truck/trailer combinations fitted with steel suspensions (vehicles “E”, “J” and “K”) showed to have approximately equal roll angles resulting from the trailer producing greater roll angles that the air suspended trailers.  



Fig. 16 - Truck sprung mass roll angle with lateral acceleration  from Lcircle.xls:fig16
The following observations are made from the sprung mass roll angle data from Table DI as shown in Figures 16 and 17.

· Truck/trailer combinations - the truck roll angles exceeded those of the trailers - confirming the truck's lower roll stiffness.  This is particularly evident for the air sprung combinations;

· Truck/trailer combinations fitted with air suspended trailers;



a)
“D50” and “B45” (T22) produced the smallest sprung mass roll angle at lateral accelerations of 0.34g and 0.39g;



b)
“A49” (T12) produced the highest roll angle at a lateral acceleration of 0.46g;

· Vehicle “F” (A123) had very similar prime‑mover and trailer roll angles - confirming a high degree of roll-coupling and well matched prime-mover and trailer suspensions (see Table IV);

· Vehicle “G” (B‑double) - rear trailer had the second highest roll angle (from all vehicles) and the prime‑mover produced the smallest roll angle - the roll angle of the middle trailer was not measured;



Fig. 17 - Trailer sprung mass roll angle with lateral acceleration.
7.5.3  Roll gradients

The roll gradients allowed comparisons to be made between vehicles, with a lower gradient characterising a stiffer suspension.  As expected, the vehicle roll gradients (Figure 18) showed a similar relationship to the sprung mass roll angles as shown in Figure 16.  Figure 19 shows the trailer sprung mass roll gradients.



Fig. 18 - Truck sprung mass roll gradient  from Lcircle.xls:fig18
Table IV lists the suspension roll gradients for the vehicles tested.  The truck and trailer roll gradients can be compared from this Table - lower gradients for the air suspended trailers than the trucks and similar gradients for truck and trailers fitted with steel suspensions.



Fig. 19 - Trailer sprung mass roll gradient  from Lcircle.xls:fig19
7.5.4  Suspension Roll Stiffness 

The effects of the load centre of gravity height and lateral acceleration on the body roll angle are considered when computing the suspension roll stiffness.  Like the roll gradients, these parameters normalise the roll data and allow direct vehicle comparisons to be made.

Table IV:  Truck and trailer suspension roll gradients

	Vehicle
Code
	Roll Gradient
(deg/g)

	
	Truck
	Trailer

	A45
	7.79
	4.13

	A49
	8.05
	5.27

	B45
	8.29
	2.82

	B50
	8.20
	3.87

	C51
	7.57
	3.97

	C55
	6.69
	4.78

	D50
	9.34
	2.51

	D61
	8.24
	5.06

	E45
	7.41
	6.25

	E48
	7.22
	6.52

	F41
	8.52
	9.01

	F46
	10.63
	10.63

	G64
	6.00
	8.85

	I55
	9.09
	7.14

	I49
	9.65
	4.80

	I46
	9.65
	4.00

	J63
	11.23
	7.55

	K66
	6.69
	7.22


For the truck/trailer combinations, (see Figure 20) there is little difference in truck roll stiffness between the vehicles “A”, “B” and “E”.  Vehicles “C” and “D” have higher roll stiffness which is possibly due to the additional steer axle.



Fig. 20 - Truck suspension roll stiffness  from Lcircle.xls:fig20
Although the same vehicle units were used in different combinations, they were at different times with different loads.  Nevertheless, for empirical data, there is good correlation between the same vehicle units used in different combinations, eg. vehicles “A” and “B” truck R12, vehicle “C” and “D” truck R22, trailers “A” and “C” (T12) and trailers “B” and “D” (T22).



Fig. 21 - Trailer suspension roll stiffness  from Lcircle.xls:fig21
Figure 21 shows the trailer suspension roll stiffness.  It can be seen that the 4 axle air suspended trailers (vehicles “B”, “D” and “I”) and the 5 axle steel suspended trailer (vehicles “J” and “K”) exhibited higher roll stiffness than the 3 axle trailers.

It is also noticeable that the mass of the unit has an effect on the roll stiffness.  The results from Vehicle "I", for instance, indicate that the higher the mass, the higher the suspension roll stiffness.

7.6  Tilt Test

The static stability of vehicle “I” was evaluated using the ARRB TR tilt deck facility.  Table EI in Appendix E lists the results from this test for both the truck and the trailer.

7.6.1  Static stability

Figure 22 shows a plot of the lateral load transfer against the tilt deck angle expressed as a fraction of gravitational force.  




Fig. 22 - Load transfer against lateral acceleration for the 4 axle trailer (T22)

Table V summarises the static stability tests for vehicle “I”.  The roll‑threshold (steady state lateral acceleration to cause one side of the first axle group to lift) for the trailer was measured to be 0.45g at 32t and 0.47g at 27t unit load.  The variation in the trailer stability performance could be attributed to the difference in load densities.  The roll threshold of the truck loaded at 21.6t was measured to be 0.46g.  These results are consistent with the lateral acceleration and roll angles measured during the full‑scale tests, showing that the truck would roll over before the trailer.

Table V: Summary of stability tests on vehicle “I”

	Unit
	Unit mass
	Roll-threshold

	
	(t)
	(g)

	Trailer
	31.7
	0.45

	Trailer
	26.7
	0.47

	Truck
	21.6
	0.46


7.6.2  Suspension roll characteristics

Roll stiffness for each axle group can be computed from tilt test data using lateral load transfer and chassis roll angle data recorded during the tilt.  Data recorded from the tilt test enables the computation of the unit's total roll stiffness, that is, the roll stiffness due to sprung and unsprung mass effects.  However, the unit's suspension roll stiffness, which includes only sprung mass effects, can also be estimated from the tilt test.  

The mean total roll stiffness from the tilt test of the T22 trailer (Vehicle “I55”) was computed to be 4,586 kNm/rad (see Table EI).  However, the trailer suspension roll stiffness was computed from tilt test data at 2,507 kNm/rad, which compares very well to the 2,666 kNm/rad (average from large and small radius tests as found in Tables DI and DII) as computed from data recorded during the constant radius field tests for Vehicle "I55".  These two methods demonstrate excellent correlation between the tilt test results and the constant radius field tests (see Tables DI and DII).

8.  Full‑scale tests Comparisons

In order to quantify the effects of increased mass ratios, the data listed in the appendices were compared for each truck/trailer combination at the tested mass ratios.  These comparisons are summarised below.

8.1  Effect of increased trailer mass

8.1.1  Rearward amplification 

Data from Table BI in Appendix B is presented in Table VI and Figure 23 to show the effect of increased trailer mass on the rearward amplification.  Table VI shows the difference in rearward amplification performance against the change in mass ratios.

Table VI:  Change in rearward amplification 

	
	Rearward amplification (RA)
	

	Vehicle 
	Low Mass Ratio
	High Mass Ratio
	Change in RA (%)
	Mass ratio change

	A
	1.2
	1.3
	6
	1.0 ( 1.1

	B
	1.2
	1.2
	0
	1.0 ( 1.2

	C
	1.2
	1.2
	0
	0.8 ( 0.9

	D
	1.0
	1.2
	19
	0.8 ( 1.2

	E
	1.6
	1.7
	6
	1.0 ( 1.2

	F
	1.1
	1.1
	0
	-

	I
	1.3
	1.6
	19
	1.0 ( 1.4


A number of factors need to be considered when interpreting the change in rearward amplification data.  Table VII lists the change in lateral acceleration and steer frequencies along with the percentage change in rearward amplification.



Fig. 23 - Effect of increasing vehicle mass ratio on rearward amplification

A number of observations can be made from this information:

· Vehicle "A" with a mass ratio change from 1:1.0 to 1:1.1 (16%), produced a 6% increase in rearward amplification and experienced a 14% larger lateral acceleration and 8% decrease in the steer rate;

· Vehicle "B" with a 22% increase in trailer mass did not produce any change in rearward amplification;

· Vehicle "C" did not produce a large change in rearward amplification;

· Vehicle "D" showed a 19% increase in rearward amplification with a 22% increase in trailer mass and large changes in both lateral acceleration and steer frequency - nevertheless the performance of this vehicle at both mass ratios was excellent, with rearward amplifications of 1.0 and 1.2;

· Vehicle "E" produced the highest rearward amplification ratios, 1.6 and 1.7 (6%);

· Vehicle "F" produced a small change in rearward amplification, 1.11 to 1.14 (3%);

· Vehicle "I" produced some interesting results considering it was of similar configuration to vehicle "B" (R12-T22) and both vehicles were air suspended.  Comparing the driver input for the lane change test showed a similar steer rate and a lower level of lateral acceleration for vehicle "I".  The variability of these results is therefore difficult to explain by the driver input variations.  One possible source contributing to the difference in performance could be the difference in vehicle wheelbases and drawbar length: vehicle "I" has longer wheelbases for both the truck (0.44m) and the trailer (0.46m), and a shorter drawbar length by 1.8 m;

· In general, for the air suspended vehicles, the change in mass ratio did not increase the rearward amplification severely.  For all the air suspended truck/trailer combinations tested, except for vehicle “I”, the rearward amplification for the higher mass ratios was less than that measured for vehicle “G” - B-double;

Table VII:  Change in lateral acceleration and steer frequencies with mass increase

	Vehicle code
	Rearward amplification 
(%)
	Lateral acceleration
(%)
	Steer frequency 
(%)

	A
	6
	14
	-8

	B
	0
	2
	47

	C
	0
	4
	16

	D
	19
	23
	43

	E
	6
	-4
	29

	F
	3
	8
	186

	I
	19
	5
	-13


8.1.2  Lane encroachment

Considering the high level of control that the drivers were able to achieve during the braking tests, as shown by the lane encroachment data (Figure 8), there appears to be adequate braking capability and stability during ‘braking in a curve’ by the air suspended vehicles at the higher mass ratios.

8.2  Effect of ABS

As shown in Figure 8, there was no effect on lane encroachment by vehicle “I” when the ABS was disconnected, except for the empty trailer configuration (Vehicle "I30W").  For this vehicle, fitted with air suspension and a mass ratio of up to 1:1.4, the driver was able to control the yaw divergence during ‘braking in a curve’ without assistance from an ABS system.

9.  Wheelbase and drawbar length sensitivity analysis

A number of computer simulations using the UMTRI YAW/ROLL model (Gillespie et al, 1982) were conducted to examine the effects of changing the wheelbase and the drawbar lengths.  Vehicle “B50” was used as the baseline vehicle and simulations were conducted after the wheelbases and drawbar lengths were varied (1m around the baseline values.  Only one dimension was varied for each simulation.  The results of this sensitivity analysis are given below:



Fig. 24 - Effect of wheelbase on rearward amplification

Figure 24 shows the effect on rearward amplification by changing the wheelbases and drawbar lengths.  It can be seen that shorter truck and trailer wheelbases and shorter drawbar lengths all have a large effect in increasing the rearward amplification.



