
SAFETY IMPLICATIONS OF VARIOUS 
TRUCK CONFIGURATIONS 

VOLUME I 

TECHNICAL REPORT 

Paul S. Fancher 

Arvind Mathew 

December 1988 

UMTRI The University of Michigan 
Transportation Research Institute 





Technical Report Documontatlon Page 
1. kpatl(.. 

MA-RD-89-018 
2 Qommwnc A d o n  No. 1. R.dpi.nY~ CItrh No. 

4. n a r d -  
SAFETY IMPLICATIONS OF VARIOUS TRUCK 
CONFIGURATIONS - Vol. I: Technical Report 

7. 

Paul S. Fancher, Arvind Mathew 
9. worming &g.nlraUon )Ilmw and Adbnr 

The University of Michigan 
Transportation Research Institute 
2901 Baxter Road, Ann Arbor, Michigan 48109 
12 Spmorlng Ilm ud Adb.U 

Federal Highway Administration 
6300 Georgetown Pike 
McLean, Virginia 22 101-2296 
la Suppknmcy man 

r WDI 

December1988 
8. ~ ~ m i n g  orglnirrtlon codo 

0. fwform(nq Organhtlon Report No. 

'L'MTRI-88-32 
lo. Work Unh No. (TRAJS) 

11. Contnct or Orrnr No. 
DTFH6 1-85-C-0009 1 

13. Typo of llrporl and Wid C o v d  

Final Report 
8-8519-88 

14. Sponadng Agoncy Coda 

FHWA Contract Manager (COTR) - Justin True 
Subcontractor: Texas Transportation Institute (Dan Middle ton) 
la Ab+.ct 

The purpose of this study is to examine changes to size and weight limits in order to 
determine their effects on the designs and configurations of heavy vehicles, the 
performance capabilities of the resulting vehicles, and the ensuing safety implications 
thereof. 

The technical report provides results and findings from an analytical investigation of the 
influences of size and weight limits on trucks. In an analytical sense, pavement loading 
rules and bridge formulas are the inputs to the analyses and vehicle performances are the 
outputs. 

Ultimately, the work shows the manner in which size and weight rules influence the 
safety-related performance of vehicles designed to increase productivity. By treating a 
number of projected size and weight scenarios, the study has developed a basis for 
generalizing to sets of principles that can be used in evaluating the possible safety 
consequences of changes in size and weight regulations. 

This volume is the fmt in a series of three. The other two volumes are Volume II, 
Appendixes, FHWA Report No. FHWA-RD-89-019, and Volume III, Summary Report, 
FHWA-RD-89-085. 

17. k y  W a 6  

Size and Weight Rules, Truck Dynamics, 
Truck Safety, Intrinsic Safety 

1h Urtrlbulbn St.(nnm( 

No restrictions. This document is available to 
the public through the National Technical 
Information Service, Springfield, Virginia 
22161 

1% soaldly CI...lf. (of Wm nporo 

Unclassified 
m. ~~culy adf. (of ma pg.) 

Unclassified 
21. No. of Pagu 

268 
2 2  P r b  





TABLE OF CONTENTS 

VOLUME I 

Section Page 

............................................... EXECUTIVE SUMMARY 1 
........................................................ 1 . INTRODUCTION 5 ....... History of Size and Weight Laws .................... .... 5 

Ob jec t ives  ............................................................... 7 
Brief Introduction to the Concept of a Size and Weight 

Scenario ............................................................. 7 
............................................ Organization of the Report 8 

2 . BACKGROUND CONCERNING SIZE AND WEIGHT 
CONSTRAINTS. VEHICLE DESIGN CONSIDERATIONS. .......................... AND MEASURES OF INTRINSIC SAFETY 10 

................... ............ Size and Weight Constraints .... 10 
Vehicle Design Considerations .......................... ........... 14 

........................ ............... Measures of Intrinsic Safety .. 23 

3 . SUMMARY OF THE IMPLICATIONS OF INDIVIDUAL SIZE ....................... ........ AND WEIGHT CONSTRAINTS .... 31 ........................... .......... Bridge Formula Constraints ... 31 
........................................ Pavement Loading Constraints 33 ............................................. ..... Length Constraints .. 34 

..................... Maximum Weight Constraints ........ .. .... ... 35 

4 . SCENARIO 1 - NO WEIGHT CAP. FORMULA B. STAA 
LENGTHS ...................... ...................................... 36 ................................ Vehicle Design .. ........ ... . 36 ................................................... Vehicle Performance 42 

5 . SCENARIO 2 - NO WEIGHT CAP. FORMULA C. STAA ................................................................ LENGTHS 60 ............................. Vehicle Design ...................... ...... 60 ................................................... Vehicle Performance 65 

6 . SCENARIO 3 - NO WEIGHT CAP. FORMULA TTI. STAA ................................................................ LENGTHS 77 ......................................................... Vehicle Design 77 
Vehicle Performance ....... ; ........................................... 90  



7 . SCENARIOS 4&5 . USING FORMULAS C AND TTI ............................................ INSTEAD OF FORMULA B 10 0 

8 . SCENARIO 6 - NO WEIGHT CAP. FORMULA B. AND AN ................................................. OFFTRACKING LIMIT 10 1 
Vehicle Design .......................................................... 101 ................................................... Vehicle Performance 11 8 

......... 9 . VARIATIONS IN TIRES. BRAKES. AND SUSPENSIONS 128 

.................................................... 1 0 . LOAD VARIATIONS 13 1 

11 . SCENARIO 7 - NO WEIGHT CAP. FORMULA TTI. AND AN ................................................. OFFTRACKING LIMIT 13 4 
Vehicle Design ..................................................... 134 ................................................... Vehicle Performance 15 2 

12 . PAVEMENT LOADING CONSTRAINTS CORRESPONDING ................. TO THE TURNER CONCEPT (SCENARIOS 8-11) 162 

13 . SCENARIOS 12 AND 13 .................................... -164 
Scenario 12 - no weight cap. formula C. and an offtracking 

l i m i t  .................................................................. 164 
Scenario 13 - 88k weight cap and formula B for a tractor- 

14 . DISCUSSIONS O F  VEHICLES FOR HAULING 
INTERNATIONAL STANDARDS ORGANIZATION (ISO) ................................ CONTAINERS (SCENARIOS 14-16) 165 ....................................... Vehicle Design for Scenario 14 166 

....................................... Vehicle Design for Scenario 15 168 

....................................... Vehicle Design for Scenario 16 168 ................................................... Vehicle Performance 170 

15 . SCENARIO 17 . lOOK WEIGHT CAP. BRIDGE FORMULA B. ...................................... AND AN OFFTRACKING LIMIT 181 
Vehicle Design ............................em...................... 181 ................................................... Vehicle Performance 190 

......................... . 16 SCENARIO 18 - TWIN STEERING AXLES 2 00 ......................................................... Vehicle Design 200 .................................................. Vehicle Performance. 2 03 

........................... 17 . CONCLUSIONS FROM THE SCENARIOS 2 13 
Scenario 1 - no weight cap. formula B. STAA lengths ............ 213 
Scenario 2 - no weight cap. formula C. STAA lengths ............ 217 

......... Scenario 3 - no weight cap. formula TII. STAA lengths 218 



Scenarios 4&5 - using formulas C and TTI instead of formula . 

B ..................................................................... 219 
Scenario 6 - no weight cap, formula B. and an offtracking 

l i m i t  .................................................................. 219 
Scenario 7 - no weight cap. formula TTX, and an offtracking 

l i m i t  .................................................................. 2 2 1  
Pavement loading constraints corresponding to the Turner 

concept (scenarios 8 through 11) ............................. .... 222 
Discussions of vehicles for hauling IS0 containers (scenarios 

14 - 16) ............................................................ 223 
Scenario 17 - lOOk cap. bridge formula B. and an offtracking 

l i m i t  ................................................................. 224 ................................... Scenario 18 -- twin steering axles 225 

1 8  . OVERALL FINDINGS WITH RESPECT TO THE SAFETY .................. IMPLICATIONS OF SIZE AND WEIGHT ISSUES 225 ................ What Are the Fundamental Findings of This Study? 225 
Relationships between Design Variables and Intrinsic Safety ...... 226 
A Truck Design Approach to Size and Weight Rules ................ 230 
Summary ................................................................ 243 

19  . RECOMMENDATIONS .................................................. 245 
1 . What .  are the Elements of a Set of Size and Weight 

Constraints that will Provide both Increased Safety and 
............................................. Increased Productivity 245 

2  . How Should Safety Implications be Evaluated ................... 246 
3  . What Properties of Tires, Suspensions. and Brakes are 

Needed to Ensure Good Performance in Safety-Related 
M a n e u v e r s  ........................................................... 248 

4  . How Can the Findings of This Study be Used to Enhance 
the Efficiency. Safety. and Acceptability of Truck 
Transportation on the Nation's Highways ........................ 249  

R E F E R E N C E S  ................................................................. 252 

VOLUME ZI 

Section Page 

APPENDIX A . EXCEL TRUCK DESIGN TOOL ............... DOCUMENTATION ..................................... ., 1 
Design Data Input ...................................................... 1 

.................................................. Constraint Evaluation 5 
Vehicle Drafting ........................................................ 7 



.......................................... Simulation Input Generation 9 

APPENDIX B ............................................................ 12  

............................................................ APPENDIX C 1 4 1  

VOLUME IIZ 

Section Page 

.................................................... EXECUTIVE SUMMARY 1 

INTRODUCTION AND BACKGROUND ............ .. ................... 4  
.......................................... .................. Objec t ive s  .. 4  

................ History of Size and Weight Laws ... ............. 5 .................................... .... Size and Weight Constraints .. 7 
.......................................... Measures of Intrinsic Safety 12  

METHODOLOGY ........... ... ............................................... 18 ......................... The Concept of a Size and Weight Scenario 18  
Selection of Specific Sets of Size and Weight Limits ............... 19  

.............................. Creation of Productive Vehicle Designs 2 1  
................................... Prediction of Vehicle Performance 23 

SPECIFIC FINDINGS ........... ......................................... 25 
Design Implications of Individual Size and Weight Constraints ... 25 
Highlights and Consequences of the 18 Scenarios .................. 28  

OVERALL FINDINGS WITH RESPECT TO THE SAFETY .................. 'IMPLICATIONS OF SIZE AND WEIGHT ISSUES 48  
What Are the Fundamental Findings of This Study? ................ 48  

...... Relationships between Design Variables and Intrinsic Safety 48  
A Truck Design Approach to Size and Weight Rules ................ 54 
Summary ................................................................ 6 7  

RECOMMENDATIONS ....................................................... 6 8  
1 . What are  the Elements of a Set of Size and Weight 

Constraints that will Provide both Increased Safety and 
................... ...**..... Increased Productivity .... ..... .... 68  

2  . How Should Safety Implications be Evaluated ................... 7 0  
3 . What Properties of Tires. Suspensions. and Brakes are  

Needed to Ensure Good Performance in Safety-Related 
M a n e u v e r s  ........................................................... 7 1  

4 . How Can the Findings of This Study be Used to Enhance 
the Efficiency, Safety. and  Acceptability of Truck 
Transportation on the Nation's Highways ........................ 73 

REFERENCES ................ ........................................... . 75 



LIST OF FIGURES 

VOLUME I 

Figure number Page 

....................................... . 1 Safety implications of size and weight limits 8 

3 . Bridge formula axle groups for a tractor-semitrailer ............................... 16 

........................................... . 4 Bridge formula axle groups far a double 17 

........................ ............... 5 . Example vehicle configurations and codw ;. 18 

....................................... 6 . Layout information for various vehicle units 20 

......................................... . 7 Example of the use of perfoxmauce targets 25 

............... . 8 Tractor-semitrailer (362; GCW=78. 405 lb; payload==. 105 lb) 38 

............... 9 . Tractor-semitrailer (343; GCW46.000 lb; payload=53. 700 lb) 39 

............. 10 . Tractor-se_mitrailcr (346; GCW=lOl. 890 lb; payload=63J90 lb) 40 

............. 1 1 . Tractor-semitrailer (dS5; G C W = l O l ~  lb; payload43. 700 lb) 41 

.......................... 12 . Double (241-2; GCW40. 000 lb; payload49. 500 1b) 43 

.......................... 13 . Double (2-S 1-2; GCW=88. 365 lb; payload=57. 865 1b) 44 

........................ 14 . Double (3424. GCW=lO9$OO lb; payload=70,5 00 lb) 45 

........................ 15 . Double (343-5; GCW=122300 lb; payload=79$00 lb) 46 

........................ 16 . Double(3~S3~5~GCW=136.410lb;payload=93. 4101b) 47 

17 . L o w ~ s p e e d o ~ k i n g .  scenario1 ............................................. 51 

18 . Friction demand, scenario 1 .......................................................... 52 

.................................................. . 19 High-speed offtracking. scenario 1 53 

....................................................... 20. Braking efliciency. scenario 1 54 

....................................................... 2 1 . Rollover threshold, scenario 1 55 

22 . Critical velocity. scenario 1 ......................................................... 56 
. . .  23 . Steering sensitivity. scenario 1 ...................................................... 57 

24 . Rearward amplification. scenario 1 .................................................. 58 

............... 25 . Tractor-semitrailer (342; GCW=82,27 0 lb; payload=51. 970 lb) 62 

............... 26 . Tractor-semitrailer (343; GCW48. 000 lb; payload=55. 700 lb) 63 



27 . Double (241-2; GCW=91. 995 lb; payload=61. 495 lb) .......................... 64 

28 . Double (342-4. GCW=111. 500 lb; payload=72$00 Ib) ........................ 66 

Low-sped offtracking. scenario 2 .................................................. 69 

Friction demand, scenario 2 ........................................................ 70 

High-speed offtracking. scenario 2 ................................................. 71 

Braking efficiency. scenario 2 ................................................. 72 

....................................................... Rollover threshold, scenario 2 73 

........................................................... Critical velocity. scenario 2 74 
. . .  ....................................................... Steering sensitwity. scenario 2 75 

.................................................. Rearward amplification. scenario 2 76 

Tractor-semifrailer (342; GCW=78. 410 lb; payload=4. 110 lb) ............... 79 

............... Tractor-semitrailer (363; GCW47. 500 Ib; payload=55,2 00 lb) 81 

Tractor-semifrailer (343; GCW49. 975 lb; payload=57. 675 lb) ............... 82 

............... Tractor-semitrailer (4-S3; GCW*. 100 lb; payload=56. 300 lb) 83 

Double (241-2; GCW=80. 000 lb; payload49. 500 Ib) .......................... 84 

Double (2-S1-2; GCW=88. 370 Ib; payload=57. 870 1b) .......................... 85 

Double (342-4; GCW45. 500 Ib; payload46. 500 Ib) .......................... 86 

Double (342-4; GCW102.500 lb; payload=63$OO lb) ........................ 87 

Double (342-4; GCW=l27. 500 Ib; payload483 00 lb) ........................ 88 

Low-speed o h k i n g .  scenario 3 .................................................. 92 

Friction demand, scenario 3 ........................................................ 93 

High-speed offtracking. scenario 3 .................................................. 94 

....................................................... Braking efficiency. scenario 3 95 

Rollover tbrcshold, scenario 3 ....................................................... 96 

Critical velocity. scenario 3 .......................................................... 97 
. . .  ....................................................... Steering SenSibvlty. scenario 3 98 

Rearward amplification. scenario 3 .................................................. 99 

Straight truck (5; GCW42. 000 lb; payload=35. 490 lb) ......................... 103 

Tractor-sexitrailer (342; GCW=76. 310 lb; payload4. 010 lb) ............... 104 

Tractor-semitrailer (342; GCW4 1. 500 Ib; payload=5 1,2 00 Ib) ............... 105 

Tractor-semitrailer (343; GCW=88,5 00 Ib; payload=55. 190 lb) ............... 106 

v i i i  



............. Tmctor-semitrailer (445; GCW=104. 000 lb; payload*. 940 lb) 107 

................... Truck-full trailer (3-2; GCW46. 930 lb; payload=53. 670 lb) 108 

................. Truck-full trailer (4-5; GCW=114. 615 lb; payload49. 565 lb) 110 

.......................... Double (2-S 1-2; GCWs88. 365 lb; payload=57. 865 lb) 111 

........................ Double (342.4. GCW=109. 500 lb; payload=70,5 00 lb) 112 

........................ Double (342-4; GCW=117. 500 lb; payload=74. 960 lb) 113 

........................ Double (342.4. GCW=118. 660 lb; payload=78. 640 lb) 114 

....................... Triple (241-2-2; GCW-116. 850 lb; payload=76. 600 lb) 115 

...................... Triple (4-S4-7-7; GCW=215. 500 lb; payload=l42. 970 lb) 116 