Fig. 25 - Effect of wheelbase on high‑speed offtracking

Figure 25 shows that the high-speed offtracking is relatively insensitive to wheelbase dimensions with the highest change in high-speed offtracking being produced by the drawbar length.



Fig. 26 - Effect of wheelbase on high-speed transient offtracking

Figure 26 show that the wheelbases and drawbar have little effect on the high-speed transient offtracking.



Fig. 27 - Effect of wheelbase on low-speed offtracking

Figure 27 shows that both the trailer wheelbase and drawbar length have large effects on the low-speed offtracking - smaller wheelbase producing “better” offtracking.



Fig. 28 - Effect of wheelbase on yaw damping

Figure 28 shows that the yaw damping is relatively insensitive to variations in the  wheelbases and drawbar dimensions.

9.1  Wheelbase sensitivity summary

It can be seen from Figures 24 to 28 that some changes to the wheelbase and drawbar lengths produce large changes in truck/trailer performances.  It is beyond the scope of this project to explore these effects further or produce an optimised vehicle.  The major effects of changing the dimensions are summarised in Table XI.

Table XI:  Summary of wheelbase and drawbar sensitivity analysis

	Unit
	RA
	HSOT
	HSTOT
	LSOT
	YDC

	Truck
	(
	BL
	BL
	BL
	BL

	Trailer
	(
	BL
	BL
	(
	BL

	Drawbar
	(
	(
	BL
	(
	BL


(
Longer lengths produce better performance

(
Shorter lengths produce better performance

BL
Baseline dimensions produce the better results

10.  Discussion

Information from the full‑scale tests, such as rearward amplification, lane encroachments and stopping distances, dynamic stability, handling gradients and suspension characteristics along with the simulation results provide a means to develop a policy on truck/trailer mass ratio variation.

10.1  Mass ratio

Results from the tests showed that increasing the mass ratio up to 1:1.4, with vehicles fitted with air suspensions, is unlikely to adversely affect road safety.  This, of course, assumes that the vehicles are maintained correctly and the drivers have appropriate experience with the relevant vehicle types.

10.1.1  Determination of the mass ratio upper limit

There are a number of elements to consider when setting an upper mass ratio limit which would enable these vehicles to promote the best efficiency gains and minimise pavement wear without compromising safety.

Under the Road Transport Reform (Heavy Vehicle Standards) Regulations (Aust 1995B) recently introduced by the National Road Transport Commission, a requirement for general access to the road network is that the overall vehicle length must not be more than 19m.

The current Austroads bridge formula (Austroads, 1994) for heavy vehicles with a total vehicle mass greater than 42.5t and less than 50t, dictates the axle spacings and effectively the overall length for heavy vehicles to have general access to the road network.

Using the current axle mass limits of 6t for a steer axle, 11t for a load sharing twin steer group, 16.5t for a tandem group, and 20t for a tri-axle group, then an R12 (3 axle truck) has an upper axle load limit of 22.5t and an R22 (4 axle truck) 27.5t.  With the 50t vehicle mass upper limit set by the bridge formula for general access, the total trailer mass for general access for a R12-T22 combination allows a maximum possible mass ratio is 1:1.22, and for a R22-T22 combination a maximum possible mass ratio of 1:0.8.  In addition to the results of this study, attention should be paid to the Austroads Axle Spacing/Mass Schedule (Austroads 1994) when considering mass ratios for general access vehicles.

The largest mass ratio tested during this study was 1:1.6 with vehicle “J” (R12-T23), vehicles "K" and "I" were the next highest mass ratio at 1:1.4.  Generally, vehicles “J” and “K” were the poorer performing vehicles tested.  One possible reason for their relatively poor performance could be that they were not new units and were fitted with steel suspensions.  Vehicle "E" (R12-T12) which was also fitted with steel suspensions was another relatively poor performing vehicle.  

The dimensions of these 3 vehicles may be another possible reason for their relatively poor performance.  Vehicle “E” had the shortest trailer wheelbase and the second smallest truck wheelbase, which could account for its poor performance.  From all the tested vehicles, the trailer wheelbases of these 3 vehicles (see Figures 2 and 3) were the smallest and vehicle "J" had the smallest truck wheelbase.

10.2  Transport efficiencies and equivalent standard axles

Transport efficiency can be expressed as the payload (t) per equivalent standard axles (ESA) of road wear - the larger the number the greater the efficiency.  Figure 29 shows the payload and payload/ESA for the tested vehicles.  The most efficient vehicle from the test program is vehicle F41 (single articulated) with an efficiency of 6.74 tonnes/ESA, the next most efficient vehicles are D50 and K66 (the truck/trailers with twin steer axles), then vehicle “G64” (the B‑double).  Vehicles “B45” and “I46” (R12-T22) ranked 5th and 6th, with measures of 6.05 and 5.88 respectively.



Fig. 29 - Vehicle payload and payload/ESA ranking

Table XII lists the payload, total number of equivalent standard axles, payload per ESA, the number of passes per million ESA, and the axle-spacing schedule (bridge formula) that each vehicle combination was able to meet.  Whilst vehicles “J” and “K” carried more payload than all other truck/trailer combinations, they failed to meet the general access bridge formula as their GCM was greater than 50t.

Table XII: Vehicle equivalent standard axles and Austroads bridge formula

	Vehicle Code
	Payload (t)
	Total ESA's
	Payload/ESA (t/ESA)
	Passes/M-ESA's (‘000)
	Bridge Formula

	A45
	28.5
	5.98
	4.77
	167
	General Access

	A49
	32.2
	7.56
	4.26
	132
	General Access

	B45
	27.0
	4.46
	6.05
	224
	General Access

	B50
	32.0
	5.57
	5.75
	180
	General Access

	C51
	32.9
	6.19
	5.31
	161
	Restricted: B-Double Routes*

	C55
	36.6
	7.77
	4.71
	129
	Restricted: B-Double Routes*

	D50
	30.9
	4.60
	6.71
	217
	General Access

	D61
	41.8
	7.87
	5.31
	127
	Restricted: B-Double Routes*

	E45
	27.7
	5.48
	5.05
	182
	General Access

	E48
	30.8
	6.69
	4.61
	150
	General Access

	F41
	26.0
	3.85
	6.74
	260
	General Access

	F46
	31.3
	6.24
	5.02
	160
	General Access

	G64
	42.6
	6.79
	6.28
	147
	Restricted: B-Double Routes

	I55
	36.3
	7.33
	4.96
	137
	Restricted: B-Double Routes*

	I49
	30.9
	5.39
	5.73
	186
	General Access

	I46
	27.7
	4.70
	5.88
	213
	General Access

	I30
	11.7
	3.70
	3.15
	270
	General Access

	J63
	45.5
	8.95
	5.08
	112
	Restricted: Cat 2 Road Train*

	K66
	47.0
	7.19
	6.54
	139
	Restricted: Cat 2 Road Train*


*
These vehicles failed to meet the General Access bridge formula as they exceeded the 50t limit.

Optimisation of axle loads and vehicle dimensions will be required for truck/trailer combinations around 50t GCM to obtain general access under the Austroads bridge formula (Austroads, 1994) and axle spacing/mass schedule.

10.3  Loading conditions

10.3.1  Empty truck and loaded trailer

Data from braking tests conducted with a loaded trailer and an empty truck (vehicle “D”) showed high jackknife tendency and high lane encroachment - this loading configuration results in a mass ratio in the order of 1:2.5.  This loading configuration can produce undesirable dynamic effects and should be discouraged.

10.3.2  Loaded truck and empty trailer

A series of braking tests were conducted with a loaded truck and an empty trailer (vehicle “I”), a mass ratio of 1:0.3.  It was during these tests that the advantage of an ABS system was evident.  The lane encroachments were high during the braking without the ABS system active, and a 40% shorter stopping distance was achieved with the ABS active.  However, whilst this loading configuration is possible under the current truck/trailer operating conditions, the installation of ABS on all vehicles should not be introduced nor seen as a requirement.  Whilst it may not always be avoidable during in‑service operations, this loading configuration should also be discouraged.

10.4  Braking Systems

Results from the ABS tests conducted with vehicle "I" did not show compelling evidence to conclude that the mandatory fitting of ABS is necessary.  For normal loading practice, ie both the truck and trailer loaded, there was negligible difference in lane encroachments during these tests with or without the ABS connected.

At a mass ratio of 1:1.4 the vehicle consistently stopped in a shorter distance without the ABS connected.  This was due to the brake application modulation that the ABS applies.  

10.5  Traffic operations characteristics

The ability of heavy vehicles to operate safely and harmoniously with other traffic is important.  Characteristics such as speed on grades, traction ability, passing on two lane roads, common freeway manoeuvres (merging, lane changing and exiting), intersection operations (clearance), downhill operation, blockage of view, spray and splash and redirection of vehicles on impact are important when considering operations in a mixed traffic environments.  Most of these characteristics are inherent in the truck/trailer design which is based on the dimension limits and bridge formula requirements with a primarily focus on the load carrying function of the units.  However, to provide manoeuvrability in mixed traffic, truck/trailer combinations should have adequate engine power.  

This adequate engine power capability could be expressed as a minimum power/weight ratio or minimum speed loss performance up a specified grade.  During the full‑scale test program most vehicles had adequate power, however vehicle "E" (R12-T12) powered by a 340 hp engine lacked power during the constant radii tests.  The power/weight (hp/t GCM) ratio of the vehicle was 7:1, which suggests that a ratio of 8:1 may be a minimum requirement.

Information from the lane change tests did not show compelling evidence to conclude that the maximum speed of truck/trailer combinations with mass ratios above 1:1 should be speed restricted below 100 km/h.  Restricting the maximum speed would contribute to enforcement difficulties and possibly impede traffic flow.

10.6  Suspension Requirements

Given the current thrust to increase axle loads for good performing air suspensions and that the full‑scale tests showed that air suspensions provided good understeer handling characteristics and high roll stiffness, there is evidence to suggest that truck/trailer combinations with mass ratios above 1:1 should be fitted with good performing air suspensions.

If 4 axle trailers fitted with steel suspensions are to be considered for higher mass ratios, further information will be required on their performance.  The vehicles tested under this program only included 4 axle trailers fitted with air suspension as there were no 4 axle units available on steel suspension.

10.7  High centre of gravity loads

Simulation results for vehicle “B50” conducted at two load centre of gravity heights showed, as expected, that increased load height degrades the vehicle stability performance.  The simulations showed that whilst the static roll-threshold, rearward amplification and load transfer ratio all became less desirable, the vehicle overall performance was comparable with a R12-T12 vehicle operating under the current mass ratio and axle loads.