Low-speed offmeking. scenario 6 .................................................. 120 

Friction demand, scenario 6 .......................................................... 121 

High-speed offtracking. scenario 6 ................................................. -122 

Braking efficiency. scenario 6 ...................................................... -123 

Rollover kshold,  scenario 6 ....................................................... 124 

Critical velocity. scenario 6 ........................................................... 125 

Steering sensitivity. scenario 6 ....................................................... 126 

Rearward amplification. scenario 6 ................................................. -127 

Straight truck (3; GCW=54. 860 Ib; payload=3 1.3 50 lb) ......................... 136 

Straight truck (4; GCW40. 400 lb; payload=35,3 90 lb) ......................... 137 

Tractor-semitrailer (342; GCW=763 10 lb; payload46. 0 10 lb) ............... 138 

Tractor-semitrailer (342; GCW4 1500 lb; payload=51,2 00 lb) ............... 139 

Trac~~~-semimiler (342; GW=85. 900 lb; payload=55. 095 lb) ............... 140 

Tractor-semitrailer (4S3; W 4 9 .  455 lb; payload=55. 150 lb) ............... 141 

T~xctcr-semitrailer (343; GCW485 00 lb; payload=55. 190 lb) ............... 142 

Truck-full trailer (3-4; GCW=104. 500 lb; payloadt65.219 lb) ................. 143 

Truck-full trailer (34. GCW=106500 lb; payload&. 957 lb) ................. 144 

Double (342-4. GCW=104. 500 lb; payload=61. 962 lb) ........................ 146 

Double (362-4; GCW=106. 000 lb; payload=65. 48 1 lb) ........................ 147 

Double (342-4; GCW= 107. 000 lb; payload43. 452 lb) ........................ 148 

Triple (2-S 1-2-2; GCW=l11,5 00 lb; payload=71,2 43 lb) ....................... 149 

Triple (2-S 1-2-2; GCW=115. 000 lb; payload=76,25 7 lb) ....................... 150 



.................................................. 89 . Low-speed offlracicbg. scenario 7 154 

.......................................................... 90 . Friction demand, scenario 7 155 

.................................................. . 9 1 High-speed offtracking. scenario 7 156 

....................................................... 92 . Braking efficiency. scenario 7 157 

....................................................... 93 . Rollover threshold, scenario 7 158 

........................................................... 94 . Critical velocity. scenario 7 159 

95 . Steering sensitivity. scenario 7 ....................................................... 160 

.................................................. . 96 Rearward amplification. scenario 7 161 

................ 97 . Tractor-semitrailer(3-S5; GCW=98. 355 lb; payload47. 200 lb) 167 

................ . 98 Tractor-semitrailer(3-S5; GCW=98. 140 lb; payload=67. 200 lb) 169 

................ 99 . Tractor-semitrailer(3-S3; GCW=94. 500 lb; payload=67. 200 lb) 171 

..................................... . 100 Low-speed offtracking. container transporters 174 

............................................ 10 1 . Friction demand, container transporters 175 

.................................... 102 . High-speed offtrackin& container transporten 176 

.......................................... . 103 Braking efficiency. container transpaas 177 

. ......................................... 104 Rollover threshold. container transporters 178 

............................................. . 105 Critical velocity. container tmqatm 179 

......................................... 106 . Steering sensitivity. container transporters 180 

......................... 107 . Straight mck (5; GCW42. 000 lb; payload=35. 490 lb) 183 

108 . Tractor-semitrailer (345; GCW=100. 000 lb; payload41. 933 lb) ............. 184 

................. 109 . Truck-full txailer (34. GCW=100. 000 lb; payload41. 476 lb) 185 

........................ 1 10 . Double (342-4; GCW=100. 000 lb; payload=60. 995 lb) 186 

........................ 1 1 Double (342-4; GCW=100. 000 lb; payload=56. 957 Ib) 187 

1 12 . Triple (2-S 1-2-2; GCW1100. 000 l h  payload=59. 743 lb) ....................... 188 

................................................. 1 13 . Low- speed offtracking. scenario 17 192 

........................................................ . 1 14 Friction demand, scenario 17 193 

................................................ 1 15 . High-speed offbcking. scenario 17 194 

...................................................... 1 1 6 . Braking efficiency. scenario 17 195 

117 . Rollover threshold. scenario 17 ...................................................... 196 

.......................................................... 11 8 . Critical velocity. scenario 17 197 

..................................................... 1 19 . Steering sensitivity. scenario 17 198 



................................................ . 120 Rearward amplification. scenario 17 199 

........................ 12 1 . Straight truck (4; GCW=Y.WO lb; payloadP32.415 lb) 201 

......................... 122 . Straight truck (5; GCW=66. 350 lb; payload41.102 lb) 202 

............. 123 . Tractor-semitrailer (5-S4; GCW=101. 500 lb; payload=64,2 00 lb) 204 

124 . Low-speed offtracking. scenario 18 ................................................. 207 

........................................................ 125 . Friction demand, scenario 18 208 

................................................ 126 . High-speed offtracking. scenario 18 209 

...................................................... 127 . Braking efficiency. sanario 18 210 

..................................................... 128 . Rollover threshold. scenario 18 211 

.................................................... 129 . Steering sensitivity. scenario 18 -212 

130 . The range of allowable vehicles arc constrained by size and weight rules ...... 232 

........... 13 1 . Different length constraints for doubles and tractor-semitrailers (TS) 233 

132 . Set diagrams illustrating conceptual relationships between allowed vehicles and . . .  intrinsic safety .......................................................................... 242 

VOLUME 11 

Figure number Page 

............................................................ 1 . Excel mck design system 2 

2 . An example output from the vehicle drafting program ............................ 10 

VOLUME 111 

Figure number Page 

1 . Bridge formula axle groups for a double ............................. .. ....... 9 
2 . 'ITI formula superimposed on the current table B formula ....................... 10 

3 . Safety implications of size and weight limits ....................................... 19 

4 . Example vehicle configurations and codes ......................................... 22 

5 . Layout infomation for various vehicle & ....................................... 24 

6 . Tractor-semitrailer (342; GCW=78. 405 lb; payload4. 105 lb) ............... 30 

7 . Double (241-2; GCW=80. 000 lb; payload49. 500 lb) .......................... 30 

8 . Double (241-2; GCW=88. 365 lb; payload=57. 865 lb) .......................... 31 

9 . Double (342-4; GCW=109. 500 lb; payload=70,5 00 lb) ........................ 31 

10 . Double (343-5; GCW=122. 500 lb; payload=79,5 00 lb) ........................ 32 

1 1 . Tractor-semitrailer (343; GCW=86. 000 lb; payload=53. 700 lb) ............... 35 



Tractor-semitrailer (342; GCW=82,270 lb; payload=51. 970 lb) ............... 37 

Double (362-4; GCW=117. 500 lb; payload=74. 960 lb) ........................ 41 

........................ Double (342-4; GCW=l04. 500 lb; payload=61. 962 lb) 43 

Tractor-semitrailer (345; GCW=98. 355 lb; payloaddJ00 lb) ............... 45 

Tractor-semitrailer (345; GCW48. 140 lb; payload=67,2 00 lb) ............... 45 

Tractor-semitrailer (343; GCW=94. 500 lb; payloadd200 lb) ............... 45 

Tfactcr-semitrailer (564; GCW= 101. 500 Ib; payloadd,2 00 lb) ............. 49 

The range of allowable vehicles are constrained by size and weight rules ...... 55 

Different length constnints for doubles and mctor-semitrailers (TST) ......... 57 

Set diagrams iJlusadng conceptual relationships between allowed vehicles and . . invlnsic safety .......................................................................... 66 



LIST OF TABLES 

VOLUME I 

Table number Page 

1 . Size and weight scenarios ............................................................... 9 

2 . Summary of example vehicles for scenario 1 ......................................... 48 

........... . 3 Summary of performance measures for example vehicles (scenario 1) 49 

4 . Summary of example vehicles for scenario 2 ......................................... 67 

........... . 5 Summary of performance masuns for example vehicles (scenario 2) 68 

6 . Summary of example vehicles for scenario 3 ......................................... 89 

........... . 7 Summary of performance measures for example vehicles (scenario 3) 91 

. ......................................... 8 Summary of example vehicles for scenario 6 117 

........... . 9 Summary of performance measures for example vehicles (scenario 6) 119 

...................... . 10 Summary of performance m e a s u s  for parameter variations 130 

1 1 . Surrmrray of performance measures for load variations ............................. 133 

......................................... . 12 Summary of example vehicles for scenario 7 151 

........... 13 . Suxumary of perfamaxe meanrrrs for example vehicles (scenario 7) 153 

14 . Summary of container transporter examples .......................................... 172 

1 Summary of performance measures for container transpones ..................... 173 

....................................... . 16 Summary of example vehicles for scenario 17 189 

.......... . 17 Summary of performance manaa for example vehicles (scenario 17) 191 

....................................... 1 8 . Summary of example vehicles for scenario 18 205 

.......... 19 . Summary of performance muuurts for example vehicles (scenario 18) 206 

20 . General nlatio&hips between measures of inuinsic safety and truck ........................................................................... congfigurations 227 

VOLUME 0 

Table number Page 

.................................................................. . 1 Vehicle input data table 3 

2 Tare weights .............................................................................. 4 . 
3 . Vehicle input data, constraint testing. and result tables .............................. 6 

x i i i  



..................................................... 4 . Bridge formula perfomancc table 8 

......................................... . 5 Fncd dimensions and mechanical properties 11 

. ...................................... 6 Constraint evaluation for the vehicle in figure 8 13 

...................................... . 7 Constraint evaluation for the vehicle in figure 9 15 

.................................... . 8 Constraint evaluation for the vehicle in figure 10 17 

.................................... . 9 Constraint evaluation for the vehicle in figure 11 19 

.................................... . 10 Constraint evaluation forthevehidein figure 12 21 

.................................... . 11 Constraint evaluation forthe vehicle in figure 13 23 

.................................... . 12 Constraint evaluation for the vehicle in figure 14 25 

.................................... 13 . Constraint evaluation for the vehicle in figure 15 27 

14 . Constraint evaluation forthe vehicle in figure 16 ..................................a, 30 
.................................... 15 . Constraint evaluation for the vehicle in figure 25 33 

.................................... . 16 Constraint evaluation forthe vehicle in figure 26 35 

.................................... 17 . Constraint evaluation for the vehicle in figure 27 37 

.................................... 1 8 . Constraint evaluation for the vehicle in figure 28 39 

.......................... ..... . 19 Constraint evaluation for the vehicle in figure 37 .. 41 

.................................... 20 . Constraint evaluation for the vehicle in f i p  38 43 

.................................... 2 1 . Constraint evaluation for the vehicle in figure 39 45 

.................................... 22 . Constraint evaluation for the vehicle in figure 40 47 

.................................... 23 . Constraint valuation fur the vehicle in figure 41 49 

.................................... 24 . Constraint evaluation for the vehicle in figure 42 51 

.................................... . 25 Constraint evaluation for the vehicle in figure 43 53 

.................................... 26 . Constraint evaluation for the vehicle in figure 44 55 

.................................... 27 . Constraint evaluation for the vehicle in figure 45 57 

..................................... 28 . Constraint evaluation for the vehicle in figure 54 59 

.................................... . 29 Constraint evaluation for the vehicle in figure 55 61 

.................................... 30 . Constraint evaluation fur the vehicle in figure 56 63 

3 1 . Constraint evaluation for the vehicle in figure 57 .................................... 65 
32 . Constraint evaluation for the vehicle in figure 58 .................................... 67 
33 . Constraint evaluation for the vehicle in figure 59 .................................... 69 

.................................... 34 . Constraint evaluation for the vehicle in figure 60 71 



.................................... . 35 Constraint evaluationforthevehicleinfigun61 73 

36 . Constraint evaluatianforthevehicleinfigurc62 .................................... 75 

.................................... 37 . Constraint evaluation for the vehicle in figure 63 77 

38 . Constraint evaluationforthevehicleinfigure&l .................................... 79 

.................................... . 39 Constraint evaluatim far thevehiclein figure 65 81 

................................... 40 . Constraint evaluation for the vehicle in figure 66. 83 

.................................... 4 1 . Constraint evaluation for the vehicle in figure 75 89 

.................................... . 42 Constraint evaluation far thevehiclein figure76 91 

.................................... 43 . Constraint evaluation far the vehicle in figure 77 93 

.................................... 44 . Constraint evaluation for the vehicle in figun 78 95 

.................................... 45 Constraint evaluation for the vehicle in figure 79 97 

.................................... . 46 Consttaint evaluation far the vehicle in figure 80 99 

.................................... 47 . Constraint evaluati011forthevehicleinfigure81 101 

.................................... 48 . Constraint evaluation for the vehicle in figure 82 103 

49 . Constraint evaluation forthe vehiclein figure 83 .................................... 105 

.................................... 50 . Constraint evaluation for the vehicle in figure 84 107 

.................................... 5 1 . Constraint evaluation far the vehicle in figure 85 109 

.................................... 52 . Constraint evaluation for the vehicle in figure 86 111 

53 . Constraint evaluation far the vehicle in figure 87 .................................... 113 

54 . Constraint evaluation for the vehicle in figure 88 .................................... 115 

55 . Constraint evaluation for thevehicleinfigurt97 .................................... 117 

56 . Constraint evaluation for the vehicle in f i p  98 .................................... 119 

57 . Consuaint evaluation for the vehicle in figure 99 .................................... 121 

58 . Constraint evaluation for the vehicle in fip 107 ................................... 123 

59 . Constraint evaluation for the vehicle in figure 108 ................................... 1 2  

................................... 60 . Consttaint evaluation for the vehicle in figure 109 127 

................................... 61 . Constraint evaluation for the vehicle in figure 110 129 

62 . Constraint evaluation for the vehicle in figure 1 1 1 ................................... 131 

................................... 63 . ~onstraidt evaluation for the vehicle in figure 112 133 

64 . Constraint evaluation for the vehicle in figure 121 ................................... 135 

65 Constraint evaluation for the vehicle in figure 122 ................................... 137 



................................... . 66 Constraint evaluation for the vehicle in figure 123 139 

67 . Relative pavement damage of proposed trucks (flexible pavement) ............... 142 

. 68 Relative pavement damage of proposed trucks (rigid pavement) ................... 143 

VOLUME II.. 

Table nrunbet Page 

1 . Size and weight scenarios .............................................................. 20 

2 . General relationships between measures of intrinsic safety and truck 
............................................................................. configurations 51 



EXECUTIVE SUMMARY 

The purpose of this study was to examine changes to size and weight limits in order to 
determine their effects on the designs and configurations of heavy vehicles, the 
performance capabilities of the resulting vehicles, and the ensuing safety implications 
thereof. 

The analyses performed in this study were directed towards safety implications and 
did not investigate the effects of trucks on pavement or bridge life. Rather, the study 
investigated the influences of size and weight limits on trucks. In an analytical sense, 
pavement loading rules and bridge formulas were the inputs to the analyses and vehicle 
performances were the outputs. 

Ultimately, the work shows the manner in which size and weight rules influence the 
safety-related performances of vehicles designed to increase productivity. By treating a 
number of projected size and weight scenarios, the study has developed a basis for 
generalizing to sets of principles that can be used in evaluating the possible safety 
consequences of changes in size and weight regulations. 

The first part of the study involved reviewing pertinent information on size and weight 
limits in meetings with experts from trucking organizations, vehicle manufacturers, and 
research personnel at the Federal Highway Administration (FHWA). Using the results 
from these meetings, researchers developed 18 scenarios corresponding to trucking 
environments based on 18 different sets of size and weight rules. The sets of size and 
weight rules were based on three types of bridge formulas (referred to as B, C, and TTI); 
three levels of pavement/axle loading constraints (including a set that corresponds to the 
"Turner" concept); the length provisions of the Surface Transportation Assistance Act 
(STAA) of 1982, or in its place an offtracking rule; and various gross weight caps 
including no direct limit on gross combination weight. Special scenarios were developed to 
address the transporting of IS0 containers weighing 67,200 lb (30,240 kg) with a length of 
40 ft (12 m). Also provisions allowing vehicles with twin steering front axles were 
considered. These 18 scenarios provided a representative sample of the types of size and 
weight constraints that might be considered in the future but they are not intended to 
exhaust the range of reasonable possibilities. 

For each of the scenarios, vehicles have been designed with productivity in transporting 
payload as a goal. ,The &signs range from those that amounted to "loading up" existing 
vehicles, to ones in which moderate changes in configuration and numbers of axles were 
employed, to examples of vehicles that attempted to cany as much load as the applicable 
rules will allow. Each of the example designs is the result of an iterative and creative 
activity. Given the differences in size and weight rules and the complicated natures of these 
rules, an all-purpose algorithm for generating designs is not to be expected Nevertheless, 
a computer-aided procedure for checking designs made it possible to create the 
extraordinary number of vehicles examined in this study. 



Once productive vehicles had been designed, existing computerized models were used 
to evaluate the intrinsic safety of these vehicles. This involves predicting vehicle 
performance in a set of safety-related maneuvers. The following maneuvering situations 
were examined: 

Low-speed offtracking. 

Friction demand in a tight turn. 

High-speed offtracking, 

Constant deceleration braking. 

Steady turn-rollover. 

Steady tun-handling. 

Obstacle evasion (rearward amplification). 

The results from these analyses provide a basis for assessing vehicle performance with 
respect to the following practical goals: 

The rear end of the vehicle should follow the front end with adequate fidelity. 

The vehicle should safely attain a desirable level of deceleration during braking. 

The vehicle should remain upright (not roll over). 

The vehicle should controllable and stable following desired path. 

For each scenario this report presents graphs and tables comparing the performances of 
each projected vehicle in each safety-related maneuvering situation with respect to 
performance levels corresponding to those predicted for a typical five-axle tractor- 
semitrailer, and also with respect to a set of perfoxmance targets judged to be representative 
of the capabilities of practical designs using current technology. 

The findings for each scenario are summarized in terms of the types of vehicles that 
would be most productive and the types of vehicles with either relatively good or poor 
levels of intrinsic safety qualities. All of this information is then examined from an overall 
perspective with regard to size and weight allowances. The following conclusions are the 
key generalizations derived from an examination of the results of this study: 

When going to more weight-productive size and weight rules, do not allow heavier 
loads on existing vehicles. If the loading of existing vehicles is taken care of 
properly, gross combination weights (GCW) limits might be eliminated or relaxed 
considerably. 



Axle load constraints should not be eliminated from size and weight rules. The 
abi1i.V to assess the performance of the highway system with respect to safety, 
productivity, and damage to the infrastructure depends upon the ability to monitor 
axle loads and the spreads between axles. 

In order to allow trucks to make maximum use of the space available on roads, an 
offtracking rule could be used as a length constraint, Under either the STAA rules 
or an offtracking rule, doubles would be more productive than tractor-semitrailers. 
A shift to doubles might be anticipated from those operators desiring more cubic 
volume for their payload. 

As a first step in developing rules for more productive vehicles, constraints on the 
number of axles and axle spreads would prevent the possibility of promoting very 
long vehicles with excessive friction demands in tight turns. Constraining axle sets 
to having no more than three, or possibly four, axles in a set would alleviate this 
problem and ease the development of suitable designs. 

The five-axle tractor-semitrailer with tandem axle sets on both the rear of the tractor 
and the semitrailer is a well-optimized configuration for the current size and weight 
rules allowing 80,000-lb (36,287 kg) GCWts. This configuration would not 
benefit from an inmase in the GCW limit alone. 

A six-axle tractor-semitrailer with a tridem-axle set on the semitrailer would allow 
more load up to GCWts of 86,000-88,000 (39,009 to 39,600 kg) while 
maintaining good intrinsic safety. 

In the case of doubles, there are both minimum and maximum wheelbases that 
bound the range of designs providing good performances. Twin 28-ft (8.4 m) 
cargo boxes are too short. Doubles with twin 35-ft (10.5 m) cargo boxes would be 
better. 

Innovative dollies with special hitching arrangements may be needed to control 
rearward amplification ("cracking-the-whipt'~specially for triples and short 
doubles. (In these cases, design analyses and performance demonstrations might 
be required to build confidence in the new designs. There are analytical results and 
test data published elsewhere showing advantages of certain existing designs of 
innovative dollies.) 

The wheels-unlocked braking performance of empty trucks needs to be improved. 
This is true in all scenarios with the possible exception of the twin-steer vehicles in 
scenario 18. This general problem is a Wiculty for most trucks with large 
differences between tare weights and GCWts. The countermeasures are changes in 
brake proportioning and the use of antilock braking systems. 

The rollover immunity of more productive heavy trucks would be maintained or 
improved if the tire stiffnesses per axle aid the suspension roll stiffnesses per axle 
were maintained at the same levels of those properties as the levels pertaining to 
current tires and suspensions, even though the new heavier vehicles would have 
less load per axle than the loads per axle on current vehicles. (That is, the new, 
heavier vehicles would have more axles than current vehicles, but the load per axle 



would be less than that used on current vehicles. Nevertheless, the mechanical 
properties of tires and suspensions should be kept at their cunent levels.) The 
above specifica.tion on tires and suspensions would also aid in controlling rearward 
amplification ("cracking-the-whip") in multiarticulated vehicles. 

In summary, the recommended elements of new sets of size and weight constraints are 
as follows: 

A pavement/axle loading rule that is directly related to pavement damage and to 
suspension, tire, and brake characteristics which pertain to the intrinsic safety of the 
vehicles allowed. 

A bridge formula that is directly related to the costs of providing structurally sound 
bridges. 

An offtracking rule that promotes efficient use of the space available on roadways. 

A statement of the intrinsic safety targets for the vehicles allowed to operate under 
these new rules. 

A statement of the types of previously used vehicles that are not to be allowed to 
operate in an overloaded state (that is, limits on existing types of vehicle designs 
that do not have provisions for carrying more load than that allowed previously). 

A statement of permit requirements, cost provisions, and safety factors for special 
types of heavy (possibly short) vehicles that are deemed important to the 
transportation of special items. 



1 INTRODUCTION 

This study has investigated the influences of size and weight constraints upon the 
safety-related maneuvering performances of heavy trucks. A brief historical perspective on 
the regulation of vehicle dimensions, weights, and configurations is presented first to 
provide an understanding of the context in which this study was conceived. (A more 
complete presentation of the 75-year history of State and Federal regulation of motor 
vehicle size and weight in the United States is given in reference 1.) 

History of Size and Weight Laws 
The United States Constitution gives each State the right to regulate transportation 

within that State. The Ftderal government has interceded when State actions have impeded 
interstate commerce. Under this arrangement, the various States have developed a wide 
range of size and weight allowances for heavy trucks. The current State limits are 
summarized each year in various publications. (See reference 2, for example.) 

The first size and weight restrictions in the United States were established in 1913 
when Maine, Massachusetts, Washington, and Pennsylvania set weight limits. 
Pennsylvania also established a width limit in 19 13. Since then, each State has developed 
its own set of size and weight laws. By 1929, a majority of States had restrictions on 
length, width, and height. By 1933, every State had enacted a weight limit. As 
combination vehicles became more common, separate weight and length requirements were 
specified for single-unit and combination trucks. Although s@ications varied from State 
to State, the items typically covered by the early regulations are still considered in today's 
regulations. Currently, the following items are usually regulated:[l] 

Weight on any single axle or tandem axle set (a pair of closely spaced axles). 

Gross weight of the total vehicle. 

Weight on each set of contiguous axles with a formula relating load carried by the 
set of axles to the spacing between the extreme axles of that set and the number of 
axles in the set. (This complicated statement is summarized by a formula or table, 
called a "bridge foxmula") 

Length of single-unit trucks, combination trucks, and trailers. 

Number of trailers allowed. 

Width. 

The purposes of the limits on heavy trucks have been to control public costs associated 
with the highway system The reasons for increasing the limits have to do with increasing 
the productivity of trucking. In order to preserve the highway infrastructure, State 
organizations have considered the influences of trucks on pavement damage, bridge 



fatigue, construction costs, congestion, and safety. They have also considered the 
economic well being of their citizens and the productivity of their industries. The overall 
trends developed by the process oi protecting the infrastructure while increasing 
productivity show that the demand for productivity (as measured by the gross weight of 
vehicles and the lengths of trailers) has led to substantial increases in the sizes and weights 
of trucks. For example, in 1950 the average gross weight of loaded combination trucks 
operating on main rural roads was reported to be approximately 40,000 lbs (18,133 kg), 
while in 1980 it was 58,000 lbs (26,308 kg); and the most common trailer length was 30 ft 
(9 m) in 1950 and 45 ft (13 m) in 1980. Currently, the most common trailer length is 
48 ft (15 m) and tractor-semitrailers (TST's) are often loaded to almost 80,000 lbs (36,287 
kg). 

As stated in Special Report 21 1 from the Transportation Research Board: "As the 
States have gradually liberalized size and weight limits, trucking has grown to become a 
primary component of the freight transportation system, the average size of trucks in use 
has increased, and U.S. roads have been greatly improved. These concurrent trends have 
influenced State decisions on size and weight limits and have themselves been accelerated 
by the evolution of State truck size regulations." [I] 

State rules have been influenced by the policies recommended by the American 
Association of State Highway and Transportation Officials (AASHTO) in 1932,1946, 
1964, 1974 and 1980. AASHTO has tried to promote uniform regulations to aid in 
standardizing hi hway design and to enhance safety and efficiency in highway B transportation. [1 Nevertheless, size and weight rules vary significantly between States, 
seemingly with trends toward uniformity being promoted by Federal initiatives more than 
by other influences. 

Federal regulation of truck size and weight limits began with the passage of the Federal- 
Aid Highway Act of 1956. This act, revisions in 1975, and a subsequent act of 1976, 
restricted the width, axle loads, and gross vehicle weights of vehicles operating on the 
interstate highway system Gross vehicle weights were increased from 73,280 lbs (33,239 
kg) to 80,000 lbs (36,287 kg) in 1975. However, these initiatives allowed the States to 
apply preexisting State limits and to use lower limits than the Federal ones. 

The Surface Transportation Assistance Act of 1982 (STAA '82) preempted State rules 
with regard to more restrictive prior limits. STAA '82 required the States to allow 48-ft (15 
m) semitrailers and twin 2 8 4  (8.5 m) doubles to operate on interstate highways and a 
network of primary roads designated by the Secretary of Transportation. On these roads, 
the States could not restrict the overall length of tractor-semitrailers (TST's) or 
combinations with two trailers. The States could not set gross weight limits less than 
80,000 lbs (36,287 kg). Vehicles could be up to 102 in (259 cm) in width. "The 
objectives of expanding Federal control over size and weight were to remove barriers to 
efficient freight movement created by nonuniform State size and weight limits and to 
compensate truckers, through more liberal limits, for higher road-use taxes enacted at the 
same time.''[l] 

"Grandfather" clauses have allowed some States to have more liberal limits than those 
provided by Federal regulations. Regional permit systems for oversize trucks in New 



England and longer combination vehicles in a Western region of the U.S. have been 
established. Currently, the pressure to liberalize size and weight regulations continues in 
an environment of increasing concern with the influences of changes in truck designs and 
configurations on highway safety. 

Objectives 
The objectives of this study were developed by the Federal Highway Administration 

(FHWA) to aid the United States in addressing questions pertaining to the safety impacts of 
changes in size and weight regulations. The purpose of the research investigation is to 
predict the effects that changes in size and weight restrictions would have on (1) the 
designs and configurations of heavy vehicles, (2) the resulting performance capabilities of 
the projected vehicles, and (3) the ensuing safety implications thereof. 

It should be emphasized that this study is directed towards safety implications and 
does not investigate other aspects of the effects of trucks on highway performance matters 
such as pavement or bridge life. Those highway performance matters only enter the study 
indirectly insofar as certain size and weight scenarios have been predicated by 
acknowledging the desire to control the rate of wear of the infrastructure of the highway 
system In an analytical sense, pavement loading rules and bridge formulas are the inputs 
to the analyses and vehicle performances are the outputs. 

The ultimate goal of the work is to show the manner in which size and weight rules 
influence the safety-related performances of those vehicles that may be designed to increase 
productivity. The findings of this study are intended to aid in the process of deteminhg if 
safety related constraints should be incruded in new sets of size and weight rules and, if so, 
in detcnnining the nature of the constraints needed to enhance the likelihood of safe 
trucking. In summary, a purpose of this work is to illustrate how analyses of vehicle 
design and performance could be used in establishing future, size and weight laws. By 
treating a number of projected size and weight scenarios, the study has developed a basis 
for generalizing to sets of principles that can be used in evaluating the possible safety 
consequences of changes in size and weight regulations. 

Brief Introduction to the Concept of a Size and Weight Scenario 

The analyses of vehicle performance presented herein are centered around various size 
and weight scenarios in which each scenario consists of the following parts: (1) a set of 
rules governing the sizes and weights of heavy trucks, (2) a set of vehicle designs 
representing the types of vehicles that would be productive under the given set of size and 
weight rules, (3) an analysis of the performance of the projected vehicles in safety-related 
maneuvers, and (4) an evaluation of the intrinsic safety of the vehicles evolving under the 
given set of size and weight constraints. 

In the context of this study, the concept of a size and weight scenario springs from the 
idea of viewing size and weight regulations as guides to vehicle design which have been 
postulated as reasonable approaches for enhancing trucking while maintaining the integrity 
of the highway transportation system. Given a set of size and weight guidelines, one can 



develop a scenario in which productive vehicle designs are created, the performances of 
tnese vehicles are predicted, and the safety implications of the performance is assessed. 
(See figure 1.) 

Figure 1. Safety implications of size and weight limits. 

Organization of the Report 

The body of the report consists of (a) a background section defining and describing 
how the size and weight constraints, the vehicle designs, and the measures of intrinsic 
safety were chosen and developed, (b) a section discussing the implications of various size 
and weight constraints, (c) discussions of the size and weight scenarios associated with the 
sets of size and weight constraints given in table 1, (d) material on the influences of 
changes in tires, brakes, and suspensions, and also, the influences of loading variations, 
and (e) sections entitled "Conclusions From the Scenarios," "Overall Findings with respect 
to the Safety Implications of Size and Weight Issues," and "Recommendations." 

The report has several appendixes covering items pertaining to (1) procedures for 
checking whether vehicle designs meet bridge formulas and other constraints, (2) results 
from checking the designs created in this study, and (3) listings of vehicle mechanical 
properties. 



Table 1. Size and weight scenarios. 

Scenario 
Number 

Maximum1 
Weight 

None 
None 
None 
80 K 
80 K 
None 
None 
None 
None 
None 
None 
None 
88 K 

IS0 (90 K) 
IS0 (90 K) 
IS0 (90 K) 

100 K 
None 

r-mgth4 
l?.Gm 
STAA 
STAA 
STAA 
STAA 
STAA 
12/40 
12/40 
STAA 
12/40 
STAA 
12/40 
12/40 
STAA 
12/40 
12/40 
12/40 
12/40 
12/40 

vehicle5 

STAA 
STAA 
STAA 
STAA 
STAA 
Basic 5 
Basic 5 
STAA 
Basic 5 
STAA 

Basic 5 
Basic 5 
3 4 2  

TSTlISO 
TSTlISO 
TSTlISO 
Basic 5 
2 Front 

Note: (2.2 lb = 1 kg and 1 ft = 0.3 m) 
1. Maximum weight limits are in 1000's of lb, e.g., 80 K = 80,000 lb. 
2. Three bridge formulas are considered. Formula B is the cment rule. Formula C 

increases the load on any group of axles by 2,000 lb over that allowed by formula B. 
The 'XTI formula has mently been developed under FHWA suppart. 

3. "Pavement loading" refers to the loads allowed on single and tandem axle sets. For 
example, the "28116 K" designation means 28,000 lb on tandem axles and 16,000 lb 
are allowed on single axles. (These pavement loadings represent an example derived 
from the "Tuner Concept") The pavement loading requirements apply whenever they 
are more sttingent than the bridge formula requirements. 

4. Two types of length constraints are listed. The notation "STAA" refers to the lengths 
specified for TSTs (tractor semitrailers) and doubles in the Surface Transportation 
Assistance Act of 1982. The notation "1U40 corresponds to offtracking equivalent to 
that of a tractor with a 12-ft wheelbase pulling a semitrailer with 40 ft from the kingpin 
to the center of the rear suspension. 

5. The numbers of articulation points and axles are indicated by the entries in this column. 
"STAA" means TSTs and doubles. "Basic 5" means the set of vehicles consisting of 
single-unit trucks, truck-full trailers, TSTs, doubles, and triples. "342" refers to a 
tandem axle tractor pulling a tandem axle semitrailer. "TST/ISO refers to a tractor 
semitrailer designed to transport IS0 containers. Finally, "2 Front" refers to trucks and 
TSTs with two steering axles at the front of these vehicles. 