10.8  Yaw damping 

10.8.1  Other studies

The New Zealand Parliament has conducted an inquiry into truck crashes, White (1996).  The effect of increasing speed on vehicle stability was investigated using computer simulations, (In New Zealand there is currently at 80 km/h speed limit placed on seven axle truck/trailer combinations).  The yaw damping coefficient was used as the measure to compare various combination vehicles performance - 0.15 was used as a target value.  Whilst vehicle details such as dimensions and suspension types (air or steel) are not given in the report, this work reported that the following New Zealand vehicle combinations met the target value at a test speed of 90 km/h: R22‑T22, A123, B1232 and B1222, while the following combinations failed to meet the target value:  R12-T12, R22-T12 and A122T11.  Quoting from the conclusions of this New Zealand study:

1. “R22-T22, A123, B1232 and B1222 could be considered for a relaxation of their speed limit to 100 km/h;

2. The speed limit for R22-T12 and A122T11 should not be raised above 80 km/h;

3. R12-T12 showed poor performance and these vehicle types should not be encouraged and perhaps should even be discouraged.”.

This New Zealand study was directed toward providing information to assist with changing heavy vehicle maximum speed limits.  The wheelbase and drawbar dimensions have a large influence on truck/trailer dynamics and in the absence of this information for the New Zealand vehicles, the report does not provide information to assist with this study.

11.  Conclusions

11.1  Mass ratio

Results from the tests showed that increasing the mass ratio up to 1:1.4 is unlikely to compromise road safety for vehicles fitted with air suspensions,.  This assumes, as with any other vehicle, that the vehicles are maintained correctly and the drivers have appropriate experience with the relevant vehicle types.  In practice, the upper mass ratio limit to allow these truck/trailer combinations general access will be determined by the Austroads Axle Spacing/Mass Schedule.

11.2  Braking Systems

Results from these tests did not show compelling evidence to conclude that the mandatory fitting of ABS is necessary.  For normal loading practice, ie both the truck and trailer loaded, there was negligible difference in lane encroachments during these tests with or without the ABS connected.

11.2.1  Anti-lock Braking Systems (ABS)

· Based on the lane encroachment information collected during the ‘braking in a curve’ tests for loaded truck/trailer combinations, Anti-lock Braking Systems (ABS) did not show a benefit in reducing lane encroachments.  

· In braking tests conducted with a loaded truck and an empty trailer, (a mass ratio of 1:0.3), the advantage of an ABS system was evident.  The lane encroachments were high during the braking without the ABS system active, and a 40% shorter stopping distance was achieved with the ABS active.  However, whilst this loading configuration is possible under the current truck/trailer operating conditions it should not be introduced nor seen as a requirement to fit ABS on all vehicles.  Whilst it may not always be avoidable during in‑service operations, this loading configuration should also discouraged.

11.3  Suspensions

Given the current thrust to increase axle loads for good performing air suspensions and that the full‑scale tests showed that air suspensions provided good handling characteristics and high roll stiffness, there is evidence to suggest that truck/trailer combinations with mass ratios above 1:1 should be fitted with good performing and well maintained air suspensions and dampers.

11.4  General considerations

Information obtained from the comprehensive truck/trailer combinations testing and simulation program can be summarised as follows:

· From a safety viewpoint, certain truck/trailer combinations performed adequately with a truck/trailer mass ratio greater than 1:1;

For truck/trailer combinations to operate with a mass ratio greater than 1:1, the following general points should be considered when assessing suitability for on-road operation:

· Trailers should be fitted with good performing and well maintained air suspensions to minimise road wear and pavement damage;

· Vehicle performance on grades or power/weight ratio should be adequate to minimise traffic congestion;

· The upper mass ratio should be determined by the Austroads General Access bridge formula to ensure safe loading of bridges;

· The maximum speed of truck/trailer combinations with mass ratios above 1:1 should not be speed restricted below 100 km/h.

11.5  Considerations of specific truck/trailer combinations

11.5.1  R12-T12 with steel suspensions (vehicle “E”)
· Based on the dynamic stability tests for a 3 axle truck with a 4.3m wheelbase towing a 3 axle trailer with a 3.1m wheelbase both fitted with steel suspensions and coupled with a 4.5m drawbar, it was concluded that the mass ratio should be generally limited to 1:0.89 and not exceed a value of 1:1 except under one-off permit conditions.

11.5.2  R12-T12 with air suspensions (vehicle “A”)
· Based on the lane encroachment information and dynamic stability tests for a 3 axle truck with a 4.6m wheelbase towing a 3 axle trailer with a 5.4m wheelbase both fitted with air suspensions and coupled with a drawbar 3.4m, it was concluded that a mass ratio up to 1:1.13 would not compromise safety.

11.5.3  R12-T22 with air suspensions (vehicle “B”)
· Based on the lane encroachment information and dynamic stability tests for a 3 axle truck with a 4.6m wheelbase towing a 4 axle trailer with a 5.1m wheelbase both fitted with air suspensions and coupled with a 4.1m drawbar, it was concluded that a mass ratio up to 1:1.2 would not compromise safety.  This vehicle did show superior characteristics to the long wheelbase R12-T12 truck/trailer combinations fitted with air suspensions.  The addition of a second axle on the dolly provides better dynamic stability characteristics, better braking capability and less road wear for a given payload.

Note:
For both the R12-T12 and R12-T22 combinations fitted with air suspension, the full scale test results showed that the truck drive axle group will lift before the trailer axle groups.

11.5.4  R22-T22 with air suspensions (vehicle “D”)
· Based on the lane encroachment information and dynamic stability tests for a 4 axle truck with a 6.0m wheelbase towing a 4 axle trailer with a 5.1m wheelbase both fitted with air suspensions and coupled with a 4.1m drawbar, it was concluded that a mass ratio up to 1:1.2 would not compromise safety.  However, as the total vehicle mass will exceed 50t at a mass ratio of 1:1.2 it is unlikely under the current axle spacing/mass schedule that this vehicle will be granted general access conditions with a mass ratio greater than 1:0.8.

11.5.5  R22-T12 truck/trailer combinations with air suspensions (vehicle “C”)
· Based on the lane encroachment information and dynamic stability tests for a 4 axle truck with a wheelbase >5.9m towing a 3 axle trailer with a wheelbase >5.3m both fitted with air suspensions and coupled with a drawbar <3.5m, it was concluded that a mass ratio up to 1:0.9 would not compromise safety.  However, similar to the R22-T22 above, the total vehicle mass will exceed 50t at a mass ratio of 1:0.9 it is unlikely under the current axle spacing/mass schedule that this vehicle will be granted general access conditions with a mass ratio greater than 1:0.8.

11.5.6  R12-T23 with steel suspensions, <19m overall length (vehicles “J”)
· Based on the lane encroachment information and dynamic stability tests for 3.7m wheelbase truck towing a 5 axle trailer with a 5.6m wheelbase both fitted with steel suspensions and coupled with a 3m drawbar, it was concluded that mass ratios up to 1:1.6 would compromise safety.  However, as the total vehicle mass exceeds 50t at a mass ratio of 1:1.2 it is unlikely that this vehicle will be granted general access conditions in the Eastern States.  Given that the total mass capability of this 5 axle trailer is 36.5t, it is unlikely that the full axle mass capability will be available for general access under the current axle spacing/mass schedule.  

11.5.7  R22-T23 with steel suspensions, <19m overall length (vehicles “K”)
· Based on the lane encroachment information and dynamic stability tests 5.0m wheelbase truck towing a 5 axle trailer with a 5.6m wheelbase both fitted with steel suspensions and coupled with a 3m drawbar, it was concluded that mass ratios up to 1:1.4 would compromise safety.  However, as the total vehicle mass exceeds 50t at a mass ratio of 1:1.2 it is unlikely that this vehicle will be granted general access conditions in the Eastern States.  Given that the total mass capability of this 5 axle trailer is 36.5t, it is unlikely that the full axle mass capability will be available for general access under the current axle spacing/mass schedule.  A R22‑T23 truck/trailer combinations minimises pavement wear per unit payload, but due to the short truck wheelbase and short drawbar length this vehicle performed poorly in the dynamic tests.

11.5.8  Rigid truck with a 5 axle trailer combinations with steel suspensions

· Unless an improvement in performance of the R12-T23 and R22-T23 can be demonstrated then it is recommended that they not be considered for operation in the Eastern states.

11.6  Other vehicle combinations

Tests were not conducted on all truck/trailer combinations eg, 4 axle trailers using steel suspensions.  Therefore further data is required if an increased mass ratio for other units is to be considered.

12.  Definition of performance‑based-measures

	High‑speed offtracking
	The extent to which any trailing axles of the vehicle combination track outside (outboard) the steering axle, when subjected to 0.2g lateral acceleration in a steady turn.

	Load Transfer Ratio
	The ratio of the absolute difference between the sum of right wheel loads and the sum of the left wheel loads, to the sum of the total wheel loads - when the vehicle is an evasive manoeuvre.

	Low‑speed Offtracking
	The extent of inboard offtracking of the rearmost trailer from the prime‑mover steer axle in a 90( left turn - in the absence of lateral acceleration.

	Over‑steer
	The steer angle needed to execute a turn of constant radius decreases as the speed of the vehicle increases - unstable.

	Rearward amplification
	The ratio of the peak value of lateral acceleration achieved at the mass centre of the rear most trailer to peak lateral acceleration developed at the mass centre of the prime‑mover in a manoeuvre causing the vehicle to move laterally onto a path which is parallel to the initial path - at a defined steer input and speed.

	Road Space requirements
	The total envelope that a vehicle sweeps laterally as it travels at highway speed - it is the sum of the vehicle width at the rear plus the lateral deviation of the rear unit.  Trailing fidelity is defined as the swept width of a vehicle.

	Roll angle
	Refers to the sprung mass roll angle and is the mean body roll angle that the vehicle experienced at the highest speed and hence the maximum mean lateral acceleration around the constant radius.

	Roll-limit
	The maximum level of lateral acceleration that a vehicle can sustain without roll‑over.

	Roll‑threshold
	The level of lateral acceleration required to lift one complete axle group.


	Transient high-speed offtracking
	The peak offset, in the direction normal to the direction of the travelled path, by the outside the outside front tyre of the tractor  and the path of the most outboard trailing axle

	        Under‑steer
	The steer angle needed to execute a turn of constant radius increases as the speed of the vehicle increases - stable.

	Vehicle Handling
	A description of the yaw behaviour of the vehicle and is represented by the gradient of the lateral acceleration against the difference in front/ rear vehicle slip angles - expressed as: under, over or neutral steer depending on the quadrant of the gradient.  See under- and over-steer.