2. BACKGROUND CONCERNING SIZE AND WEIGHT 
CONSTRA!NTS, VEHICLE DESIGN CONSIDERATIONS, AND 

MEASURES OF INTRINSIC SAFETY 

Size and Weight Constraints 

Throughout the world, various countries have been considering changes in their size 
and dimension restrictions for trucks. [3s4951 Although the goals, such as greater 
productivity and protection of the highway infrastructure, are the same from country to 
country, the local approaches to highway and vehicle design are enough different that it is 
difficult to extrapolate from the vehicles employed in other countries to the vehicles that 
would be employed in U.S. trucking. In the U.S., for example, trucking organizations 
have succeeded in finding ways to legally permit the use of 53-ft (16 m) semitrailers and 
various types of longer combination vehicles-lengths and combinations that are generally 
not accepted outside of North America. In the U.S. there appears to be a process like 
osmosis by which permission to use larger vehicles spreads across the country from State 
to State. The U.S. appears to have a unique situation with regard to the development of 
size and weight regulations and productive vehicles. 

In tasks A and B of this study, two meetings were held in order to understand industry 
views on possible changes to current heavy vehicle size and weight limits and to project 
how truck designs might be influenced by these changes. At the first meeting, experts 
from trucking companies explained industry views. Primarily, they expressed opposition 
to arbitrary length and weight caps. They prefer an offtracking rule rather than specific 
length rules. They would like recognition in the rules and permits for auto transporters, 
construction vehicles, and other special-purpose vehicles for specialized operations. They 
believe that the pressure for greater productivity is insatiable. In the short tenn, they look 
for changes that would allow an additional 2,000 lbs (907 kg) per axle group; in the near 
future, they would like an allowance for IS0 shipping containers and a 100,000-lb 
(45,360-kg) weight cap (in this case the 100,000-lb (45,360-kg) limit, although somewhat 
arbitrary, serves the purpose of accommodating IS0 containers); and in the long run, they 
see demands for multiaxle, multiarticulated vehicles approaching GCW's of 150,000 lb 
(68,040 kg). 

At the second meeting, engineers involved in the design and production of truck- 
tractors and trailers discussed the changes in vehicle components that might accompany 
changes in axle loads. In general, the manufacturers seemed to be prepared to respond 
immediately to requests for increases in axle loads. On the other hand, it was not clear how 
the industry might respond to requests for reductions in axle loads. Some of the 
possibilities mentioned included using single tires rather than duals and using smaller 
diameter tires to maximize cubic capacity for the payload. Lighter weight springs and 
brakes were a possibility. 



Eventually, component mechanical properties might be scaled down in proportion to the 
reductions in the gross axle weight ratings. Tires and brakes would be the limiting factors. 
Brake packages might need space of at least 20 in (50.8 cm) in diameter. Also the lowest 
point on the vehicle would need to be at least 12 in (30.5 cm) off of the ground 

Most manufacturers were wary of sudden changes in the designs of their products. 
They would prefer a smooth, gradual transition in the introduction of new hardware. An 
example of the introduction of new hardware has to do with setback front axles on tractors. 
This hardware innovation allows tighter turning circles and higher front axle loads. 
However, these designs are likely to fail the bridge formula. Clearly, the people promoting 
setback front axles would prefer that front axles be removed from the bridge formula. 

With regard to increased gross combination weight, the power requirements can easily 
be met with existing engines. For example, a 300-hp (224-kw) engine is suitable for an 
80,000-lb (36,287-kg) vehicle and a 367-hp (274-kw) engine would be satisfactory for a 
112,000-lbs (50,803 kg) vehicle. 

Bridge formulas (B, C, and TTI) 

Figure 2 illustrates the provisions of the three types of formulas used herein as 
constraints on the distributions of axle loads. These formulas, which are listed below, 
have been used in the scenarios of this study in combination with various limits (including 
no explicit limit) on gross combination weight. 

FORMULA B 

where L is the length in feet between the extremes of any axle group 

(axle spacing is measured from the centerline of the axle) 

N is the number of axles in that axle group 

W is the allowable gross weight in pounds carried on the axle group 

FORMULA C (This is the same as formula B except for the constant term.) 

FORMULA TTI 

W = 1000 L + 34,000 for L s 56 feet (W 290,000 pounds) 

W = 500 L + 62,000 for L 2 56 feet (W 2 90,000 pounds) 

(Note that the TTI formula does not depend upon the number of axles. Otherwise, it 
uses the same variables as the other formulas.) 

Each of these formulas has an historical background. Formulas A, B, and C were 
examined by the Highway Research Board in 1964. The adoption of formula B was 
recommended at that time. [GI Formula B was the choice used in the Federal weight law 
enacted in 1975. Formula B differs from A and C only in the constant term in the 



Gross weisht, W (1000 lb (450 kg)) 

N = 7  

TTI 

N  = 5 

N = 4  

N = 3  

Note: For formula C add 2000 lb to the lines for formula B 

N = 2  

&XG L is the length between the extremes of any group of axles 
N is the number of axles in the axle group 
W is the weight canied by the axle group 
(1 ft = 0.3 m 1000 lb = 450 kg) 

Length, L ft (1 ft = 0.3 m) 

Figure 2. TI? formula superimposed on the current Table B formula. 



equ.ations-with each succeeding letter meaning 2,000 lb (907 kg) more weight. Formula 
B or table B has formed the basis for weight regulations in most States. 

It is understood that objections to using these formulas under certain conditions are 
strongly voiced by various organizations and knowledgeable persons. For example, 
formula B was not intended to allow short, heavy, my-axled vehicles to operate on H-15 
bridges. Also formula B was not to be applied to vehicles weighing more than 80,000 lbs 
(36,287 kg). On the other hand, various trucking organizations feel that the formula is 
overres~ctive. 

Formula B has been m s i e d  to allow two tandem axle sets separated by 36 ft (1 1 m) 
to carry 68,000 lbs (30,845 kg). This show up in the graph presented in figure 2 as a so- 
called " tank trailer notch on the four-axle curve at a length of 36 ft (1 l m). (In addition, 
there have been special provisions allowing short wheelbase vehicles with heavily loaded 
tank trailers, dump trailers, or ocean transport containers. These provisions have been 
extended until September 1,1989 in the 1988 Department of Transportation Appropriation 
A C L ) ~  

Also the two-axle curve in figure 2 shows a jump (labeled "trailer jump") at 8 ft (2.4 
m). This is where tandem loading rules switch to the bridge formula B and, in the case of 
two axles the curve levels off at a single-axle limit of 20,000 1b (9,072 kg) per axle-again 
an axle loading rule. This means that two axles closer than 8 ft (2.4 m) are considered as a 
tandem pair and axles separated by more than 8 ft (2.4 m) are treated as single axles. 

Recently, a new bridge formula was developed, prompted by concerns over the 
adequacy of formula B for treating vehicles weighing more than 80,000 lb (36,287 kg).[61 
Above approximately 70,000 lb (31,752 kg), the 'ZTI formula allows heavier five-axle 
vehicles than those allowed by formula B. (See figure 2.) The TTI formula has been 
criticized because it does not address pavement damage and, if used alone, it might increase 
pavement damage if heavy five-axle vehicles wen the major cause of pavement damage. 
On the other hand, formula ?TI protects bridges as it was intended to do. For example, the 
large gross combination weights allowed for nine-axle vehicles by formula B are not 
allowed by formula ?TI. It appears that the inclusion of the number of axles in formula B 
represents a concession to pavement loading and allows bending moments on bridges that 
exceed the maximums tolerated for vehicles with fewer axles. This study examines the 
vehicle design and safety implications of bridge formulas, regardless of considerations 
concerning pavemqnt damage and bridge fatigue. 

In this study, maximum single and tandem axle loads represent pavement protection 
goals. The case with 36,000-lb (16,330-kg) tandems and 22,000-lb (9,979 kg) singles 
(symbolized by "36122") corresponds to the provisions of bridge formula C. The current 
restriction of 34/20 is applied along with bridge formula B, and the 28/16 rule might be an 
axle load restriction corresponding to a variant of the Turner concept, which is a new idea 
recently proposed as a way to preserve pavements while increasing productivity. [8] To 
make distinctions between bridge formula and axle loading constraints, a specification of 8 
ft (2.4 m) is used as the axle spread separating tandem-axle pairs from sets of two single 



axles. As already noted in figure 2, spreading a pair of axles by just over 8 ft (2 m)) can 
produce a sizeable inmslse in the allowable load on those two axles. Although it may not 
be obvious, the number of axles on a vehicle may be determined as much by bridge 
formula considerations as by the single-axle limit given in the pavement loading rules. The 
reasons for this have to do with the prevailing length constraints. 

Length or offrrackinp (STAA, 12/40) 

The reasons for length constraints do not appear to be well documented in available 
literature and their justifications are not generally known. Of the two length constraints 
studied here, the designation "STAA" means the allowances of the Surface Transportation 
Assistance Act of 1982, that is, 28-ft (8.5 m) cargo boxes for doubles and 48-ft (15 m) 
cargo boxes for semitrailers. Historically, tractor lengths were purposely not specified to 
provide the opportunity for more mom for the driver, also dolly lengths were not limited. 

The other length restraint is an offtracking requirement where the " 12/40" designation 
means that the vehicle's offtracking should be no larger than that of a tractor with a 12-ft 
(3.6 m) wheelbase pulling a semitrailer with a dimension of 40 ft (12 m) from the kingpin 
to the center of the rear suspension. This constraint corresponds to the space available at 
many present-day intersections. [9] It was chosen to respond to the truckers' desire for an 
offtracking mle rather than an arbitrary length limit. The idea is to allow trucks to be 
designed to use the space available on the roadway. 

Vehicle Design Considerations 

Findings from tasks A and B 

The vehicle manufacturing experts had no difficulty with the idea of greater axle loads. 
They were prepared to increase axle load ratings. Brakes and tires would be the limiting 
factors. On the other hand, lighter axle loads would open numerous possibilities for 
changes. For example, dual tires might be replaced with singles or suspension stiffnesses 
might be reduced. It is clear that vehicle design has been highly dependent upon the 
constraints of 80,000 lb (36,287 kg) and formula B. The current demand for more cube 
has led truck users to consider small radius tires and trailers that are 14 ft (4.2 m) high. 
The information obtained from the trucking industry aided in defining the scenarios. 
However, it was the constraints provided by the scenarios that determined the layouts and 
axle loadings of the vehicles examined in this study. 

Reference to a procedure for checking vehicle designs with respect to size and weight 
constraints. 

The vehicle designs developed in the size and weight scenarios are tailored to the 
constraints involved. This is done by postulating a productive design and checking to see 
if the layout of the proposed vehicle satisfies the given constraints. If not, the design is 
modified and rechecked until the constraints are satisfied. 



Using this process, three categories of example vehicles were designed---ones that had 
heavier loads than those currently carried on existing vehicle layouts, ones that had more 
axles than typically used now, and ones with multiple axles and articulation joints, 

Appendix A (see volume 2) presents an automated procedure developed for checking 
whether vehicle designs will pass various sets of size and weight constraints. It would 
have been very dificult and time consuming to perform the task of developing vehicle 
designs without automating the checking procedure. Figures 3 and 4 indicate the various 
axle sets that need to be checked for compliance with any of the bridge formulas. The 
d h s i o n s  labeled eij (where i indicates the front axle in an axle group and j indicates the 
rearmost axle in the axle group) illustrate the lengths of all of the axle groups to be 
considered in evaluating a vehicle. 

Concept of water level load 

The distribution of payload has clear implications with respect to the distribution of axle 
loads. -Experts from trucking f m s  believe that vehicle designs should be based on water 
level loads (that is, uniform loading of the trailers). Other special loading arrangements to 
optimize payload are not realistic. The example vehicles pursued here are based on uniform 
loading. (However, the influences of nonuniform loading arrangements are considered.) 

Number of articulations, 5 basic types of vehicles 

The five basic types of vehicles studied are single-unit trucks, tractor-semitrailers 
(TST's), truck-full trailers, doubles, and triples. Examples of the layouts of vehicles of 
these types are illustrated in figure 5. Codes such as 342, 2-S1-2, etc., are used as a 
shorthand means for designating vehicle configurations (see figure 5). Note that designs 
arc required for each of these configurations if these configurations are allowed in the 
scenario to be examined. In the codes, an "S" stands for a semitrailer and the numbers 
designate the number of axles on each unit. Hyphens separate the units in the combination. 
For example, although not shown in figure 5, a currently typical triple would be designated 
as a 241-2-2, meaning that the vehicle has a two-axle tractor towing a single-axle 
semitrailer followed by two full trailers with two axles each. This vehicle would look like 
the 241-2 double except that it would have another full trailer attached to the double's full 
trailer. 

in addition to the numbers of axles, the fundamental differences among the types of 
vehicles are the numbers of articulation points (pints where angular rotations take place in 
the horizontal plane). Each semitrailer requires an articulation point and each full trailer has 
two articulation points. Each full trailer is made up of a short semitrailer called a "dolly" 
plus another semitrailer that contains the load. Hence, a TST has one articulation point, a 
truck-full trailer has two articulation points, a double has three articulation points, and a 
triple has five articulation points. 



Figure 3. Bridge formula axle groups for a tractor semitrailer. 



Figure 4. Bridge formula axle groups for a double. 



I TST, 3 4 2  

- 3 axle tractor - 2 axle semitrailer 

TST, 3 4 3  

- 3 a x l ~  tractor - 3 axle semitrailer 

TST, 3 4 6  

- 3 axle tractor - 6 axle semitrailer 

TST, 445  

- 4 axle tractor - 5 axle semitrailer 

Double. 2-S 1 -2 

- 2 axle tractor - 1 axle semitrailer - 2 axle full trailer 

Double, 342-4 

- 3 axle tractor - 2 axle semitrailer - 4 axle full trailer 

Double, 343-5 

- 3 axle tractor - 3 axle semitrailer - 5 axle full trailer 

Figure 5. Example vehicle configurations and codes. 
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Dimensions for geometric layout 

The following dimensions (see figure 6) are used to describe a vehicle's size and 
weight characteristics: 

Wh&ase WB): In the case of trucks and tractors, the wheelbase is measured 
between the front axle and the center of the rear suspension. The wheelbase of a 
full trailer is measured between the center of the dolly's suspension and the center 
of the trailer's suspension. Due to the absence of a front suspension, the 
wheelbase of a semitrailer is measured between the kingpin and the center of the 
rear suspension. 

Fifth w h d  offset (0s): The fifth wheel offset on tractors and dollies is the 
distance that the fifth wheel is forward of the center of the rear suspension. In the 
case of dollies, a negligible offset implies that the fifth wheel is directly above the 
center of the suspension. , 

on (0s): The variable name OS is used interchangeably between 
fifth wheel and pintle hitch locations. In the case of trucks and trailers, OS is 
used to locate the pintle hitch with respect to the last axle on the particular unit. 

& a: All the example vehicles are assumed 
to have load-equalizing suspensions. In other words, if the rear suspension of a 
semitrailer carried a total suspension load of FR, then individual axle loads would 
be given by (FFUNR), where NR is the number of axles on the rear suspension. 
The variable name SR is used to define the distance, or "spread," between 
consecutive axles on the rear suspension. 

Front s-information (NF & SE) . . 
: Similarly, NF and SF are used to 

define the number and the corresponding spread between the axles on a front 
suspension. In the case of full trailers, NF and SF correspond to the dolly's 
suspension. For trucks and tractors, however, the two variables are trivial until 
double-steering axles are treated in scenario 18. 

of the box (LB): From a vehicle dynamics standpoint, different loading 
arrangements result in unique vehicle performance characteristics. The 
longitudinal and vertical locations of the center of gravity (c.g.) of the payload are 
important in determining the vehicle's performance in braking, roll, and handling. 
The payloads in this analysis are assumed to be uniformly distributed, thus, 
locating the longitudinal position of the c.g. at the midpoint of the container. The 
length of the container, LB, is therefore useful to determine the vehicle's axle 
loads. 

et m: The kingpin offset on semitrailers is defined as the 
distance between the front of the container and the kingpin. In addition to 
influencing the kingpin load, the kingpin offset is used to &tennine the clearance 
between consecutive units in a vehicle combination. In this analysis, the kingpin 
offset is allowed to vary between 2.5 ft (-7 m) and 3 ft (.9 m). 



(a) Tractor 

(b) Truck 

(c) Dolly 

Figure 6. Layout information for various vehicle units. 
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: The bridge formula and pavement loading rules determine the 
trailer load, PL, that vehicle units can carry. In order to specify axle loads, 
standard tan weights are used for the vehicle units. The two-axle tractor has tare 
loads of 8,500 lb (3,855 kg) and 5,500 lb (2,495 kg) on its front and rear axles. 
The three-axle tractor is assumed to have the same front axle load, but canies a 
tare weight: of 8,000 lb (3,629 kg) on its rear tandem axles. The tare weights of 
trailers depend upon whether they are vans, tanks, flatbeds, or incorporate some 
other type of load supporting structure. To eliminate the variability due to trailer 
design, the sprung weight of a trailer (that is, the tare weight less the weight of 
the axles and associbted mounting hardware) is included in its trailer load, PL. 
The sprung weight of dollies, however, is assumed to be 1,000 lb (454 kg). 
With regard to axle weights, front axles weigh 1,200 lb (544 kg), drive axles 
2,500 1b (1,134 kg), and trailerldolly axles 1,500 lb (680 kg) plus an additional 
weight of 500 lb (227 kg) for mounting hardware for trailer axles. (The trailer 
load differs from the payload by the weight of the box or other container, the 
mounting hardware for trailer axles, and the trailer frame.) 

t o n g u e  lenethTJ,): The tongue length of a dolly is defined as the 
distance between the pintle hook and the center of the dolly's suspension. 