	Yaw damping coefficient
	A measure that describes how rapidly oscillations of the rearmost trailer diminish after a rapid steer input.  (eg. when a vehicle wanders off the road seal and swings laterally upon it transition over the pavement/gravel step).
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APPENDIX A

TEST VEHICLE DIMENSIONS

Appendix A - Test Vehicle dimensions

Table AI: Truck/Trailer dimensions

	Vehicle
	Wheel Base


	Length


	Heights



	Code
	Truck
	Trailer
	Overall
	Draw Bar
	Ringfeder
	Hinge
	Fifth wheel

	
	(m)
	(m)
	(m)
	(m)
	(mm)
	(mm)
	(mm)

	
	
	
	
	
	
	
	

	A
	4.55
	5.39
	17.01
	3.42
	658
	920
	1,070

	B
	4.55
	5.07
	18.00
	4.09
	658
	655
	1,112

	C
	5.96
	5.39
	18.71
	3.42
	550
	920
	1,070

	D
	5.96
	5.07
	19.62
	4.09
	550
	655
	1,112

	E
	4.27
	3.05
	16.40
	4.47
	640
	690
	1,050

	I
	4.99
	4.55
	18.59
	4.64
	675
	690
	1,350

	J
	3.72
	5.60
	18.00
	3.04
	535
	805
	1,170

	K
	5.03
	5.60
	18.90
	3.04
	820
	805
	1,170


Table AII: B-double and Single articulated vehicle dimensions

	Vehicle 
	Wheel Base


	Overall Length
	Fifth wheel heights



	Code
	Prime-mover
	Trailer #1
	Trailer #2
	
	
	

	
	(m)
	(m)
	(m)
	(m)
	(mm)
	(mm)

	
	
	
	
	
	
	

	F
	5.20
	9.42
	-
	18.20
	1,275
	-

	G
	4.09
	8.67
	7.00
	23.30
	1,145
	1,210


Table AIII: Vehicle characteristics

	Vehicle 
	Truck Details
	
	Trailer Details

	Code
	
	
	
	
	
	
	Front
	
	Rear

	
	Make
	Engine Power 
	Suspension
	
Brake Actuator
	
	Make
	Suspension
	Brake Actuator
	
	Suspension
	Brake Actuator

	
	
	(Hp)
	
	Steer
	Drive
	
	
	
	
	
	
	

	A
	Kenworth K100E
	460
	Kenworth Air Glide (4 bags/axle)
	24
	30/30
	
	Franks Truck Bodies
	Evotrack (underslung)
	30
	
	Evotrack (overslung)
	24/20

	B
	Truck A
	
	Hamelex
HXDI4
	Evotrack (underslung)
	30
	
	Evotrack (overslung)
	30/30

	C
	Kenworth K100
	450
	Kenworth Air Glide (4 bags/axle)
	20
	20/30
	
	Trailer A

	D
	Truck C
	
	Trailer B

	E
	Mercedes Benz 2434
	340
	Mercedes Benz 6-rod
	12
	16/24
	
	Hamelex
	Ateyco
(steel)
	30
	
	Ateyco
(steel)
	30/30

	F
	Kenworth T440
	400
	Kenworth Air glide
(4 bags/axle)
	20
	24/30
	
	Freighter
	-
	na
	
	Hendrickson Air-trailing arm (2 bags/axle)
	24/30

	G
	Freightliner
	480
	Hendrickson
Air-trailing arm
(2 bags/axle)
	20
	24/30
	
	Hamelex
	BPW Air (underslung)
	30/30
	
	BPW Air (overslung) with front lift axle
	24/30
30/30
30/30

	I
	Mack
	427
	Hendrickson
Air-trailing arm
(2 bags/axle)
	24
	30/30
	
	Hercules
	BPW Air (underslung)
	24/30
	
	BPW Air (underslung)
	24/30

	J
	International
	400
	Hendrickson
Walking beam
	24
	30/30
	
	Howard Porter
	Neway
4 spring
	30/30
	
	6 spring
	30/30

	K
	Scania
	305
	Scania H
	24
	24/24
	
	Trailer J


APPENDIX B

LANE CHANGE RESULTS

Appendix B - Lane Change Results

Table BI: Lane change data

	Vehicle
	Lateral acceleration

	
	Ratio

	
	

	Code
	Front unit

	Rear unit

	
	Acceleration


	Yaw


	Steer Frequency



	
	(g)
	(sd)
	(g)
	(sd)
	
	(g)
	(sd)
	(g)
	(sd)
	(rad/s)
	(sd)

	
	
	
	
	
	
	
	
	
	
	
	

	A45
	0.16
	0.01
	0.19
	0.02
	
	1.19
	0.03
	1.46
	0.24
	1.16
	0.38

	A49
	0.18
	0.02
	0.23
	0.02
	
	1.26
	0.06
	1.99
	0.29
	1.06
	0.26

	B45
	0.16
	0.01
	0.19
	0.01
	
	1.15
	0.03
	1.45
	0.08
	0.76
	0.05

	B50
	0.17
	0.02
	0.19
	0.02
	
	1.15
	0.03
	1.95
	0.40
	1.13
	0.38

	C51
	0.14
	0.01
	0.16
	0.02
	
	1.18
	0.09
	1.27
	0.08
	0.93
	0.33

	C55
	0.14
	0.03
	0.17
	0.03
	
	1.17
	0.05
	1.36
	0.13
	1.08
	0.36

	D50
	0.12
	0.01
	0.12
	0.02
	
	1.00
	0.07
	4.38
	2.49
	1.43
	0.50

	D61
	0.15
	0.02
	0.18
	0.02
	
	1.19
	0.12
	4.86
	1.18
	2.05
	0.00

	E45
	0.21
	0.03
	0.34
	0.08
	
	1.62
	0.11
	2.66
	0.41
	1.74
	0.62

	E48
	0.20
	0.02
	0.35
	0.03
	
	1.72
	0.08
	3.28
	0.31
	2.25
	0.25

	F41
	0.16
	0.01
	0.18
	0.01
	
	1.11
	0.02
	1.72
	0.17
	0.51
	0.00

	F46
	0.18
	0.01
	0.20
	0.02
	
	1.14
	0.02
	1.89
	0.29
	1.46
	0.64

	G64
	0.16
	0.01
	0.22
	0.02
	
	1.38
	0.05
	0.97
	0.06
	1.47
	0.52

	I55
	0.11
	0.01
	0.17
	0.01
	
	1.58
	0.20
	2.16
	0.40
	0.89
	0.22

	I46
	0.10
	0.01
	0.14
	0.02
	
	1.33
	0.13
	3.91
	2.62
	1.02
	0.00

	J63
	0.07
	0.02
	0.12
	0.03
	
	1.57
	0.15
	2.17
	0.42
	1.74
	1.74

	K66
	0.11
	0.02
	0.17
	0.05
	
	1.51
	0.19
	3.69
	1.58
	1.94
	0.39


APPENDIX C

BRAKING RESULTS

Appendix C - Braking Results

Table CI: Braking Data

	Vehicle
	Mean
	Mean
	Mean Deceleration
	Peak Deceleration

	Code
	Stopping Distance
	Steady-State Lateral Accn
	Truck
	Trailer
	(Truck)

	
	(m)
	(SD)
	(g)
	(SD)
	(g)
	(SD)
	(g)
	(SD)
	(g)
	(SD)

	
	
	
	
	
	
	
	
	
	
	

	A45
	9.14
	0.92
	0.36
	0.02
	0.17
	0.02
	0.16
	0.02
	0.49
	0.03

	A49
	10.36
	1.62
	0.36
	0.03
	0.15
	0.02
	0.14
	0.02
	0.41
	0.13

	B45
	15.81
	1.86
	0.37
	0.02
	0.16
	0.02
	0.20
	0.02
	0.44
	0.03

	B50
	16.79
	2.22
	0.39
	0.04
	0.16
	0.02
	0.20
	0.02
	0.42
	0.06

	C51
	7.29
	1.09
	0.33
	0.02
	0.17
	0.02
	0.17
	0.03
	0.54
	0.03

	C55
	8.97
	1.43
	0.35
	0.04
	0.15
	0.02
	0.15
	0.02
	0.51
	0.04

	D50
	7.31
	0.50
	0.34
	0.05
	0.15
	0.03
	0.18
	0.03
	0.54
	0.02

	D61
	8.67
	1.41
	0.32
	0.05
	0.14
	0.02
	0.19
	0.01
	0.50
	0.02

	E45
	18.35
	2.00
	0.38
	0.06
	0.18
	0.02
	0.23
	0.02
	0.44
	0.02

	E48
	17.96
	1.53
	0.38
	0.04
	0.18
	0.02
	0.23
	0.02
	0.45
	0.01

	F41
	24.29
	3.49
	0.42
	0.02
	0.16
	0.03
	0.17
	0.03
	0.32
	0.03

	F46
	20.76
	2.57
	0.40
	0.02
	0.15
	0.03
	0.15
	0.03
	0.37
	0.03

	G64
	18.54
	1.89
	0.35
	0.05
	0.17
	0.02
	-
	-
	0.42
	0.02

	I55A
	24.69
	3.17
	0.34
	0.05
	0.17
	0.01
	0.15
	0.01
	0.31
	0.04

	I55W
	19.65
	2.06
	0.38
	0.04
	0.15
	0.02
	0.14
	0.02
	0.40
	0.03

	I49A
	19.12
	1.60
	0.38
	0.04
	0.18
	0.01
	0.17
	0.01
	0.44
	0.03

	I49W
	19.19
	1.36
	0.38
	0.04
	0.18
	0.02
	0.16
	0.02
	0.38
	0.13

	I46A
	17.16
	1.32
	0.38
	0.04
	0.17
	0.02
	0.16
	0.01
	0.46
	0.16

	I46W
	16.74
	1.18
	0.40
	0.02
	0.17
	0.02
	0.16
	0.02
	0.42
	0.14

	I30A
	16.99
	2.18
	0.43
	0.04
	0.16
	0.01
	0.15
	0.01
	0.38
	0.03

	I30W
	24.02
	1.79
	0.40
	0.04
	0.15
	0.02
	0.14
	0.02
	0.38
	0.03

	J63
	24.48
	2.76
	0.28
	0.06
	0.10
	0.01
	0.09
	0.01
	0.34
	0.11

	K66
	25.82
	2.82
	0.26
	0.03
	0.13
	0.02
	0.08
	0.02
	0.36
	0.16

	R12
	13.08
	1.65
	0.22
	0.01
	0.13
	0.03
	0.01
	0.00
	0.39
	0.05

	
	
	
	
	
	
	
	
	
	
	

	Mean
	16.88
	1.85
	0.36
	0.04
	0.16
	0.02
	0.16
	0.02
	0.42
	0.06


Table CII: Lane encroaching data

	Vehicle
	Distance from edge of curve
	
	Final Resting angle
	Encroachment

	Code
	Steer Axle
	Drive Axle
	Trailer front 
axle
	Trailer rear 
axle
	
	Truck


	Trailer


	Ratio


	
	
	

	
	(mm)
	(sd)
	(mm)
	(sd)
	(mm)
	(sd)
	(mm)
	(sd)
	
	(deg)
	(sd)
	(deg)
	(sd)
	
	(sd)
	Number
	Possible
	%

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	A45
	838
	237
	807
	221
	893
	208
	774
	147
	