Adjustable dimensions 

The adjustable dimensions are those that were varied in laying out vehicles meeting the 
size and weight constraints on design. The most important dimensions in analyzing a 
vehicle design are the distances between suspension centers and hitch locations. These 
dimensions are determined by selecting cargo box lengths, the axle spreads, and numbers 
of axles on semitrailers. For the tractor, the wheelbase and the fifth wheel offset are 
assumed to be adjustable. The weight of the payload is varied in creating a vehicle design. 
The dolly tongue lengths must be specified for full trailers. The adjustable dimensions and 
their symbols are illustrated in figure 6. 

Fixed dimensions 

Certain dimensions are held fixed because they are often close to the same size used in 
various vehicles today. For reasonable ranges of the values of these dimensions, their 
influences on vehicle performance are usually small. Examples of the variables held fixed 
are the distance from the kingpin to the front of a semitrailer and the distance fiom the last 
axle to the rear of a semitrailer. 

The fixed dimensions could have a large influence on performance; however, the aim of 
greater load-carrying capacity tends to restrict the ranges of values for these dimensions. 
Experience has shown that putting the last axle close to the rear of a semitrailer is usually 
the appropriate location for maximizing the efficiency of handling water level loads; 2 ft (.6 
m) has been used here. The distance from the kingpin to the front of a semitrailer is 
approximately 2.5 to 3 feet (.7 m to .9 m) in many current layouts of combination vehicles. 
This has proven to be a good location for uniform loading and it does not pose clearance 



problems between semitrailers and tractors or between semitrailers given reasonable dolly 
lengths. 

Axle loads 

Axle loads for single and tandem axles are currently based on the provisions of formula 
B. Front axle loads are specified by many States, also driveis are known to be concerned 
with high front axle loads. Tractor manufacturers, wanting to use setback front axles, wish 
to increase front axle loads. Some truck users feel that the ability to build better quality 
pavements is increasing. As a result, they feel that higher axle loads should be allowed. It 
seems that trucking companies see higher axle loads as a desirable goal. 

In this study, front axle loads are determined by the tare weights of the tractors and the 
loading at the fifth wheel, that is, by current vehicle design practices. The allowable loads 
on nonfront axles are determined in accordance with the constraints involved in each 
scenario. For empty vehicles, the tare weights of various vehicle units and axles are set in 
accordance with presently typical vehicle properties. (See appendix A for numerical values 
of tare weights.) 

Increases in productivity 

Increased productivity can mean one of two things, depending upon the density of the 
cargo to be carried. Light cargo densities imply the need for more space; heavy cargo 
densities imply the need for more weight. The bridge fonnulas have the feature that as 
units get longer they are allowed to cany more load. Hence, the objective of greater load 
carrying capacity tends to satisfy the desire for more cargo space. On the other hand, a 
gross weight cap may be a severe limitation on the transport of heavy commodities, but it 
may have little influence on the transport of light goods. In general, the payloads have 
been selected in order to create vehicles examples that represent heavier loading of existing 
vehicles, fmt-order increases in load canying capacity, or large increases in loadcanying 
capacity. 

General rules followed in designing tnrcks 

All of the vehicle design considerations discussed in this section have been employed in 
the context of creating designs that would be more productive than current trucks. These 
new designs are intended to represent vehicles that might be used by trucking companies 
(with a few exceptions illustrating unusual circumstances created by particular 
combinations of size and weight rules). A hierarchy of examples has been constructed to 
try to anticipate changes ranging from (a) increases in productivity that could be achieved 
almost immediately with little change in design to (b) intermediate designs requiring modest 
revisions in vehicle layout and finally to (c) designs that attempt to reach the maximum load 
carrying capacity that might be achieved using substantial changes in design. The design 
process has been a creative one in that no universal algorithm for producing optimum 
designs has been found. In general, no claim is made that any of the designs created herein 



are to be taken as the most productive ones that could be created They are, however, 
intended to be examples of very productive designs. 

Measures of Intrinsic Safety 

Safety-related goals 

The results of this study and previous studies show that performance in safety-related 
maneuvering situations depends significantly upon the axle loads and geometric layouts of 
the vehicles involved. Hence, size and weight constraints may have important implications 
with respect to the intrinsic safety of heavy trucks and truck combinations. This subsection 
gives background material pertaining to an approach for evaluating the inherent or intrinsic 
safety of heavy trucks. 

The following safety-related objectives have been used to develop analytical procedures 
for evaluating vehicle performance: [lo] 

Directional control and stability during rapid braking. 

Rollover immunity. 

Steering controllability. 

These objectives correspond to the following practical goals: 

The rear end of the vehicle should follow the front end with adequate fidelity. 

The vehicle should safely attain a desirable level of deceleration during braking. 

The vehicle should remain upright (not roll over). 

The vehicle should be controllable and stable in following a desired path. 

The following maneuvering situations have been used for assessing vehicle 
perfomance relative to the practical goals listed above: 

Friction demund in a tight turn. 

High-speed ofiacking. 



Conrtant deceleration braking. 

Steady turwollover. 

Steady turrr-handling. 

Obstacle evasion (rearward amplification). 

Transient turning (response time). 

Specialized models, based on these maneuvering situations, provide a fundamental 
understanding of the vehicle's performance relative to (a) mechanical properties of critical 
components such as suspensions, tires, and brakes, and (b) dimensions of the vehicle's 
configuration. [lo, 11, 121 A performance rating or "measure" can be evaluated for the 
vehicle in each of the maneuvers analyzed. For instance, in a steady-turning maneuver, the 
roll angles of the vehicle's units increase as the lateral acceleration of the turn increases. At 
the limit of performance, one of the vehicle's units rolls over at a level of lateral acceleration 
called the "rollover threshold" For heavily loaded trucks, rollover thresholds range from 
approximately 0.25 g to 0.45 g. In this case the rollover threshold is the safety-relevant 
performance measure. 

In order to judge vehicle performance, it is useful to arrive at performance targets 
representing desired levels of performance. Ideally, one might wish that these performance 
targets could be based on analyses of the accident record. Unfortunately, information on 
the performance qualities of trucks is not usually available in data on accidents or exposure 
to risk. (However, rollover is an exception which has received attention. [I3]) 

Another approach is to use the performance of a baseline or reference vehicle to 
establish a reference set of performance targets. In this study, the performance of a 3 4 2  
tractor-semitrailer weighing approximately 80,000-lb (36,287 kg) has been used as a 
baseline for comparing vehicles. 

Furthermore, target performance levels, based on a judgmental assessment of the 
capabilities of current technology, have been used to provide another basis for evaluating 
the safety-related attributes of the projected vehicle designs. This approach has similarities 
to the presentation in the Canadian report on "Recommended Regulatory Principles for 
Interprovincial Heavy Vehicle Weights and Dimensions". [I41 Even so, the authors of this 
report, while appreciative of the desire for specified performance targets, do not mean to 
imply that the target performance levels used in this study have undergone sufficient 
testing, evaluation, and scrutiny to be viewed as established specifications for vehicle 
design. (See references 10 and 15 for discussions of a vehicle synthesis procedure 
involving the establishment of performance targets.) 

Figure 7 illustrates how the reference performance targets have bem used in displaying 
performance results. Arrows are employed to indicate the direction of performance that is 
worse than the reference levels for the maneuvering situation involved. For example, 



Worse than target 
p a f ~ l e v e l s  

Worse than the badhe 
3420fScrario 1 a-l 

Rollover Threshold, g's (higher values are better) 
Scenario 1 

Figure 7. Example of the use of performance targets. 



lower rollover thresholds are worse in the sense that vehicles with lower rollover 
thresholds are expected to be more likely to roll over than vehicles with higher rollover 
thresholds (see figure 7). 

The evaluation procedures for the size and weight scenarios which appear in the 
following sections have been selected in consideration of predicted performance in several 
maneuvers. Vehicles that exhibit performances that meet or exceed the reference 
performance levels for the following maneuvers have higher levels of intrinsic safety than 
many vehicles in current service. 

In some cases, the target performance levels are close to the performance characteristics 
of the baseline 3 4 2  (for example, see figure 7). In other cases, the performance 
achievable with a 3 4 2  tractor-semitrailer with closely spaced tandem axles far exceeds that 
needed for reasonable performance in particular maneuvering situations. Specifically, the 
target performance levels for friction demand in a tight turn, high-speed offtracking, and 
obstacle evasion (rearward amplification) do not require performance better than that of the 
baseline 342. On the other hand, in one case pertaining to braking efficiency, the 
performance of the baseline 3-S2 is not judged to be acceptable and the target performance 
level is set appreciably higher than that predicted for the baseline 342. Also in handling as 
evaluated by the sensitivity of the steering during an 0.3 g turn, the performance level of 
the baseline 342  is poorer than that of the target performance level. 

Developers of future size and weight regulations may want to consider the 
appropriateness of establishing performance levels for the purposes of promoting truck 
safety. Currently, there are no "fully justified" levels of performance in the sense that 
costhenefits are completely understood and connections with the accident record are 
irrefutable. However, examinations of the accident record may provide useful perspectives 
as to the relative importance of the various maneuvering situations. It is not reasonable to 
assume that these maneuvering situations are all equally important. In particular, based on 
the accident record, rollover and braking have been considered to be more important than 
the other safety items. Nevertheless, we have made judgements regarding poor 
performance as indicated in the following "target performance levels." If one accepts these 
judgements and, also, recognizes that these analyses represent the performance of idealized 
vehicles that do not suffer from practical problems that occur in the trucking environment, 
then the relative differences in performance ( as illustrated in figure 7, for example) can be 
used in guiding changes that are expected to represent directions for improving both 
productivity and safety. 

Low-speed offtracking is of concern at intersections. The rear of long vehicles may 
track several feet to the inside of the path of the front of the vehicle. Vehicle configurations 
with long units may h incompatible with the roadway system and may endanger roadside 
appurtenances, pedestrians, and parked or stopped vehicles. 

The evaluation procedure is based upon a quasi-static analysis of a vehicle turning a 
tight comer at low speed. The frst unit, the towing unit, is assumed to be steered such that 
the front axle follows a preselected path, typically a 90-degree segment of a cbular arc 



with tangent sections preceding and following the c w e .  Given wheelbases and hitch 
locations, a computerized algorithm then calculates the offtracking of the various units of 
the vehicle. The maximum offtracking of the rear axle of the last unit is used to quanti3 
the low-speed tracking perfoxmance of the vehicle. 

Target performance level: . 

For a 90-degree turn with a radius of 41 ft (125 m) to the center of the front axle, the 
desired limit for the path of the center of the rear axle is set at no more than 17 ft (5.2 m) 
inside of the path of the front axle. This compares with a calculated value of 17.34 ft (5.3 
m) for the baseline 342. 

Friction demand in a tight aun: 

The tirelroad fiction needed to negotiation a ti ht turn such as an intersection can be a 
problem for vehicles with widely spaced axles. 1127 On slippery surfaces the fiction level 
demanded of the tractor's rear axles may exceed the available friction if the semitrailer has a 
widely spread axle set This has been known to lead to tractor j a c W m g  and the potential 
for low-speed collisions with other vehicles. Concerns with this problem, as well as with 
excessive tire wear on high friction surfaces, has caused truck operators to employ one or 
more liftable axles in suspension sets with five or more axles. 

The previous model of tight turning rqmsents multiple-axle sets by a single, centrally 
located axle. This is a reasonably good approximation for conventional vehicles, but it is 
inadequate for vehicle units with many andlor widely spread axles. The "friction demand 
computation considers the scrubbing of tires during a tight tun and includes the influences 
of low fiction surfaces. It uses tirc lateral force characteristics to predict the turning ability 
of multiaxle vehicles on a variety of low- and high-friction surfaces. Performance in this 
maneuvering situation is degradtd by the use of many andlor wide spread axles in a 
suspension group on a vehicle unit. (The calculation is based on the results obtained in 
nference 12.) The level of road friction required by the vehicle is the performance measure 
for this maneuver. Smaller values for this measure imply a better maneuvering ability 
during a tight turn. 

Target perfomce level: 

The maximum level of friction demand used for a baseline has been set at 0.2. This 
choice is fairly arbitrary because the current understanding of this phenomenon is not 
complete and, in addition, the choice depends upon the level of highway slipperiness that is 
deemed acceptable. Friction levels given in the AASHTO green book are 0.17 and above 
for the friction factor for tight, low speed turns. Even though this application may be 
taking the AASHTO numbers out of context, the AASHTO friction levels give an idea of 
the characteristics of a poor road. 

High-speed offtracking : 

At highway speeds the driver steers his unit (the tractor or truck) to follow a desired 
path. The trailing units are expected to follow the path of the lead unit. In high-speed 



turning, the trailing unit or units may track to the outside of the path of the lead unit; trailer 
tires may strike a curb (thereby precipitating a rollover on a ramp, for example) or thc; trailer 
may hit an adjacent vehicle or obstacle. 

This analysis applies to the operation of vehicles on highway curves at highway 
speeds. At low speeds, the units of a combination vehicle will track towards the inside of 
the curve. As the speed increases, however, the offtracking begins to diminish and actually 
becomes zero at some speed At speeds beyond that point, the trailing units begin to track 
towards the outside of the turn. This calculation determines the offtracking of each unit as 
a function of speed and turn radius. The outboard offtracking attained by the rear axle of 
the last trailer is then used as the performance measure for the maneuver. 

Target performance level: 

The vehicle is envisioned to be in a steady turning situation on a radius of 1200 ft (366 
m) and traveling at 55 mi/h (88 km/h). The selected target is for the center of vehicle's last 
axle to track not more than 1 ft (0.3 m) outside of the path of the center of the front axle. 
The value of this measure for the baseline 3 3 2  is 0.24 ft (.072 m). This level is based on 
ideas generated in Sweden where a 0.5 m offtracking limit was proposed. Generally, 
drivers do not come as close as one foot (0.3 m) to curbs and other obstacles. Hence, this 
is probably the least critical of the intrinsic safety measures with vehicles like the 342  
being able to easily meet this goal. 

Constant deceleration braking: 

The quality of the overall braking system as an accident avoidance mechanism depends 
upon the ability to stop quickly in a stable and controllable manner. Truck stability and 
control during braking depend upon avoiding wheel locking. If the front wheels lock, the 
vehicle will not be responsive to steering. If the tractor rear wheels lock, a TST may 
jackknife, If trailer wheels lock, a trailer swing may ensue. All of these conditions are 
undesirable and each of them could lead to an accident. Each of them represents a situation 
in which the braking forcedemand at some axle set exceeds the amount of force-capability 
available from the load on the axle set and the prevailing friction level of the tirelroad 
interface. 

The analysis procedure examines the proportioning of the braking system by calculating 
the friction level required at each axle to prevent its wheels from locking up. The ratio of 
deceleration to the highest friction level, required at any axle, is the braking efficiency of 
the vehicle at that deceleration level. This is a simplified representation of the braking 
process that is useful for illustrating braking arrangements and situations that will lead to 
poor deceleration pcrfoxmance. The braking efficiency of the vehicle at various levels of 
deceleration (for example, 0.2 g and 0.4 g) provide the performance measures during 
braking. 

Target performance level: 

Braking efficiency is the fraction of the available tire road friction that can be used in an 
emergency stop without locking any wheels. Braking efficiency varies with loading 
conditions and the levels of deceleration involved. A target of at least 0.7 has been 



selected. For the baseline 3 4 2  with a full load, the braking efficiencies are 0.887 and 
0.843 at 0.L and 0.4 g, respectively. These excellent levels dre attained because the 
braking systems on heavy trucks in the U.S. are proportioned in accordance with the gross 
axle weight ratings. On the other hand, the empty combination has efficiencies of 0.672 
and 0.645 at 0.2 and 0.4 g. These lower levels of efficiency are probably the reason why 
empty vehicles tend to be overly involved in accidents in which the vehicle folds up 
("'jackknifes"). (The graphical comparisons presented in this study are for the empty 
condition.) 

Steady turn - rollover 

Heavy trucks with high centers of gravity are prone to rolling over in turning 
maneuvers. Examinations of the accident record have shown that the static roll stability of 
trucks con-elates well with rollover experience. [12,16,17] The results of these 
examinations indicate that the rollover of heavy TST's is very sensitive to their intrinsic 
rollover thresholds especially where the rollover thresholds are less than 0.4 g. 

The calculations used model the rolling performance of a vehicle during steady turning 
maneuvers. The calculation procedures represent analytical equivalents of tilt-table 
experiments. The model includes the primary factors influencing roll, namely, c.g. 
heights, axle track widths, spring and tire rates, spring spreads, roll center heights, and 
axle loads. The computations predict the level of lateral acceleration at which rollover will 
occur. 

Target performance level: 

The level of lateral acceleration which can be achieved without rolling over in a steady 
turn is selected to be 0.38 g for fully laden vehicles with the center of gravity of the 
payload at the center of the cargo container. This level is believed to be achievable with 
current hardware, especially if free plays in the springs and frfth wheel are kept to a 
minimum. The comparable performance level predicted for the baseline 3 4 2  is 0.375 g. 
(Some current vehicles with soft springs, 96-in (2.4 m) track widths, high payloads, and 
considerable suspension lash may have rollover thresholds as low as 0.25 g.) 

Steady turn - handling: 

The ease of directional control depends upon handling properties. Vehicles that are 
directionaliy unstable, or nearly so, require constant attention to the desired path and 
continual steering corrections to maintain that path. 

"Handling" calculations are concerned with the steering angles required for a given type 
of steady turn. These calculations indicate the possibility for the vehicle to become 
directionally unstable. 

For straight and articulated heavy trucks, the handling calculations are complex. The 
vehicle's response to steering may be linear only up to 0.15 g of lateral acceleration. Due 
to nonlinearities in tire cornering stiffnesses and the distribution of roll stiffnesses at the 
various suspensions, some vehicles may become directionally unstable at lateral 



acceleration levels below their rollover thresholds. The steering sensitivity, that is, the rate 
of change of steering angle with respect to iateral acceleration, indicates the margin of 
stability and is evaluated at 55 mih (88.5 km/h) and 0.3 g of lateral acceleration to define 
the performance measure for the vehicle. If the vehicle can become directionally unstable at 
0.3 g of lateral acceleration, the lowest speed at which this instability occurs is calculated. 
(This is called the critical speed) 

Target level: 

A steering sensitivity of 0.1 radians per g of lateral acceleration has been selected as a 
basis for comparing the directional control and stability of heavy trucks. This may be 
conservative in that the baseline 3 4 2  has a steering sensitivity of 0.065 radians per g at 0.3 
g of lateral acceleration. Nevertheless, the selected value is believed to be a reasonable 
value given the mechanical properties of cment tires and suspensions. The appropriate 
level is hard to assess even though it applies to a basic situation like directional stability 
during turning. 

Obstacle evasion (rearward amplification): 

This is a phenomenon that pertains primarily to vehicles with more than one articulation 
point, for example truck-full trailers and doubles and triples combinations. It occus during 
obstacle avoidance maneuvering in which the driver has to react quickly-situations such 
as when a car pulls out or stops quickly in front of a truck and the truck driver attempts to 
drive around the obsfruction proceeding at highway speed in the original direction of 
travel.. (In general, rearward amplification is small and of no concern in those more 
n o d  situations in which the driver has time to plan ahead.) The phenomenon is believed 
to be the cause of a number of rollovers of double-bottom tankers in Michigan and it has 
been demonstrated in proving grounds tests and in driver training f d .  

The model offers a first look at the response of a combination vehicle to rapid changes 
in steering. In obstacle-avoidance maneui&s, multitrailer vehicles experience a "crack.g- 
the-whipphenomenon where the lateral accelerations of rear trailers are amplified 
considaably. In this context, the lateral acceleration of the fmt unit may be viewed as the 
independent input variable employed in evaluating the extent to which the motion of the last 
unit-exceeds that of the first unit. ~ r e ~ u e n c y  domain calculations are used to study 
rearward amplification, which is technically defined as the ratio of the lateral acceleration of 
the last unit to the lateral acceleration of the first unit of the vehicle. The maximum amount 
of amplification is then used as the performance measure for this maneuver. 

Target performance level: 

A value of 1.4 has been chosen as the target level of rearward amplification. This level 
can be reached by doubles combinations with stiff tires, relatively long trailers, and 
favorable hitch locations. Innovative dollies with special hitching anangements and the use 
of semitrailer semitrailer doubles (B-trains) are measures that can be used to control 
rearward amplification. For TST's rearward amplification is approximately 1.0. Hence the 
baseline 342  does not encounter the same concerns with amplification-induced rollover or 
transient high-speed offtracking as vehicles with multiple articulation points. Nevertheless, 



a value greater than 1.0 has been chosen to represent a possible bound for vehicles with 
more than one articulatim joint. 

If this perfonnance level can not be met through tile use of stiff tires, long trailers, and 
favorable hitch locations, controlled steering dollies can be used to greatly reduce rearward 
amplification. For example, controlled steering B-dollies have been used to reduce 
rearward amplification from 2.3 for particularly poor examples of Western doubles to 
i.5.[181 

3. SUMMARY OF THE IMPLICATIONS OF INDIVIDUAL SIZE 
AND WEIGHT CONSTRAINTS 

Generalized understandings of the roles of various size and weight consmints have 
been ascertained through the process of designing vehicles and predicting their 
perfonnance. The implications of individual size and weight rules with respect to vehicle 
layout and vehicle performance are summarized here as an introduction to the scenarios that 
follow later. 

Bridge Formula Constraints 

Vehicle Layout: 
Allows approximately 500 lb (227 kg) of vehicle weight for an 
additional foot of distance in a given axle set 
Allows 6,000 lb (2,722 kg) of vehicle weight for an additional axle 
in a given axle set. 
Fonnula B, therefon, promotes the use of extra axles to gain weight 
allowances with or without increasing length. 
Due to the amount of the allowance for additional axles, the 
pavement load on each axle decmses with every axle added to a 
suspension. Consequently, this Bridge Formula contains a 
pavement loading restriction. (It might be said that formula has a 
version of the Turner concept built into i t  [a] ) 

Vehicle Performance: 
Extra axles within fixed lengths reduce the effective wheelbases of 
the various units, thereby, reducing the amount of low-speed 
ofRracking of the vehicle. 
The use of extra axles, however, increases the friction requirements 
duxing tight turning. 
The additional braking effort of the extra axles tends to make the 
vehicle "over-braked", especially on the lightly loaded axles. 
Due to the added roll stiffnesses of the extra axles, the vehicle's roll 
stability improves. 



The shorter effective wheelbases of the various units tend to 
increase the amount of rearward amplification, thereby, degrading 
the vehicle's evasive maneuvering performance. 

Vehicle Layout: 
Other than an additional 2,000-lb (907 kg) allowance on an axle set, 
formulas B and C are identical. 
The vehicle layout guidelines of formula B, therefore, apply to 
formula C. In other words, vehicles developed under formula C 
would be similar to vehicles developed under formula B except that 
they would be 2,000 lb (907 kg) heavier. 

Vehicle Peformance: 

Since the vehicle layouts under fmulas  B and C are almost 
identical, their performance characteristics are similar. 

Vehicle Layout: 
Unlike formulas B and C, the TI'I bridge formula is a "length-to- 
weight" rule which ignores the number of axles in an axle set. 
Consequently, it does not provide any weight allowances for 
additional axles. 
For lengths under 56 ft (17 m), the ?TI bridge formula provides 
1,000 lb (454 kg) for an additional foot of distance in an axle set. 
However, for lengths over 56 f t  (17 m), the bridge formula 
becomes more restrictive and provides only 500 lb (227 kg) for an 
additional foot of distance. Consequently, the 'ITI formula 
encourages widely spaced axles with no benefits for extra axles. 

Vehicle Performance: 
Due to longer vehicle lengths (as needed to gain weight allowances), 

' 

the low-speed offtracking performance of the vehicle might suffer. 
Spreading axles in a suspension by placing or moving leading axles 
forward, however, tends to reduce the effective wheelbase of a unit 
and helps reduce the amount of offttacking. 
Fewer axles reduce the amount of friction required during a low- 
speed turn. h e  axle spreads in a suspension, however, increase 
the amount of friction needed Increasing the spread between axles 
has a powerful influence on increasing the friction demand in a tight 
turn. 

* With fewer axles, the ratio of total weight to total roll stiffness 
decreases, thereby, degrading the vehicle's roll stability. 
Longer wheelbases on the various units improve the vehicle's 
evasive maneuvering performance. 



Pavement Loading Constraints 

Vehicle Layout: 
Since the pavement loading constraint only applies to single and 
tandem axles, the loads on multiaxle (more than two axles) groups 
is governed by a bridge formula constraint. 
The 36/22 rule is used in conjunction with formula C and limits 
tandem axles to 36,000 lb (16,329 kg) and single axles to 22,000 lb 
(9,979 kg). 
In certain situations the ability to carry higher loads (2,000 lb (907 
kg) more than the prevailing "3420 rule") on a limiting axle group 
improves the overall weight carrying capacity of the vehicle. (This 
turns out to be useful for obtaining slight increases in payload when 
water level loading is used in the design process.) 

Vehicle Performance: 
The pavement loading constraint only becomes a si@cant factor in 
determining a vehicle's performance if it becomes more restrictive 
on axle loads than the bridge formula (Usually this does not 
happen, and the bridge formula prevails.) From the standpoint of 
maneuvering capability, axle loading and tire and brake properties 
need to be considered together. In general, truck tires and brakes 
have been developed so that their mechanical properties are 
compatible with the 36/22 or 34/20 rules. 

Vehicle Layout: 
The 34/20 rule is the currently prevailing pavement constraint and 
limits tandem axles to 34,000 lb (15,422 kg) and single axles to 
20,000 lb (9,07 lkg). 
Multiaxle (more than two axles) suspensions or wide-spread single 
axles are used to circumvent the more restrictive pavement loading 
constraint. 
The layout of the baseline 3-S2 is an example of a vehicle in which 
the 34/20 rule and bridge formula B provide a limit layout at a GCW 
of 80,000 lb (36,287 kg). 

Vehicle Pe#ormance: 
The pavement loading constraint only becomes a significant factor in 
determining a vehicle's perfonnance if it becomes more restrictive 
cn axle loads than the bridge formula. (Usually this does not 
happen, and the bridge formula prevails.) From the standpoint of 
maneuvering capability, axle loading and tire and brake properties 
need to be considered together. In general, truck tires and brakes 



have been developed so that their mechanical p r o m e s  are 
compatible with the 36/22 or 34/20 rules. 

Vehicle Layout: 
The 28/16 rule is based on the Tumer Concept and limits tandem 
axles to 28,000 lb (12,701 kg) and single axles to 16,000 lb (7,257 
kg). (This is just one possibility for implementing a Turner 
concept) 
Multiaxle (more than two axles) suspensions or wide-spread single 
axles are likely to be used to meet the more restrictive pavement 
loading constraint. 

Vehicle P e r f o m e :  
In this case, vehicles might employ tires and brakes that are different 
from those cuxrently employed. These changes could either improve 
or degrade performance. 

Length Constraints 

Vehicle Luyout: 
The notation "STAA refers to the lengths specified for tractor- 
semitrailers (TSTs) and doubles in the Surface Transportation 
Assistance Act of 1982. The STAA limits TST semitrailer lengths to 
48 ft (15 m) and double trailer lengths to 28 ft (8.5 m). There are no 
explicit constraints on the lengths of tractors and dollies. 
If bridge formula rules are used in conjunction with the length 
constraint long tractors and dollies could be used to increase the 
overall. length, thereby increasing the vehicle's weight carrying 
capacity. 

Vehicle Performance: 
With no constraint on overall length, long tractors and dollies would 
increase the low-speed ofhcking of the vehicle. 
Long wheelbases improve the handling characteristics of tractors. 
With limits on trailer lengths, short effective wheelbases (resulting 
from extra axles) would degrade the evasive maneuvering 
characteristics of the vehicle. 

Vehicle Layout: 
Under this constraint, vehicles must have low-speed offtracking 
characteristics equivalent to that of a tractor with a 12-ft (3.7 m) 



wheellbasc pulling a semitrailer with 40 ft (12.2 m) from the kingpin 
to the centm of the rear suspension. 
The offtraciig rule promotes more articulation joints and shorter 
effective wheelbases in the vehicle layout. 
Depending upon the bridge formula in effect, multiaxle 
suspensions or wide spread axles could be used to shorten effective 
wheelbases. With no explicit constraint on the lengths of units, 10ilg 
vehicles with small amounts of offtracking can be developed, but 
they might require high levels of friction in tight turns. To counter 
the friction demands, liftable axles might be promoted. 

Vehicle Pevonnance: 
Since the vehicles are governed by an offtracking rule their low- 
speed offtracking performance is predictable. 
Multiaxle suspensions and wide spread axles increase the friction 
requirements during tight turning maneuvers. 
Short effective wheelbases and more articulation joints increase the 
amount of m a r d  amplification. 

Maximum Weight Constraints 

80 K. 100 K. NONE; 

Vehicle Layout: 
The maximum weight cap is used with a bridge formula rule to 
determine vehicle layouts. 
Under the ?TI formula, the weight cap establishes a minimum 
vehicle length for vehicles that are at the weight cap. Under formula 
B, the number of axles is also required to set the minimum length. 
If the weight cap is raised, vehicles may need to get longer to obtain 
the higher weight. Presuming that axles are added in sufficient (but 
not excessive) quantity, the number of axles will be influenced by 
the weight cap and the pavement loading rule. 
The 80,00elb weight cap, 34/20 rule, and formula B tend to make 
the five-axle tractor-semitrailer (TST) a productive vehicle. Higher 
weight caps tend to make other vehicle layouts more productive 
than the five-axle TST's. 

Vehicle Pe@ormance: 
The influences of maximum weight constraints depend heavily upon 
the "length-to-weight" relationship of the prevailing bridge 
formula. 
Nevertheless, higher maximum weight constraints tend to promote 
longer vehicles regardless of the bridge formula involved. The 
advantages and disadvantages of longer vehicle lengths come into 
play. For example, longer wheelbases promote maneuvering 
stability but they &grade offtracking. Additional articulation joints 



might be added to reduce lowspeed offtracking of long vehicles, 
however this would increase rearward amplifkation and high-speed 
offtracking . 

4.  SCENARIO 1 - NO WEIGHT CAP, FORMULA B, STAA 
LENGTHS 

Vehicle Design 

Dejinition of the constraints on vehicle design 

The constraints governing this scenario are: 

Maximum weight cap: None 
Bridge formula restrictions: B 
Length constraints: STAA vehicles 
Pavement loading restrictions: 34,000 lb (15,422 kg) for tandems; 

20,000 lb (9,072 kg) for singles. 

Implications with respect to vehicle design 

Formula B provides weight allbwances for longer lengths and additional axles. The 
bridge formula allows approximately 500 lb (226.8 kg) for an additional foot (0.3 m) of 
distance in a given axle set. In the case of additional axles, however, it provides nearly 
6,000 lb (2,722 kg) for every axle added to a given length. Formula B, therefore, 
promotes the use of additional axles to gain weight allowances with or without increasing 
length. 

Since the bridge formula pennits only 6,000 lb (2,722 kg) for every additional axle, it 
forces a smaller pavement load with the addition of each axle. For example, four axles 
with 4-ft (1.2 m) spreads between them are allowed only 12,500 lb (5,670 kg) per axle. 
Though four axles could be considered as a pair of tandems with an allowable 34,000 lb 
(15,422 kg) per tandem set, the bridge formula allows only 25,000 lb (11,340 kg) on 
each set. The bridge formula, therefore, has a decreasing weight return for additional axles 
and tends to be more restrictive than the pavement loading rule in limiting axle loads. 

Vehicle configurations in this scenario are limited to tractor-semitrailers and doubles 
(STAA vehicles). From the point of view of length, trailer dimensions are restricted by the 
STAA. In the case of TST's, with the trailer length limited to 48 ft (14.6 m), the only 
means of reaching a higher GCW is by adding axles to the existing hardware. In spite of 
formula B allowing only 6,000 lb (2,722 kg) for each additional axle (with the tare weight 
of the axle accounting for 2,000 lb (907 kg)), the extra 4,000 lb (1,814 kg) of payload 
results in higher levels of productivity for the vehicle. In the case of doubles, additional 
axles and longer vehicles could be used to maximize gross vehicle weight. As mentioned 
earlier, the STAA does not restrict the lengths of dollies. Also, the bridge formula (being a 



"length-to-weight" rule) allows higher loads across longer distances. Consequently, 
operators could use longer dollies to increase the overall lengths of their doubles, thereby 
inmasing their GCW's. As in the case of the TST, doubles could also use additional axles 
on their trailers to increase their payload weight. 