	-0.4
	-0.2
	1.3
	0.6
	-0.3
	5.6
	0
	10
	0

	A49
	640
	239
	574
	215
	750
	171
	718
	147
	
	-0.8
	-0.3
	0.3
	0.2
	-2.4
	1.7
	0
	10
	0

	B45
	917
	279
	713
	252
	798
	246
	786
	249
	
	2.6
	1.4
	0.7
	0.5
	3.8
	2.6
	0
	10
	0

	B50
	809
	369
	540
	238
	539
	247
	571
	274
	
	4.1
	1.5
	0.9
	0.8
	4.4
	1.8
	0
	7
	0

	C51
	994
	132
	585
	179
	562
	174
	331
	155
	
	4.7
	1.3
	2.5
	0.6
	1.9
	1.1
	0
	10
	0

	C55
	895
	223
	578
	223
	641
	196
	517
	151
	
	3.6
	1.2
	1.3
	1.0
	2.8
	12.1
	0
	10
	0

	D50
	1067
	289
	625
	159
	578
	131
	1305
	290
	
	-5.1
	-1.5
	-8.2
	-1.8
	0.6
	0.4
	1
	6
	17

	D61
	917
	330
	537
	215
	500
	252
	351
	322
	
	-4.4
	-1.3
	1.7
	-0.8
	-2.6
	1.7
	0
	6
	0

	E45
	509
	204
	428
	181
	467
	206
	626
	203
	
	-1.0
	-0.3
	-1.8
	0.0
	0.6
	-8.9
	0
	10
	0

	E48
	802
	123
	633
	135
	611
	140
	677
	177
	
	2.1
	0.9
	1.2
	0.9
	1.7
	1.0
	0
	6
	0

	F41
	1481
	328
	1353
	341
	938
	296
	-
	-
	
	-1.6
	0.2
	-4.7
	-0.5
	0.3
	-0.3
	1
	10
	10

	F46
	1519
	518
	1297
	547
	784
	503
	-
	-
	
	-2.4
	0.3
	-3.1
	-0.3
	0.8
	-1.2
	2
	10
	20

	G64
	1067
	371
	942
	371
	427
	292
	395
	129
	
	1.8
	0.8
	4.0
	0.5
	0.8
	1.2
	0
	10
	0

	I55a
	1887
	277
	1826
	218
	1838
	219
	1674
	282
	
	1.4
	2.2
	2.1
	1.4
	0.7
	1.6
	2
	10
	20

	I55w
	1537
	308
	1372
	341
	1436
	346
	1362
	305
	
	2.3
	2.0
	1.0
	1.0
	2.3
	2.0
	0
	10
	0

	I49a
	1277
	272
	1081
	252
	1090
	312
	1013
	284
	
	2.4
	1.6
	1.2
	1.1
	2.0
	1.5
	0
	10
	0

	I49w
	1332
	261
	1130
	298
	1123
	372
	1092
	425
	
	2.6
	2.9
	1.1
	1.2
	2.3
	2.4
	0
	9
	0

	I46a
	1179
	419
	1097
	487
	1219
	493
	1152
	494
	
	1.5
	1.5
	1.3
	1.6
	1.1
	0.9
	0
	10
	0

	I46w
	852
	193
	828
	239
	1054
	282
	1141
	336
	
	0.8
	1.0
	1.3
	1.2
	0.6
	0.8
	0
	10
	0

	I30a
	975
	186
	994
	251
	1241
	352
	1332
	376
	
	1.9
	2.5
	1.3
	0.8
	1.4
	3.1
	0
	10
	0

	I30w
	1995
	929
	1577
	729
	1290
	549
	1613
	601
	
	4.8
	2.9
	5.4
	6.2
	2.2
	2.8
	4
	10
	40

	J63
	1555
	352
	1611
	509
	1677
	474
	1544
	414
	
	3.6
	4.8
	1.5
	1.2
	7.0
	12.1
	5
	10
	50

	K66
	2408
	478
	2231
	656
	2260
	739
	2008
	788
	
	4.2
	4.5
	2.9
	1.6
	1.6
	1.8
	3
	10
	30

	C34
	1009
	1125
	1529
	612
	1738
	624
	1016
	545
	
	25.9
	27.1
	8.2
	4.1
	3.2
	5.5
	3
	8
	38


APPENDIX D

HANDLING RESULTS

Appendix D - Handling Results

Table DI: Handling data - Large radius

	Vehicle
Code
	Max Speed
(km/h)
	Max Lateral acceleration 
(g)
	Roll Angle
(deg)
	Roll Gradient
(deg/g)
	Roll Stiffness
(kN.m/rad)
	Handling
(slip angle/g)

	
	
	Truck
	Trailer
	Truck
	Trailer
	Truck
	Trailer
	Truck
	Trailer
	Gradient
	r2

	
	
	
	
	
	
	
	
	
	
	
	

	A45
	48.7
	0.46
	0.42
	4.04
	1.97
	7.79
	4.13
	734
	1,671
	-0.03
	0.94

	A49
	50.6
	0.49
	0.46
	4.11
	2.57
	8.05
	5.27
	746
	1,739
	-0.03
	0.92

	B45
	48.6
	0.46
	0.39
	4.23
	1.11
	8.29
	2.82
	748
	2,545
	-0.03
	0.93

	B50
	46.7
	0.43
	0.38
	4.12
	1.52
	8.20
	3.87
	725
	2,675
	-0.03
	0.88

	C51
	44.1
	0.39
	0.35
	3.30
	1.47
	7.57
	3.97
	842
	1,773
	-0.04
	0.98

	C55
	45.0
	0.40
	0.37
	3.09
	1.82
	6.69
	4.78
	817
	1,805
	-0.05
	0.94

	D50
	45.5
	0.43
	0.34
	4.81
	0.98
	9.34
	2.51
	666
	2,333
	-0.05
	0.82

	D61
	47.7
	0.45
	0.40
	4.00
	2.34
	8.24
	5.06
	772
	2,337
	-0.05
	0.87

	E45
	47.3
	0.43
	0.43
	3.14
	2.93
	7.41
	6.25
	795
	1,769
	-0.20
	0.05

	E48
	46.5
	0.41
	0.41
	3.02
	2.89
	7.22
	6.52
	821
	2,083
	-0.06
	0.50

	F41
	48.4
	0.47
	0.45
	3.92
	3.84
	8.52
	9.01
	465
	980
	-0.09
	0.76

	F46
	47.1
	0.45
	0.42
	5.32
	5.18
	10.63
	10.63
	532
	1,129
	-0.07
	0.86

	G64
	47.6
	0.37
	0.37
	2.39
	4.27
	6.00
	8.85
	1,029
	1,475
	0.02
	0.70

	I46
	42.0
	0.37
	0.35
	3.47
	1.34
	9.65
	4.00
	884
	2,327
	-0.03
	0.63

	I49
	40.7
	0.36
	0.33
	3.67
	1.75
	9.65
	4.80
	884
	2,417
	-0.04
	0.40

	I55
	40.6
	0.35
	0.34
	3.25
	2.40
	9.09
	7.14
	908
	2,667
	0.68
	0.01

	J63
	38.0
	0.33
	0.30
	3.78
	2.38
	11.23
	7.55
	601
	2,416
	3.79
	0.01

	K66
	42.1
	0.37
	0.36
	2.85
	2.84
	6.69
	7.22
	868
	2,490
	-0.05
	0.02

	
	
	
	
	
	
	
	
	
	
	
	

	Mean
	45.4
	0.41
	0.38
	2.4
	3.7
	8.4
	5.8
	796
	2,035
	0.20
	0.62


Appendix D - Handling Results cont.

Table DII: Handling data - Small radius

	Vehicle Code
	Max Speed
(km/h)
	Max Lateral acceleration
(g)
	Roll Angle
(deg)
	Roll Gradient
(deg/g)
	Roll Stiffness
(kN.m/rad)
	Handling
(slip angle/g)

	
	
	Truck
	Trailer
	Truck
	Trailer
	Truck
	Trailer
	Truck
	Trailer
	Gradient
	r2

	
	
	
	
	
	
	
	
	
	
	
	

	A45
	43.5
	0.50
	0.45
	5.13
	1.98
	8.32
	4.32
	683
	1,662
	-0.03
	0.88

	A49
	43.5
	0.49
	0.46
	4.91
	2.42
	7.30
	5.30
	593
	2,023
	-0.04
	0.84

	B45
	44.2
	0.50
	0.44
	5.29
	1.25
	8.07
	2.85
	615
	2,542
	-0.03
	0.93

	B50
	42.4
	0.47
	0.42
	4.26
	1.63
	8.26
	3.93
	701
	2,578
	-0.03
	0.74

	C51
	40.6
	0.45
	0.40
	4.68
	1.64
	8.70
	4.13
	752
	1,868
	-0.05
	0.95

	C55
	39.5
	0.43
	0.38
	4.56
	1.90
	8.42
	5.13
	774
	1,848
	-0.04
	0.98

	D50
	43.2
	0.47
	0.40
	4.28
	1.25
	9.49
	2.90
	763
	2,179
	-0.05
	0.81

	D61
	42.4
	0.46
	0.40
	4.65
	2.15
	8.88
	5.10
	793
	2,441
	-0.04
	0.84

	E45
	42.0
	0.46
	0.44
	3.48
	2.58
	7.76
	6.09
	757
	1,827
	-0.13
	0.52

	E48
	41.3
	0.44
	0.43
	3.39
	3.01
	7.52
	6.85
	797
	2,036
	-0.10
	0.52

	F41
	43.3
	0.48
	0.46
	4.02
	3.87
	8.06
	8.76
	507
	994
	-0.12
	0.81

	F46
	42.3
	0.47
	0.44
	4.75
	3.05
	9.46
	5.65
	597
	1,951
	-0.12
	0.88

	G64
	42.2
	0.38
	0.38
	2.13
	4.66
	5.86
	10.13
	1,210
	1,688
	0.01
	0.35

	I46
	38.0
	0.37
	0.33
	3.83
	1.73
	9.77
	4.75
	832
	2,474
	-0.04
	0.57

	I55
	37.8
	0.36
	0.34
	3.80
	2.38
	10.09
	7.13
	848
	2,665
	-0.04
	0.65

	J63
	36.2
	0.35
	0.33
	4.07
	2.26
	11.11
	6.89
	617
	2,549
	-0.05
	0.90

	K66
	39.5
	0.38
	0.37
	4.58
	2.58
	9.32
	7.08
	787
	2,494
	15.54
	0.01

	
	
	
	
	
	
	
	
	
	
	
	

	Mean
	41.3
	0.44
	0.40
	2.4
	4.2
	8.6
	5.7
	743
	2,107
	0.86
	0.72


APPENDIX E

ROLL STABILITY

Appendix E - Roll stability

Table EI: Tilt test results - Vehicle I

	
	
	
	Roll-Stiffness
	

	Test
	COG 
	Roll-Threshold
	Front
	Rear
	Total

	
	(mm)
	(g)
	(kN.m/rad)

	
	
	
	
	
	

	Trailer 1
	1,705
	0.45
	2,159
	2,329
	4,488

	Trailer 2
	1,680
	0.44
	2,156
	2,527
	4,683

	
	
	
	
	
	

	Mean
	1,693
	0.45
	2,158
	2,428
	4,586

	
	
	
	
	
	

	Trailer 4
	1,672
	0.47
	-
	-
	-

	Trailer 5
	1,648
	0.47
	-
	-
	-

	
	
	
	
	
	

	   Mean
	1,660
	0.47
	-
	-
	-

	
	
	
	
	
	

	Truck 1†
	1,387
	0.45
	-
	2,066
	-

	Truck 2†
	1,386
	0.45
	-
	2,059
	-

	Truck 3*
	1,303
	0.47
	332
	1,790
	2,122

	Truck 4*
	1,320
	0.47
	357
	1,640
	1,997

	
	
	
	
	
	

	   Mean
	1,349
	0.46
	345
	1,715
	2,060


Notes:  Trailer tests 1 & 2 at 31.7 t total unit mass

Trailer tests 4 & 5 at 26.7 t total unit mass

Truck tests at 21.6 t total unit mass

*driver side raised
† passenger side raised
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A.  Executive Summary

This annex reports additional work to the main study of the dynamics of truck/trailer combinations.  An analysis was conducted to compare the dynamic performance of two rigid truck/trailer combinations (R12-T22) for Vicroads.  The truck wheelbases were 4.5m and 5m, and the trailer wheelbases were 4.6m and 5m.  The effects of uneven loading on the trailer axle groups were also examined.