In summary, the two driving forces in this scenario are the bridge formula and the 
length restriction of the STAA. With the lengths of trailers restricted, there is a limit to the 
number of axles that can be added to the trailer. This, in effect, is an indirect cap on the 
amount of payload that the vehicles can carry. The combined effects of these two 
constraints, therefore, could result in longer dollies on doubles and more axles on both 
TST's and doubles. 

Example vehicles 

As in all the other scenarios, the dimensions and axle weights for the example vehicles 
were checked for compliance with the pertinent size and weight constraints using the 
procedures described on page 14 and presented in appendix A of volume 2. The axle 
weights were chosen to make the vehicles very productive without violating any of the size 
and weight allowances for a water level load. 

# .  Tractor-Sermtrsulers: Applying the constraints of this scenario to the current three-axle 
tractor and tandem-axle semitrailer (figure 8), we find that removing the gross weight cap is 
of no consequence in this vehicle and axle layout. A "water-level" loading of the 
semitrailer results in a 34,000-lb (15,422 kg) suspension load on the rear of the semitrailer 
which limits the vehicle's total weight to 78,405 lb (35,564 kg). A forward-biased 
loading of the semitrailer would allow the vehicle to reach 80,000 lb (36,287 kg), with 
34,000 1b (15,422 kg) on the tandem axles and 12,000 lb (5,443 kg) on the front axle. 

Using additional axles to obtain the weight advantage provided by the bridge formula, a 
three-axle tractor and a tridem-axle semitrailer (figure 9) is found to be extremely 
productive when compared with the five-axle TST. The additional axle, which increases 
the vehicle's GCW by nearly 7,600 lb '(3,447 kg), improves the load distribution and 
increases the allowable payload weight by approximately 5,600 lb (2,540 kg). 

Using the "axle-effect" of formula B to maximize GCW, another TST with a total of 
nine axles is allowed to weigh approximately 102,000 lb (46,266 kg). The three-axle 
tractor and six-axle semitrailer (figure 10) has a tare weight of 38,300 lb (17,373 kg) and 
carries a payload of 63,590 lb (28,844 kg). A fourth TST, also with a total of nine axles, 
uses a four-axle tractor and a five-axle semitrailer (figure 11). Though the GCW of this 
vehicle is 500 lb (227 kg) less than the TST in figure 10, it uses a tridem set on the rear of 
the tractor so that all nine axles carry approximately the same amount of load. Though the 
last two TST examples (figures 10 and 11) might appear to be extreme, they are included to 
provide an insight into the variety of vehicles possible under the given set of constraints. 

Doubles; Using the same vehicle development scheme for doubles, the constraints of 
this scenario are applied to the "Western Double." The "Western Double" is made up of a 
two-axle tractor, a single-axle semitrailer, and a two-axle full trailer. The vehicle layout 
and load distribution for such a vehicle operating under a 80,000-lb (36,287-kg) gross 











weight cap is shown in figure 12. The load distribution for the same vehicle, but without 
the restriction of the weight cap, is s'nown in figure 13. By the removal of the weight cap, 
the "Western Double" is allowed to carry an additional 8,365 lb (3,794 kg) without any 
modification to its axle layout. In the case of the TST, however, it was necessary to 
increase the number of axles to increase the vehicle's GCW. 

Tandems instead of single axles help boost the GCW of a double with 28-ft (8.5 m) 
trailers from 88,500 lb (40,143 kg) to 109,500 lb (49,668 kg). This provides a major 
increase in payload capability without going to three or more axles in a suspension set. The 
nine-axle vehicle with its load distribution is shown in figure 14. 

Again, exploring the possibilities of extreme designs, the trailer tandems are replaced 
with tridem-axle sets. Also, the dolly's wheelbase is increased from 8 ft (2.4 m) to 
13.5 ft (4.1 m). The resulting eleven-axle vehicle has a gross combination weight of 
122,500 lb (55,565 kg) and is displayed in figure 15. A fifth double-trailer design, with 
an even longer dolly (a 40-ft (12.2 m) dolly shown in figure 16) reaches a GCW of 
136,410 lb (61,874 kg). Although a double with a 40-ft (12.2 m) dolly would probably 
not be built, it illustrates what could happen if size and weight regulations are not 
thoroughly analyzed. 

The vehicle and axle layouts for the nine vehicles developed in this scenario are 
summarized in table 2. The columns containing payload weight and volume are useful in 
determinhg relative productivity levels for the vehicles. 

What kind of vehicles would be promoted 

With the STAA in effect restricting the volume available for canying payload, LTL 
fleets using TST's would not benefit substantially from removal of the gross weight cap. 
From the standpoint of productivity (increased volume and, if needed, increased payload 
weight), LTL fleets would find doubles to be more attractive than TSTs. 

For liquid- and dry-bulk haulers and operators hauling dense cargo, TST's would still 
be a viable alternative. The vehicles would have to be modified to have more axles to take 
advantage of the higher allowable GCW's. In the case of doubles, longer dollies and 
tandem-axle sets could be used to achieve vehicles with GCW's over 110,000 1b 
(49,895 kg). In general, doubles would have productivity advantages over TST's. 

Vehicle Performance 

Using the safety related goals and the maneuvering situations discussed in section 2, 
the performance measures of the nine vehicles developed in this scenario are shown in table 
3. Vehicle codes and GCW's are used to differentiate between the various vehicles and 
axle layouts. In the case of similar vehicle codes, such as the last two double-trailer 
layouts, the GCW is used to identify the respective designs. 
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The performance of the "baselinet' three-axle tractor and tandem-axle semitrailer (3-S2), 
shown in figure 8, is used as the basis for comparing the vehicles develdped in this and 
other scenarios. Entries with asterisks indicate performance measures that are worse than 
the 362. A bold face type is used to identify performance characteristics that are judged to 
be poor,relative to current technology. The performance of the 3-S2 and acceptable levels 
of safety (relative to current technology) are used as references for comparing the different 
vehicle designs. 

Graphical representations of table 3 are displayed in figures 17 through 24. Each figure 
illustrates a particular tow of table 3 and shows the performance of the various vehicles in a 
specific maneuver. The figures are useful in comparing the vehicles' performances relative 
to the two reference lcvels of performance. 

Safeq and operational concerns 

w-Swed Off- At low speed the rear end of the vehicle offtracks well 
towards the inside or' the turn. Shorter distances, by having more articulation joints and 
shorter wheelbases, help reduce the amount of offtracking. Figm 17 displays the measure 
of the vehicle's offtracking ability, or the distance (in feet) by which the last axle of the 
vehicle is offset from the front axle in a 90-deg intersection turn. Clearly, doubles (except 
the vehicle with the 40-ft (12.2 m) dolly) are better than TST's with respect to 
maneuverability around tight comers. The results in figure 17 also illustrate the 
improvement in offtracking by the addition of axles to suspension sets. In this scenario, 
though the semitrailers in the TST configurations are of similar length, the six-axle 
semitrailer (figure 10) offtracks by an amount 4 ft (1.2 m) less than that of the tandem- 
axle semitrailer (figure 8). This is because the addition of an axle reduces the effective 
wheelbase (measured between the articulation joint and the suspension center) of the unit, 
thereby, reducing the amount of offtracking. 

n The information in the second row of table 3 and in figure 18 shows 
the disadvantages of multiple-axle arrangements. The tires on units with multiaxle 
suspensions produce a turn-resisting moment when the vehicle attempts to make a tight in- 
town turn, In order to "scrub" these tires around the comer, there must be enough Wroad 
friction for the tractor's drive wheels to generate the necessary force to overcome the turn- 
resisting moment. The friction demand increases as (i) the spread and number of axles 
increases, (ii) the wheelbase of the semitrailer decreases, and (Z) the vertical load on the 
drive axles decreases. As indicated in figure 18, none of the doubles require high levels of 
fiiction during tight-turning maneuvers. This is because they have no more than three axles 
on any of their semitrailers. In the case of the TST with five axles on its semitrailer (figure 
1 I), the tractor's tridem suspension helps generate the necessary lateral and longitudinal 
forces to overcome the turn-resisting moment of the five-axle suspension. However, the 
TST, with six axles on its semitrailer (figure lo), would have trouble negotiating comers 
on icy and snow-covered surfaces. 

ed The results in figure 19 pertain to the offtracking towards the 
outside of a 1,200-ft (365.8-m) turn traversed at 55 mi/h (89 kmh). The results for all 
these vehicles indicate that the rear ends of these vehicles will not be more than 1 ft 
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Figure 17. Low-speed offtracking, scenario 1. 
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Figure 18. Friction demand, scenario 1. 
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Figure 19. High-speed offaacking, scenario 1. 
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Figure 20. Braking efficiency, scenario 1. 
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Figure 21. Rollover threshold, scenario 1. 
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Figure 22. Critical velocity, scenario 1. 
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Figure 23. Steering sensitivity, scenario 1. 
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Figure 24. Rearward amplification, scenario 1. 



(0.3 m) outside of the path of the front axle. The offtracking results for all nine vehicles 
axz considered acceptable relative to cxrent technology. 

Dec- The braking efficiency of a vehicle is the ratio of its 
deceleration to the level of the tirefroad friction required to prevent wheel lockup. Braking 
results for the nine vehicles are presented in the fourth and fifth items of table 3. In 
contrast to the situation when the vehicle is loaded, the braking efficiencies of all nine 
vehicles are quite low when they are empty. This problem is largely due to the fact that 
brakes on heavy vehicles in the U.S. are proportioned to be efficient when the vehicles are 
fully loaded. Since the empty vehicles perform so poorly in this maneuver, especially at 
0.4 g's, figure 20 contains the braking efficiencies for the nine vehicles in such a situation. 
The tridem-axle semitrailer (figure 9) and the "Western Doubles" (figures 12 and 13) have 
braking efficiencies that are both poor and less than that of the "baseline" TST (table 3). In 
the case of the "Western Double," short wheelbases increase the amount of "rear-to-frontt' 
load transfer, thereby, lightening the trailers' axles. Moreover, the single-axle suspensions 
do not generate a large enough share of the total braking force before the wheels on the 
trailer axles begin to lock-up. The combined effects of these two events degrade the 
vehicle's braking efficiency. In the case of the tridem semitrailer, the brakes on the three- 
axle suspension generate too much braking force on the lightly loaded end of the 
semitrailer. This results in the trailer's rear axles locking-up before the vehicle has 
achieved a sufficient level of deceleration. The loaded 3 4 6  has a similar problem - the 
extra axles on the semitrailer tend to make the vehicle slightly "overbraked in this 
maneuver. In other words, the brakes are too effective compared to the light loads carried 
on those axles. Anti-lock braking systems or load-proportioning mechanisms could 
alleviate some of the problems of "overbraked" axles. Unlike the other vehicles with 
multiaxle suspensions, the braking efficiency of the empty 4 4 5  (figure 11) is slightly 
better than that of the "baseline" TST. In this case, the tractor's rear tridem suspension 
generates much of the braking force on heavily loaded axles (due to the forward-pitching 
motion of the trailer) to maintain a relatively high level of efficiency. 

- The rollover thresholds for the nine vehicles are given in the 
sixth item of table 3 and are shown in figure 21. As indicated in the previous discussion on 
braking, extra axles tend to lower the braking performance of projected vehicles. In the 
rollover situation, however, extra axles result in vehicles with rollover thresholds better 
than those of current designs. This is due to the higher ratio of total roll stiffness to total 
weight. For example, the "Western Double" with the GCW of 88,365 lb (40,082 kg) is 
the only vehicle in this scenario that has a rollover threshold lower than that of the 
"baseline" TST. The vehicle was designed without the restriction of the weight cap and 
carries an additional 8,365 lb (3,794 kg) on its axles. The lower roll stiffness per pound 
of axle load results in a lower rollover threshold for the vehicle. Other mechanical 
properties that influence the rollover threshold of the vehicle are the c.g. height of the 
payload and the track width of the axles. Though these variables were fixed in these 
analyses, their effects should be considered at the design stage to improve the rollover 
immunity of projected vehicles. 

v Turn - ' Two measures of vehicle handling are presented in the 
seventh item of table 3. The critical speed (table 3, 7.a. and figure 22) is the velocity at 



which an instability would occur, given that the lateral acceleration of the steady turn is 
0.3 g's. The steerklg sensitivity (table 3, 7.b. and figure 23) provides a stability margin 
for the vehicle where negative values represent the range of unstable operation. Both 
"Western Double" configurations have critical velocities that are well within the current 
operating conditions. While the current 241-2 is unstable at speeds over 54 mi/h 
(87 kmh), the more heavily loaded vehicle is unstable above 31 mik (50 km/h). Since 
both vehicles would be unstable at 55 mi/h (89 kmlh), their steering sensitivities are 
negative. Otherwise, the remaining vehicles are fairly well behaved 

Evasion: The last safety-related maneuver involves a rapid steering reversal . 
In this maneuver, the rear trailer of a double experiences a more severe lateral motion than 
that of the tractor. The ratio of the lateral acceleration of the last trailer to that of the tractor 
is referred to as the "rearward amplification" for the vehicle. The results of such a 
maneuver are presented in the eighth item of table 3. The results in figure 24 show that the 
amount of amplification increases as the vehicles get heavier. This is due to two effects - 
short wheelbases on trailers and a higher ratio of payload to the number of tires cause 
greater amounts of rearward amplification. In the case of the two 343-5 configurations, 
heavy loads and shorter wheelbases on the trailers cause noticeably more amplification than 
the lighter 2-S 1-2 configurations. In this situation, advanced countermeasures, such as, 
innovative hitching mechanisms, can be applied to improve the evasive maneuvering 
capabilities of projected vehicles. 

5 .  SCENARIO 2 - NO WEIGHT CAP, FORMULA C, STAA 
LENGTHS 

Vehicle Design 

Dejinition of the constraints on vehicle design 

Maximum weight cap: None 
Bridge formula restrictions: C 
Length constraints: STAA vehicles 
Pavement loading restrictions: 36,000 lb (16,329 kg) for tandems; 

22,000 lb (9,979 kg) for singles. 

Implications with respect to vehicle design 

Due to their similarities, the influence on vehicle design by formula C is very similar to 
the effects of formula B. As mentioned earlier, the main difference between the two bridge 
formulas is that formula C allows an additional 2,000 lb (907 kg) on any given axle set. 
In most vehicle configurations, the most limiting axle set is the overall axle group. That is, 
an application of the bridge formula on the overall axle set, determined by the first axle on 
the tractor and the rearmost axle on the vehicle, frequently decides the total allowable 
weight of the vehicle. Consequently, vehicles operating under formula C would be 
2,000 lb (907 kg) heavier than the same vehicle under fonnula B. 



Analogous to f m u l a  B, then is still the tendency under formula C to add axles to gain 
weight allowances with or without increasing length. Though the "36122" pavement rule is 
a more lenient restriction (compared with the "34120" restriction), the vehicle's axle ioads 
ze also governed by formula C which, like formula B, has a decreasing weight return for 
additional axles. With respect to pavement loads, formula C is more restrictive than the 
associated "36122 loading rule. In the case of vehicles with biased load distributions, 
however, the pavement rule helps gain weight allowances by allowing single- and tandem- 
axle sets to carry slightly heavier loads. For example, the "baseline" tractor-semitrailer in 
scenario 1 (figure 8), was limited to 78,405 lb (35,564 kg) by the 34,000-lb (15,422-kg) 
suspension load on its semitrailer. Also, the single axles of the "Western Double" in figure 
13 were limited to 20,000 lb (9,072 kg) by the "34120" pavement rule. Though both 
vehicles were allowed higher GCW's under the bridge formula, the "34120 pavement rule 
was more restrictive and the vehicles were forced to carry lighter payloads. Under the 
"36/2OU rule, the same vehicles would be allowed to carry 36,000 lb (16,329 kg) and 
22,000 lb (9,979 kg) on tandems and single axles, respectively. This would help the 
vehicle meet the weight limit set by the bridge formula. Consequently, with less of a 
constraint on axle loads, vehicles with biased load distributions could be more than 
2,000 lb (907 kg) heavier than the same vehicles under formula B and the "34120" mie. 

The remaining constraints, that is, the length and weight constraints, in this scenario are 
identical to those discussed in the previous chapter. Vehicle configurations are limited to 
TSTs and doubles, and trailer dimensions are restricted by the STAA. Also, the vehicles 
are allowed to operate without a predefined restriction on their gross combination weights. 
With the bridge formula and the length restriction being the dominant forces in this 
scenario, the combined effects of the four constraints lead to longer dollies on doubles and 
more axles on both TSTs and doubles. 