Results from this study showed that a truck/trailer combination, with a truck wheelbase > 4.9m and a trailer wheelbase > 4.5m, loaded to 49t exhibited similar RA performance to combinations with a larger trailer wheelbase (> 5.0m).

In summary, the rearward amplification appears to be the most highly affected performance measure influenced by trailer wheelbase variation and there appears to be insufficient evidence to conclude that other measures will be adversely affected.

A1.  Introduction

The aim of this computer analysis was to compare the dynamic performance of two rigid truck/trailer combinations (R12-T22). The truck wheelbases were 4.5m and 5m, and the trailer wheelbases were 4.6m and 5m.  The effects of uneven loading on the trailer axle groups were also examined.  The general vehicle specifications were taken from Vehicles “B” and “I” in the recent assessment of truck/trailer combinations (George et al, 1997).  Vehicle “I” was simulated with two sets of axle loads.

A2.  Method

Vehicles “B” and “I” were simulated in a standard lane change manoeuvre and the rearward amplifications (RA) of each were recorded.  The same tests were repeated for Vehicle “I”, with a different axle loading (known hereafter as Vehicle “I(m)”).  Vehicle “I” was modelled with a GCM of 49t, this axle loading was used in other field tests performed on the vehicle.  Vehicle “B” was modelled with a trailer load of one tonne less than that of the tested vehicle to provide comparisons with Vehicle “I”.  Table A1 lists the axle loads for each of the modelled vehicles, and Table A2 lists the axle loads for the tested vehicles.

Table A1:  Axle Loads for Modelled Vehicles

	Vehicle
	Steer (t)
	Drive (t)
	Truck (t)
	Dolly (t)
	Rear Trailer (t)
	Trailer (t)
	GCM (t)

	“B”
	5.5
	17.3
	22.8
	13.3
	13.3
	26.6
	49.4

	“I”
	5.9
	17.0
	22.9
	13.8
	12.6
	26.4
	49.3

	“I(m)”
	5.9
	17.0
	22.9
	19.8
	6.6
	26.4
	49.3


Table A2:  Axle Loads for Tested Vehicles

	Vehicle
	Steer (t)
	Drive (t)
	Truck (t)
	Dolly (t)
	Rear Trailer (t)
	Trailer (t)
	GCM (t)

	“B”
	5.5
	17.3
	22.8
	13.8
	13.8
	27.6
	50.4

	“I”
	5.9
	17.0
	22.9
	11.1
	12.1
	23.2
	46.1


Table A3 lists the vehicle dimensions.  These were the same for both the modelled and tested vehicles.

Table A3:  Dimensions of Vehicles

	Vehicle
	Truck Wheelbase (m)
	Draw Bar (m)
	Trailer Wheelbase (m)
	Overall Length (m)

	“B”
	4.55
	2.70
	5.07
	18.00

	“I”
	4.99
	3.24
	4.55
	18.59

	“I(m)”
	4.99
	3.24
	4.55
	18.59


A3.  Results

Rearward amplification for each modelled vehicle was recorded and compared with the measured values from the full-scale tests.  Table A4 contains the results from the simulations and the measured values.  It should be noted that Vehicle “I” was tested with a GCM at 46t and Vehicle “B” at 50t.

Table A4:  Comparison of Measured and Simulated Results

	
	Measured Data (RA)
	Simulated
	Roll 

	Vehicle
	Mean
	Standard Deviation
	Lower Range
	Upper Range
	RA
	Threshold (g)

	“B”
	1.15
	0.03
	1.12
	1.18
	1.19
	0.48

	“I”
	1.33
	0.13
	1.20
	1.46
	1.19
	0.47

	“I(m)”
	-
	-
	-
	-
	1.25
	0.47


The upper and lower ranges are one standard deviation on either side of the mean.  The simulated RA fits within one standard deviation of the measured data which shows reasonable correlation.  Vehicle “I(m)” showed the largest simulated RA of 1.25.  Vehicles “B” and “I” produced the same simulated RA of 1.19.

The simulated roll threshold was very similar for all vehicles modelled.  Vehicle “I(m)” produced the same roll threshold as Vehicle “I”.  In each case, the drive axle group was the first to lift.  This explains the similarity of roll threshold results, as the truck in each combination had near identical axle loadings on the steer and drive groups.

A4.  Discussion

Vehicle “B” was modelled with a trailer load of one tonne less than that of the tested vehicle to provide comparisons with Vehicle “I”.  The load was reduced by 0.5t on each trailer axle group.  To show the effect of uneven trailer loading, Vehicle “I(m)” was modelled with a trailer axle load distribution of 19.8t on the dolly, and 6.6t on the rear trailer group.  This is not a normal in-service condition, and was used as an extreme loading case.

The roll threshold for each vehicle was calculated on the first axle lift, which was the drive axle group in each instance.  Vehicle “B” produced the highest roll stability.

As expected, Vehicle “I(m)” showed a comparatively higher RA than the evenly loaded Vehicle “I”.  This is probably due to the rear of the trailer having a lower loading, which produces less downwards force and reduces traction at the rear of the trailer.  This, in turn, allows the trailer to move further laterally over the road when subjected to a lateral force.

One positive effect of the modified trailer loading is that the centre of gravity is moved closer to the front of the trailer.  Since the lateral force acts through the centre of gravity, the moment arm is shorter, therefore the trailer requires larger lateral forces to move the same distance.  This shortening of the moment arm does not seem to compensate against the effects of reduced traction on the rear trailer wheels.

The modified loading produced a (simulated) RA 5% higher than the tested configuration.  While it might be advantageous in some cases to change the load distribution on the trailer axle groups, other factors, such as the Bridge Formula and ESA loading, dictate certain operational limits.  This analysis appears to confirm the current safe practice of even load distribution. 

A5.  Conclusions

Results from this simulation showed that a truck/trailer combination, with a truck wheelbase > 4.9m and a trailer wheelbase > 4.5m, loaded to 49t exhibited similar RA performance to combinations with a larger trailer wheelbase (> 5.0m).

Information from the wheelbase and drawbar length sensitivity analysis (George, et al. 1997) showed that the RA was the most sensitive performance measure to variations in the trailer wheelbase length.  The low speed off-tracking (LSOT) was, as expected, strongly related to the trailer wheelbase and drawbar length.  However, other measures (yaw damping co-efficient,  high speed off-tracking, trailer overshoot) appeared relatively insensitive to the trailer wheelbase dimensions.  The lane encroachment characteristics for Vehicle I with a trailer wheelbase of 4.5m are satisfactory as shown in George et al. (1997).

In summary, the RA appears to be the most highly affected performance measure influenced by trailer wheelbase variation and there appears to be insufficient evidence to conclude that other measures will be adversely affected.
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B.  Executive Summary

This annex reports additional work to the main study of the dynamics of truck/trailer combinations.  A sensitivity study of truck/trailer wheelbases of three axle trucks towing three axle trailers (R12-T12) for the Roads and Traffic Authority of NSW.   This work provides information about trailer wheelbase effects on the overall dynamic performance of truck/trailer combinations.  The performance of R12-T12 vehicles on a constant grade was also examined.

The baseline R12-T12 was simulated with trailer wheelbases ranging from 3.95m to 5.34m in 0.25m increments.  The centre of gravity and other factors were held constant for these vehicles.  This allowed the trailer wheelbase to be the sole contributor to the performance attributes.  Several other currently operating R12-T12 and R12-T22 (three axle trucks, four axle trailers) vehicles were also simulated for comparison purposes.  Twin-steer trucks towing three axle trailers (R22-T12) vehicles were simulated.

The dynamic performance of the vehicles was simulated using BAMMS, a general multi-body dynamics systems software package developed by TNO Road Vehicles Research Institute in the Netherlands.  BAMMS was used to create computer models for each of the vehicles, which were then simulated through pre-defined standard manoeuvres to enable an objective and quantifiable comparison.

Performance attributes that were examined included load transfer ratio, rearward amplification, yaw damping coefficient, transient high speed off-tracking and low- and high-speed off-tracking.  The following general points were concluded:

· the ratio of trailer wheelbase to truck wheelbase is a good indicator of performance based on rearward amplification;

· for a given vehicle, a longer trailer wheelbase yields better performance than a shorter trailer wheelbase;

· trailer wheelbase appears linearly related to performance measures when all other factors (other vehicle dimensions, centre of gravity, etc) are held constant;

· to obtain the recommended minimum sustainable speed of 70 km/h on a 1% grade, a vehicle with 49t GCM should possess an engine with at least 315 hp (235kW) or a power to weight ratio of 6.4hp/t (4.8kW/t);

This report recommends that the required minimum trailer wheelbase be specified by the Austroads Axle Spacing Schedule (Austroads, 1994) using the maximum allowable trailer mass for a 3 axle trailer (25.5t), irrespective of the intended load.  Under the current Schedule, this would set the extreme axle spacing for the trailer at a minimum of 4.3m, which corresponds to a trailer wheelbase of around 3.7m.

B1.  Introduction

Further to the study on the dynamics of truck/trailer combinations (George et al., 1997), the Roads and Traffic Authority of NSW required information to determine trailer wheelbase effects on the overall dynamic performance of truck/trailer combinations.

The aim of this work is to analyse the performance of a three-axle truck towing a three-axle trailer (R12-T12) and investigate the effect of varying trailer wheelbases.  Specific emphasis was placed upon whether the minimum trailer wheelbase needs to be longer than the minimum wheelbase required by the Austroads Axle Spacing Schedule (Austroads, 1994) for this type of vehicle to operate safely.  A secondary aim is to examine truck/trailer gradeability performance with the view of recommending a performance requirement.

Several combinations of three axle trucks and four axle trailers (R12-T22), and four axle trucks and three axle trailers (R22-T12) were compared with the variations of the R12-T12.

B2.  Method

A baseline R12-T12 was simulated using a range of trailer wheelbases from 3.95m to 5.34m with increments of 0.25m. Tables B1 and B2 list the dimensions and axle loads for the simulated vehicles.  The minimum trailer wheelbase of 3.95m (Vehicle “Wb1”) was calculated using the Axle Spacing Schedule requirements, while the maximum of 5.34m (Vehicle “Wb7”) was determined by the 19m maximum length requirement for general access vehicles.  Several other R12-T12 vehicles were simulated using dimensions taken from vehicles that participated in the recent RTA trials (George et al., 1997).  All of the R12-T12 vehicles were simulated with maximum axle loads (48t GCM), except for Vehicle’s “E” and “Em” at 45t GCM.

The dimensions and axle loads for the R22-T12 vehicles were taken from vehicles currently in service.  The variation in GCM for these vehicles was largely determined by the Axle Spacing Schedule requirements.  The dimensions for the R12-T22 vehicles were taken from vehicles participating in recent assessment of truck/trailer combinations (George et al., 1997), as were those for Vehicles “A” and “E”.

Table B1: Dimensions and Axle Loads for Simulated R12-T12 Vehicles

	Vehicle
	Dimensions
	Axle Loads
	TOTAL 

	
	Truck w.b (m)
	Drawbar Length (m)
	Trailer w.b (m)
	Overall Length (m)
	Steer (t)
	Drive (t)
	Dolly (t)
	Trailer (t)
	(t)

	R12-T12
	
	
	 
	
	
	
	
	
	

	Wb1
	4.70
	4.53
	3.95
	17.62
	6.0
	16.5
	9.0
	16.5
	48.0

	Wb2
	4.70
	4.53
	4.20
	17.87
	6.0
	16.5
	9.0
	16.5
	48.0

	Wb3
	4.70
	4.53
	4.45
	18.12
	6.0
	16.5
	9.0
	16.5
	48.0

	Wb4
	4.70
	4.53
	4.70
	18.37
	6.0
	16.5
	9.0
	16.5
	48.0

	Wb5
	4.70
	4.53
	4.95
	18.62
	6.0
	16.5
	9.0
	16.5
	48.0

	Wb6
	4.70
	4.53
	5.20
	18.87
	6.0
	16.5
	9.0
	16.5
	48.0

	Wb7
	4.70
	4.53
	5.34
	19.00
	6.0
	16.5
	9.0
	16.5
	48.0

	A
	4.55
	3.42
	5.39
	17.01
	6.0
	16.5
	9.0
	16.5
	48.0

	BC1
	4.93
	4.61
	3.81
	17.30
	6.0
	16.5
	9.0
	16.5
	48.0

	BC2
	4.72
	4.61
	4.32
	17.41
	6.0
	16.5
	9.0
	16.5
	48.0

	E
	4.27
	4.47
	3.05
	16.40
	6.0
	16.5
	9.0
	13.5
	45.0

	Em
	4.27
	4.47
	2.70
	16.05
	6.0
	16.5
	9.0
	13.5
	45.0


Note:
Subscript ‘m’ denotes same vehicle as the “parent”, with a minimum trailer wheelbase required by the Axle Spacing Schedule.

Table B2: Dimensions and Axle Loads for Simulated R12-T22 and R22-T12 Vehicles

	Vehicle
	Dimensions
	Axle Loads
	TOTAL 

	
	Truck w.b (m)
	Drawbar Length (m)
	Trailer w.b (m)
	Overall Length (m)
	Steer (t)
	Drive (t)
	Dolly (t)
	Trailer (t)
	(t)

	R12-T22
	
	
	
	
	
	
	
	
	

	B
	4.55
	4.09
	5.07
	18.00
	6.0
	16.5
	12.75
	12.75
	48.0

	I
	4.96
	4.64
	4.55
	18.59
	6.0
	16.5
	12.75
	12.75
	48.0

	R22-T12
	
	
	
	
	
	
	
	
	

	RP1
	5.88
	3.80
	3.66
	18.96
	10.8
	16.2
	8.6
	13.1
	48.7

	RP1m
	5.88
	3.80
	3.32
	18.62
	10.8
	16.2
	8.6
	13.1
	48.7

	RP2
	5.88
	2.85
	4.60
	18.96
	10.8
	16.2
	8.9
	13.1
	49.0

	RP3
	5.86
	3.97
	5.05
	18.99
	10.7
	16.2
	8.7
	13.9
	49.5

	KW1
	6.44
	3.01
	4.00
	18.95
	11.0
	16.5
	8.8
	12.7
	49.0


Note:
Subscript ‘m’ denotes same vehicle as the “parent”, with a minimum trailer wheelbase required by the Axle Spacing Schedule.

The vehicle centre of gravity (CoG) height for the “Wb” vehicles was held constant for each configuration.  This was controlled by altering the load densities as the trailer bin volume changed due to the wheelbase modifications.

The R12-T22 vehicles were modelled at 48t GCM so they would pass Axle Spacing Schedule requirements (which they failed at 50t GCM).  Vehicle's “BC1” and “BC2” were both designs submitted for approval to RTA-NSW.

Vehicle's “RP1” and “RP2” were both brick transports, with the same twin-steer truck.  Vehicle “RP2” had a shorter drawbar length and a longer trailer wheelbase than vehicle “RP1”.  Both of these vehicles carried a crane on the back of the truck.  Vehicle “RP3” was also a brick transport without a crane.  The last vehicle, “KW1”, was a fuel tanker, though the load was modelled as a solid load. 

B3.  Results

B3.1  Simulations

Each vehicle was simulated under a variety of tests using the BAMMS modelling package.  The following vehicle performance characteristics were obtained: load transfer ratio (LTR); rearward amplification (RA); transient trailer overshoot (O/S) from a lane change test; yaw damping co-efficient (YDC); and high and low speed off-tracking (HSOT and LSOT).  These performance measures are listed in Table B3 and are suitable for comparative purposes.

Table B3: Comparison of simulation results

	Vehicle
	LTR
	RA
	YDC
	LSOT (m)
	O/S
(m)
	HSOT
(m)

	R12-T12
	
	
	
	
	
	

	Wb1
	0.486
	1.38
	0.242
	1.87
	0.229
	0.265

	Wb2
	0.478
	1.36
	0.256
	1.95
	0.228
	0.268

	Wb3
	0.470
	1.34
	0.270
	2.02
	0.227
	0.271

	Wb4
	0.462
	1.32
	0.283
	2.10
	0.226
	0.273

	Wb5
	0.454
	1.30
	0.296
	2.18
	0.224
	0.275

	Wb6
	0.447
	1.28
	0.308
	2.27
	0.222
	0.278

	Wb7
	0.443
	1.27
	0.315
	2.31
	0.220
	0.279

	A
	0.337
	1.32
	0.331
	2.01
	0.172
	0.244

	BC1
	0.406
	1.40
	0.252
	1.95
	0.193
	0.255

	BC2
	0.384
	1.34
	0.275
	2.05
	0.194
	0.255

	E
	0.414
	1.67
	0.219
	1.51
	0.181
	0.238

	Em
	0.431
	1.71
	0.179
	1.43
	0.179
	0.234

	R12-T22
	
	
	
	
	
	

	B
	0.314
	1.29
	0.371
	1.98
	0.158
	0.244

	I
	0.302
	1.30
	0.338
	2.10
	0.154
	0.246

	R22-T12
	
	
	
	
	
	

	RP1
	0.455
	1.58
	0.199
	1.93
	0.162
	0.267

	RP1m
	0.465
	1.62
	0.162
	1.84
	0.158
	0.264

	RP2
	0.425
	1.52
	0.274
	1.99
	0.147
	0.264

	RP3
	0.388
	1.33
	0.329
	2.47
	0.152
	0.252

	KW1
	0.418
	1.56
	0.244
	2.06
	0.134
	0.263


For ease of distinction between the overall results of the vehicles, the performance measures were ranked in order from most important: LTR; RA; YDC; LSOT; O/S; HSOT.

It can be seen that the trailer wheelbase had an almost linear effect on each characteristic for the “Wb” vehicles.  The linear relationship between the LTR and RA and the trailer wheelbase length for “Wb” Vehicles can be seen Figure B1.  The LTR, RA, YDC and transient trailer overshoot (O/S) all improved (9%, 8%, 19% and 4% respectively) as the wheelbase increased.  However, the HSOT and LSOT both improved (5% and 19% respectively) as the wheelbase decreased.



Fig. B1 - LTR and RA against trailer wheelbase length (“Wb” Vehicles)

The R12-T22 vehicles displayed superior performance over the other types of vehicles simulated.  The R22-T12 vehicles generally exhibited slightly inferior characteristics to the R12-T12 vehicles, except for Vehicle “RP3” (5.05m trailer wheelbase) which produced comparable results to the R12-T12 vehicles.

Vehicle “A” produced the best results of the R12-T12 vehicles.  This vehicle, with a trailer wheelbase of 5.39m, was the longest of the all simulated vehicles.  Vehicle “Wb1” (3.95m trailer wheelbase) produced the highest LTR, while Vehicle “Em” (2.70m trailer wheelbase) produced the highest RA.

The results show that the trailer wheelbase length itself does not provide a good indication of vehicle performance.  An example would be Vehicle “BC2” (4.32m trailer wheelbase) which produced a better LTR and almost equal RA to Vehicle “Wb4” (4.70m trailer wheelbase).

B3.2  Comparisons with measured results

Several of the simulated vehicles were based upon those used in the recent assessment of truck/trailer dynamics (George et al., 1997).  These were Vehicles “A”, “B”, “E” and “I” and rearward amplifications from these trials are compared with the simulated results in Table B4.

Table B4: Comparison of Measured and Simulated Results

	Vehicle
	Measured Data
(RA)
	Simulated (RA)

	
	Mean
	Standard Deviation
	Lower Range
	Upper Range
	

	A
	1.26
	0.06
	1.20
	1.32
	1.32

	B
	1.15
	0.03
	1.12
	1.18
	1.29

	E
	1.62
	0.11
	1.51
	1.73
	1.67

	I
	1.33
	0.13
	1.20
	1.46
	1.30


The upper and lower ranges are one standard deviation on either side of the mean.  The simulated RA, with exception of Vehicle “B”, fits within one standard deviation of the measured data, which demonstrates reasonable correlation.

Figure B2 displays typical lateral acceleration histories of the real data taken at the centre of gravity of the prime mover during four consecutive lane change manoeuvres, while Figure B3 displays the corresponding lateral acceleration histories for the trailer.  The real data exhibits high repeatability during the manoeuvre and it can be seen to correlate well with the simulated data. 



Fig. B2 – Typical measured and simulated lateral acceleration history for the prime mover



Fig. B3 – Typical measured and simulated lateral acceleration history for the trailer

B3.3  Gradeability

The gradeability for a truck/trailer with a 49t GCM was calculated on a 1% grade with varying engine power ratings.  It is common practice to assume that 80 - 90% of engine power (Gillespie, 1992) would be available at the wheels as driving power, the rest overcoming rolling and air resistance, transmission losses and other factors.  A combined efficiency of transmission and final drive of 0.85 was used in conjunction with the method outlined in McLean (1989) for vehicle performance on up-grades.  Table B5 lists the minimum sustainable speeds achieved.

Table B5: Terminal Speeds for of a 49t GCM truck/trailer combination on a 1% grade

	Engine Power
	Power/Weight Ratio
	Terminal Speed

	(hp)
	(kW)
	(hp/t)
	(kW/t)
	(km/h)

	300
	224
	6.1
	4.6
	68.0

	350
	261
	7.1
	5.3
	76.2

	400
	298
	8.2
	6.1
	83.7

	450
	336
	9.2
	6.8
	90.6

	500
	373
	10.2
	7.6
	97.1


Figure B4 displays the trend of minimum sustainable speed against engine power, and Figure B5 displays the trend of terminal speed against power to weight ratio.



Fig. B4 - Minimum Speed against Engine Power



Fig. B5 - Minimum Speed against Power/Weight Ratio

A minimum sustainable speed of 70km/h is recommended as an acceptable minimum speed.  This minimum speed was used for the B-double rating requirements (QDoT, 1993) and will maintain reasonable traffic flow.  The dotted line in Figure B4 indicates that for this minimum speed, an engine power of approximately 315hp (235kW) is required.  Figure B5 indicates that a power to weight ratio of 6.4 hp/t (4.8 kW/t) is required to achieve the recommended minimum speed.

B4.  Discussion

B4.1  R12-T12 Vehicles

The “Wb” vehicles simulated were identical to each other with the exception of the trailer wheelbases.  It is important to note the CoG height was held constant.  This reflects a variety of different load densities as the volume of the trailer bin was altered for each wheelbase modification.  Dimensions of other R12-T12 vehicles were taken from existing or proposed vehicles.

The rearward amplification of the “Wb” vehicles exhibits a decrease of approximately 0.02 for every 250mm increase in the trailer wheelbase and the LTR a decrease of 0.008.  The YDC and trailer overshoot (O/S) also improved as the trailer wheelbase was increased.  However, both the high- and low-speed offtracking improved as the trailer wheelbase decreased.  This was expected as a shorter trailer will not off-track (either at high or low speeds) to the extent of a longer trailer.

For the “Wb” configurations simulated, the results indicated that the vehicle with the 5.34m trailer wheelbase (Vehicle “Wb7”) possessed the best overall performance.  It produced the best LTR, RA, YDC and trailer overshoot results.  However, Vehicle “Wb1” (trailer wheelbase of 3.95m) produced the best HSOT and LSOT.  Vehicle “A”, with a 5.39m trailer wheelbase (the longest simulated of all vehicles), displayed the best overall performance of the R12-T12 vehicles.

While the “Wb” vehicles produced strong relationships between performance and trailer wheelbase length, these relationships were difficult to find when other vehicle dimensions and configurations were investigated.  An example is Vehicle “BC1” (3.81m trailer wheelbase) produced a LTR of 0.41, while Vehicle “Wb7” (5.34m trailer wheelbase) produced an LTR of 0.44.  However, the RAs for these vehicles were 1.40 and 1.27 respectively.

B4.2  Other Vehicles

The R12-T22 vehicles produced better results than the other types of vehicles simulated.  The LTRs produced were approximately 0.31 and the RAs produced were 1.30.  The R22-T12 vehicles, though, generally produced the most inferior performance of all the simulated vehicles.  With the exception of Vehicle “RP3”, LTR ranged from 0.42 to 0.47 and RA from 1.52 to 1.62. 

High and low-speed off-tracking results for all vehicles were comparable, with no specific group producing results vastly different from others.  This was expected as off-tracking is a function of vehicle lengths, which ranged from 17m to 19m for the simulated vehicles.

B4.3  Wheelbase and Performance Relationships

From the trailer wheelbase sensitivity analysis of the R12-T12 “Wb” vehicles, it can be clearly shown that an increase in trailer wheelbase improves the overall performance of the vehicle.  However, when other truck/trailer configurations are considered, this relationship is not clear.  Due to complex interactions, characteristics such as LTR are influenced by other factors such as CoG height which varies for any given vehicle depending on load type, density and distribution.

The trailer wheelbase itself did not show any relationship with overall performance or any single performance measure for general vehicle combinations.  However, when all dimensions except the trailer wheelbase were held constant, a linear relationship is evident with all performance measures examined.  Investigations were conducted to establish a relationship between performance and trailer wheelbase length.  However, the ratio of trailer wheelbase over truck wheelbase (or the extreme axle spacings of the truck over the trailer) produced a relationship with the RA as shown in Figure B6.  The coefficient of correlation (R²) was 0.83 for R12-T12 vehicles, which means that this regression can explain 83% of the variance in the data.  Vehicle’s “E” and “Em” were not included in the regression as these vehicle were fitted with steel suspensions and they had very short trailer wheelbases. 



Fig. B6 - Rearward amplification against trailer and truck wheelbase ratio for R12-T12 vehicles



Fig. B7 - Rearward amplification against trailer and truck wheelbase ratio for all vehicles

Figure B7 shows the relationship of all vehicles in this study with RA.  The coefficient of correlation was 0.82.  

If a target value were proposed as a means for excluding unacceptable vehicles, the rearward amplification measure provides a good basis for minimum trailer wheelbase selection.  Using a target value of approximately 1.4 for rearward amplification ratio would correspond to a trailer wheelbase to truck wheelbase ratio of 0.75:1 for vehicle acceptance.  This proposed value for rearward amplification ratio is based upon the results from the recent assessment of truck/trailer dynamics (George, et al., 1997) and the subsequent results of this work.  If this ratio were used as a minimum condition for R12-T12 vehicles, vehicles “E” and “Em” would both be deemed unacceptable.  The RA for these vehicles are 1.62 and 1.71 respectively.  Extending this ratio to all truck/trailer configurations would also show Vehicles “RP1”, “RP1m”, and “KW1” (RAs of 1.58, 1.62, and 1.56 respectively) to be unacceptable.

Considering the five R22-T12 vehicles simulated, three produced RAs above the proposed target value.  This is due to the long truck wheelbases of these vehicles, and the relatively short trailer wheelbases.

B4.4  Gradeability

The gradeability was predicted for a vehicle with a 49t GCM travelling up a constant grade of 1%.  Most vehicles hauling this mass should possess an engine with at least 315hp (235kW) which corresponds to a power to weight ratio of at least 6.4 hp/t (4.8 kW/t).  A vehicle with this power is predicted to achieve a minimum sustainable speed of 70 km/h, which is deemed acceptable.

B5.  Implementation

The implementation of the proposals, if undertaken, should be kept as simple as possible.  The Austroads Axle Spacing Schedule can be used to assist in the implementation.  The minimum trailer wheelbase can be set by using the Schedule with the maximum axle loading for three axle trailers, ie. 9t on the single dolly axle and 16.5t on the tandem trailer axle group giving a total of 25.5t.  This, in turn, corresponds to a minimum axle spacing (between extreme axles) of 4.3m.  Most trailer axle spacings (within groups) are greater than 1.2m, and using this value, a minimum trailer wheelbase of 3.7m is set.

The proposed target value of 1.4 for rearward amplification correlates well with a ratio of trailer wheelbase over truck wheelbase of 0.75.  Using the minimum extreme axle spacing for a trailer of 4.3m and the 0.75 ratio, a maximum extreme axle spacing on a truck is calculated to be 5.7m which complies with the target value.  This corresponds to a truck wheelbase of approximately 5.1m.

Table B6 lists the extreme axle spacing ratios of the simulated vehicles and the extreme axle spacing ratios using the 4.3m minimum.

Table B6: Ratios of simulation vehicles

	Vehicle
	Extreme axle spacing (m)
	Ratio
	Minimum Ratio

	
	Truck 
	Trailer 
	
	

	R12-T12
	
	

	Wb1
	5.30
	4.57
	0.86
	0.81

	Wb2
	5.30
	4.82
	0.91
	0.81

	Wb3
	5.30
	5.07
	0.95
	0.81

	Wb4
	5.30
	5.32
	1.00
	0.81

	Wb5
	5.30
	5.57
	1.05
	0.81

	Wb6
	5.30
	5.82
	1.09
	0.81

	Wb7
	5.30
	5.96
	1.12
	0.81

	A
	5.20
	5.99
	1.15
	0.83

	BC1
	5.60
	4.43
	0.79
	0.77

	BC2
	5.39
	4.93
	0.92
	0.80

	E
	4.94
	3.68
	0.74
	0.87

	Em
	4.94
	3.33
	0.67
	0.87

	R12-T22
	
	
	
	

	B
	5.20
	5.68
	1.09
	0.83

	I
	5.65
	5.17
	0.92
	0.76

	R22-T12
	
	
	
	

	RP1
	6.57
	4.29
	0.65
	0.66

	RP1m
	6.57
	3.95
	0.60
	0.66

	RP2
	6.57
	5.23
	0.80
	0.66

	RP3
	6.51
	5.67
	0.87
	0.66

	KW1
	7.10
	4.63
	0.65
	0.61


The R12-T12 and R12-T22 vehicles that were simulated in this study all produced extreme axle spacing ratios higher than the target 0.75 (except Vehicle’s “E” and “Em”).  These vehicles, with single steer trucks, typically have wheelbases less than 5.1m and therefore the majority of vehicles should not exceed the proposed target value.  The R22-T12 vehicles use trucks that typically have longer wheelbases than their single steer counterparts.  This is evident in Table B6, where it is shown that using the minimum trailer wheelbase produced ratios below the proposed target value.

B6.  Conclusions

The following was concluded from this work:

1. The ratio of trailer wheelbase to truck wheelbase is a good indicator of vehicle performance based on rearward amplification; 

2. For a given vehicle, a longer trailer wheelbase performs better overall than a shorter trailer wheelbase, particularly in the following areas: load transfer ratio, rearward amplification, yaw damping coefficient and transient trailer overshoot;

3. Trailer wheelbase itself, does not show any relationship with vehicle performance;

4. Performance measures appear to be linearly related to the trailer wheelbase when other factors are held constant over the range examined in this study;

5. R12-T22 vehicles displayed the best performance and superior dynamic stability;

6. R12-T12 vehicles displayed slightly superior performance results when compared to the R22-T12 vehicles simulated;

7. To obtain the recommended minimum sustainable speed of 70 km/h on a 1% grade, a vehicle (49t GCM) should possess an engine with at least 315 hp (235 kW) or a power to weight ratio of 6.4 hp/t (4.8 kW/t);

8. For a proposed target value of 1.4 for rearward amplification, a ratio of trailer wheelbase to truck wheelbase of 0.75:1 could be used as a minimum condition for the trailer wheelbase on truck/trailer combinations;

9. The minimum trailer wheelbase required by the Austroads Axle Spacing Schedule may in some instances allow relatively unsafe vehicles to operate.  These cases would be most likely to arise on vehicles with long truck wheelbases and drawbar lengths.

B7.  Recommendations

It is recommended that the required minimum trailer wheelbase be specified by the Austroads Axle Spacing Schedule using the maximum allowable trailer mass for 3 axle trailers (25.5t), irrespective of the intended load.  For the vehicles examined in this work, this requirement allows most vehicles to operate under the proposed target value for rearward amplification.  However, twin-steer vehicles using this requirement, due to their typically longer truck wheelbases, allow vehicles over the proposed target value (> 1.4 RA) to operate.
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