Example vehicles 
. . Tractor-Sermttatlers: Since the vehicles in scenario 1 would be similar to those in this 

scenario, they are used as initial choices in the development process. As mentioned earlier, 
the three-axle tractor and tandem-axle semitrailer in figure 8 would be much more 
productive under formula C and the "36122" pavement rule. The load distribution for this 
vehicle under the new set of constraints is shown in figure 25. The less restrictive 
pavement rule helps the vehicle gain an additional 3,865 1b (1,753 kg) of allowable 
weight. Though the bridge formula allows a GCW higher than 82,270 lb (37,317 kg) 
attained by the vehicle, the pavement rule remains a dominant constraint. A forward-biased 
loading of the semitrailer would assist in meeting the pavement constraint 

Since the bridge formula is the more dominant constraint (instead of the pavement rule) 
in the case of the three-axle tractor and tri&m-axle semitrailer (figure 9), the vehicle is only 
2,000 lb (907 kg) heavier in this scenario. The axle layout and load distribution for the 
vehicle is shown in figure 26. Sidarly, the remaining TSTs developed in scenario 1 
(figures 10 and 11) would be 2,000 lb (907 kg) heavier under this set of constraints. 

Doubles: The "Western Double" of figure 13 is another situation where the advantages 
of the "36122" rule are apparent. The "Western Double" (figure 27) in this scenario is 









3,630 1b (1,647 kg) heavier than its counterpart in scenario 1. In this case, the bridge 
formula takes ova  as the dominant constraint and forces lighter axle loads than does the 
pavement rule. 

The bridge formula is the more dominant constraint in the case of the tandem-axle 
double (figure 14) and only allows an extra 2,000 lb (907 kg) of total vehicle weight. The 
load distribution for the 11 1,500-lb (50,576 kg) vehicle is shown in figure 28. Since 
fomula C is the dominant constraint, the remaining doubles developed in scenario 1 
(figures 15 and 16) would be only 2,000 lb (907 kg) heavier under this set of constraints. 
The vehicle and axle layouts for the four vehicles developed in this scenario are 
summarized in table 4. 

Whaz kind of vehicles would be promoted 

As in scenario 1, LTL fleets do not stand to gain much from the constraints in this 
scmario. Besides encouraging the use of doubles to increase their volume capacity, the 
2,000 ib (907 kg) weight allowance and removal of the weight cap might not affect LTL 
operators significantly. 

For bulk haulers, however, the extra 2,000 lb (907 kg) provides an immediate reward 
of additional payload-carrying capacity. Though vehicle and axle layouts would be similar 
to the configurations in scenario 1, their GCW's would be higher by 2,000 lb 
(907 kg). 

Vehicle Performance 

Performance summary 

The perfonnance measures of the four vehicles developed in this scenario are shown in 
table 5. The graphical representations of the tabulated results are shown in figures 29 
through 36. 

Sqfety and operational concerns 

Low-Speed Off- Figure 29 displays the offtracking abilities of the four 
vehicles. Since the vehicles' axle layouts are the same in scenarios 1 and 2, their 
offbacking perfonnance in low-speed turns is similar. The double-trailer configurations, 
with their short wheelbases and multiarticulated layouts, are clearly superior in their in- 
town maneuverability. 

on Demand: The amount of friction required during tight turning is shown in 
figure 30. With no more than thne axles in any suspension, the vehicles require lower 
levels of friction during tight-turns. 

ed The high-speed offtracking results for the vehicles are shown 
in figure 3 1. The figure indicates that the rear ends of these vehicles will not be more than 





Table 4. Summary of example vehicles for scenario 2. 

1. Payload weight (excludes trailer weight) is estimated from a water level loading situation 
2. Overall length is measured between extreme axles 

Example Vehicle 

Tractor-semitrailer 
Tractor-semitrailer 

Double 
Double 

Vehicle 
Code 

3-S2 
3-S3 

2-S 1-2 
3-S2-4 

Tare Weight 

30,300 lb 
32,300 lb 

30,500 lb 
39,000 lb 

GCW 

82,270 lb 
88,000 lb  

91,995 lb 
11 1,500 lb  

1. Payload 
Weight 

5 1,970 lb 
55,700 lb 

61,495 lb 
72,500 lb 

Payload 
Volume 

(cubic feet) 

3,672 
3,672 

4,284 
4,284 

2. Overall 
Length 

53.5 ft 
53.5 ft 

67.0 ft 
67.0 ft 

Number 
of Axles 

5 
6 

5 
9 



Table 5. Summary of performance measures for example vehicles (scenario 2). 

Entries with asterisks indicate performance measures that are worse than those of the 
3 4 2  of Scenario 1. The 3 4 2  in Scenario 1 is used as a basis for comparison. 

Entries in bold face type are judged to represent poor levels of performance relative 
to current technology. 

Entries in bold face and with asterisks are both worse than the 3 4 2  (Scenario 1) and 
poor. 

Vehicle Code 
Gross Combination Weight (GCW) 

1. Maximum transient (low-speed) 
offtracking (ft) - 41 ft and 90' 

2. Friction demand in a tight turn 

3. High-speed offtracking (ft) 
- 1200ftat55mi/h 

4. Braking efficiency (Loaded) 
- 0.2 g's 
- 0.4 g's 

5. Braking efficiency (Empty) 
- 0.2 g's 
- 0.4 g's 

6. Rollover threshold (g's) 

7.a Critical speed at 0.3 g's (mi/h) 

7.b. Steering sensitivity at 0.3 g's 
and 55 mi/h (radiandg) 

8. Maximum rearward amplification 

Double 
241-2 

91,995 lb 

14.05 

0.00 

0.799* 

0.885* 
0.807* 

0.615* 
0.568* 

0.358* 

2 4.7 2 * 

< 0 

1.504' 

363-5 
111,500 lb 

12.47 

0.02* 

0.734* 

0.904 
0.849 

0.684 
0.642' 

0.417 

None 

0.1 17 

1.561* 

Tractor-semitrailer 
3 4 2  

82,270 lb 

17.34 

0.0 1 

0.261 * 

0.887* 
0.843 

0.672 
0.645 

0.370* 

8 4.6 1 * 

0.036* 

- 
- 

3 4 3  
88,000 lb 

16.23 

0.03* 

0.28 1 * 

0.853* 
0.813* 

0.638* 
0.613' 

0.377 

None 

0.114 

- 
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Figure 29. Low-speed offtracking, scenario 2. 
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Figure 30. Friction demand, scenario 2. 
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Figure 3 1. High-speed offtraclcing , scenario 2. 
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Figure 32. Braking efficiency, scenario 2. 
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Figure 33. Rollover threshold, scenario 2. 
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Figure 34. Critical velocity, scenario 2. 



wone than thebeseline 
342 of Sannio  1 

Steering Sensitiiity at 0.3 g's and 55 milh (higher values are better) 
Scenario 2 

Figure 35. steering sensitivity, scenario 2. 
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Figure 36. Rearward amplification, scenario 2. 



0.8 ft (0.24 m) fiom the path of the front axle. Comparing scenarios 1 and 2, heavier axle 
loads in this scenario degrade the vehicles' high-speed offtracking performance slightly. 

Dec- The braking efficiencies for the loaded and empty 
vehicles are listed in table 5. The heavier axle loads make a marginal improvement in the 
braking efficiencies of the loaded vehicles. Since the vehicle layouts are similar in 
scenarios 1 and 2, the braking efficiencies of the empty vehicles are identical. For this 
scenario, the vehicles' braking efficiencies at 0.4 g's are plotted in figure 32. 

- The results in figure 33 pertain to the rollover thresholds for 
the four vehicles. Compared with the corresponding vehicles in scenario 1, the vehicles in 
this scenario have lower levels of rollover threshold. For example, the "Western Double" 
(figure 26) and the five-axle TST (figure 25) have rollover thresholds less than 0.37 g's, 
which might be considered unacceptable in certain circumstances. Though the other two 
vehicles (figures 26 and 28) have rollover thresholds greater than 0.37 g's, their rollover 
immunity is poorer than the corresponding layouts in the previous scenario. The lower 
thresholds are due to the same proportion of roll stiffness resisting a higher amount of 
payload. In other words, the higher allowable W s  result in a lower roll stiffness per 
pound of axle load. 

adv T- - ' . The critical speeds and the steering sensitivities for the four 
vehicles are shown in figures 34 and 35. The effect of the heavier load is evident in the 
case of the "Western Double," where the vehicle's critical speed is 25 mi/h (40 kmk). 
Even the three-axle tractor and tandem-axle semitrailer would be unstable at speeds higher 
than 85 mih (137 kmlh). The steering sensitivities for the two vehicles (figure 35) 
indicate the relatively limited margin of safety in the steady tunzing maneuver. 

le Evasion: Figure 36 displays the levels of rearward amplification that the 
vehicles experience under rapid steering reversals. In this scenario, a higher ratio of 
payload to the number of tires cause greater mounts of rearward amplification. 
Consequently, the heavier loads play a significant role in degrading the vehicles' evasive 
maneuvering capabilities. 

6 .  SCENARIO 3 - NO WEIGHT CAP, FORMULA TTI, STAA 
LENGTHS 

Vehicle Design 

D@nition ofthe constraints on vehicle design 

TPhe constraints governing this scenario are 

Maximum weight cap: None 
Bridge fonnula restrictions: ?TI 
Length constraints: STAA vehicles 



Pavement loading restrictions: 34,000 lb (15,422 kg) for tandems; 
20,000 lb (9,072 kg) for singles, 

Implicationr with respect to vehicle design 

Formula TI'I is a linear equation relating pavement loads to the distance between axle 
locations. The bridge formula has an inflection point at 56 ft (17 m) and 90,000 lb 
(40,823 kg) where the weight ailowance for additional distance changes from 1000 lb 
(454 kg) to 500 lb (227 kg) per foot (0.3 m). Comparing formulas ?TI and B on a 
length basis, formula TTI is more liberal at lengths less than 56 ft  (17 m). While formula 
B provides approximately 500 lb ('227 kg) for every additional foot (0.3 m), formula 777 
allows an extra 1000 lb (454 kg). For example, a five-axle TST with an overall length of 
56 ft (17 m) is allowed 83,000 lb (37,648 kg) under formula B. Under formula ?TI, 
however, the same vehicle is allowed 90,000 lb (40,823 kg). At lengths over 56 ft 
(17 m), the two bridge formulas provide approximately the same weight allowance for 
additional length. It is important to note that formula B provides much higher weight 
allowances for additional axles. A seven-axle TST with the same overall length, that is, 
56 ft (17 m), would be allowed 92,500 lb (41,957 kg) under formula B. The same 
vehicle, under formula TI'I, would still be allowed only 90,000 lb (40,823 kg). Since the 
2,000-lb (907-kg) tare weight of an extra axle would displace an equivalent amount of 
payload, vehicles developed under formula TTI would tend to have fewer axles. 

With the greater incentive to use fewer axles, the pavement loading constraint becomes 
more important. Under formulas B and C, the weight allowance for extra axles forced 
individual pavement loads to get lighter. Consequently, in limiting axle loads, formulas B 
and C tended to be more restrictive than the pavement rule. Under formula ?TI, however, 
the pavement rule is more restrictive, especially at lengths under 56 ft (17 m). 

Like the previous two scenarios, vehicle configurations and trailer dimensions in this 
scenario are also restricted by the STAA. Since the bridge formula is altogether length 
dependent and trailer lengths are limited by the STAA, gross combination weights of TST 
configurations are fairly well constrained. Operators could use longer tractors, which are 
not limited by the STAA, to increase the vehicle's overall length and consequently their 
GCW's. Also, they could use tridem suspensions to avoid the constraints of the pavement 
rule. In the case of doubles, long tractors and dollies could be used to maximize the 
vehicles' total weight With longer lengths, the pavement rule becomes less of a constraint 
and the bridge formula becomes the more dominant rule. Consequently, tridem-axle sets 
become less important and increasing vehicle length becomes the primary issue. In 
summary, the driving forces in this scenario are the length and bridge formula constraints. 
Accordingly, longer tractors and dollies, and fewer axles would be used in proposed 
vehicle configurations. 

Example vehicles 

Tractor-Semtrders . . 
; The "baseline" five-axle TST, fmt presented in scenario 1, is still 

restricted to 78,410 lb (35,566 kg) in this scenario (figure 37). A forward-biased loading 





of the semitrailer could help increase the vehicle's GCW by reducing the influence of the 
pavement rule. 

Using a tridem-axle suspension to circumvent the 34,000 lb (15,422 kg) tandem-axle 
restriction, a three-axle tractor and tridem-axle semitrailer (figure 38) is allowed to weigh 
87,500 lb (39,689 kg). The same vehicle, under formula B (figure 9), was allowed to 
carry only 86,000 lb (39,009 kg). As a result, shorter vehicles (less than 56 ft (17 m)) 
with fewer axles are allowed to be more productive under formula ?TI. 

Increasing the length of the tractor to increase the vehicle's overall length, a 15-ft (4.6 
m) three-axle tractor and a tridem-axle semitrailer (figure 39) is allowed a GCW of 
89,975 lb (40,812 kg). Spreads of 5 ft (1.5 m) are used to increase the allowable load 
on the tridem suspension from 42,000 lb (19,050 kg) to 44,000 lb (19,958 kg). 
Another TST configuration with tridem suspensions on both the mctor and the semitrailer 
(figure 40) weighs 90,100 lb (40,869 kg). Though the seven-axle TST is heavier than the 
previous vehicle (figure lo), it is less productive since it carries a lighter payload. Since 
the bridge formula does not provide weight allowances for additional axles, the tare weight 
of the additional axle on the tractor displaces an equivalent amount of payload 

poubles: The "Western Doubles," both with and without the 80,000-lb (36,287 kg) 
weight cap (figures 41 and 42), have the same load distribution as the corresponding 
vehicles in scenario 1 (figures 12 and 13). While the weight cap is the dominant constraint 
in figure 41, the pavement rule governs the load distribution in figure 42. Since the 
dominant constraint in both cases is other than the bridge formula, which is the only 
difference between scenarios 1 and 3, the vehicle and axle layouts for the "Western 
Double" would be the same as in the first scenario. 

Using tandem-axles to escape the 20,000-lb (9,072 kg) limit on single axles, a nine- 
axle double-trailer configuration is shown in figure 43. With an overall length of 67 ft 
(20.4 m), the vehicle is limited to a total weight of 95,500 lb (43,318 kg). The same 
vehicle under formula B (figure 14) is allowed to weigh 109,500 lb (49,668 kg). It is 
clear that longer vehicles having more axles are more productive under formula B. 

Using longer tractors and dollies to increase the allowable weight, a 14.5-ft (4.4 m) 
tractor and a 17.5-ft (5.3 m) dolly are used in the twin-trailer combination shown in figure 
44. An overall vehicle length of 81 ft (24.7 m) results in a permissible weight of 
102,500 lb (46,493 kg). Exploring the possibilities of extreme designs, a double with a 
19-ft (5.8 m) tractor and 63-ft (19.2 m) dolly (figure 45) is allowed to carry 127,500 lb 
(57,833 kg). The last example is included to illustrate the wide range of design variations 
that arc possible if size and weight regulations are not thoroughly analyzed. 

The vehicle and axle layouts for the nine vehicles developed in this scenario are shown 
in table 6. 

What kind of vehicles would be promoted 

With the length constraint and the bridge formula being extremely restrictive in this 
scenario, the payoffs from removing the weight cap are not as great as in the first two 
situations. Though shifting from TST's to doubles would provide additional payload 



Figure 38. Tractor-semitrailer (3-S3; GCW=87,500 lb; payload=55,200 lb). 
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Table 6. Summary of example vehicles for scenario 3. 

1. Payload weight (excludes trailer weight) is estimated from a water level loading situation 
2. Overall length is measured between extreme axles 

Example Vehicle 

Tractor-semitrailer 
Tractor-semitrailer 
Tractor-semitrailer 
Tractor-semitrailer 

Double 
Double 
Double 
Double 
Double 

Payload 
Volume 

(cubic feet) 

3,672 
3,672 
3,672 
3,672 

4,284 
4,284 
4,284 
4,284 
4,284 

Vehicle 
Code 

3-S2 
3-S3 
3-S3 
4-S3 

2-S1-2 
2-S 1-2 
3-S2-4 
3-S2-4 
3-S2-4 

2. Overall 
Length 

53.5 ft 
53.5 ft 
56.5 ft 
58.0 ft 

67.0 ft 
67.0 ft 
67.0 ft 
81.0 ft 
131.0 ft 

Tare Weight 

30,3001b 
32,300 lb 
32,300 lb 
33,800 lb 

30,500 lb 
30,500 lb 
39,000 lb 
39,000 lb 
39,000 lb 

Number 
of Axles 

5 
6 
6 
7 

5 
5 
9 
9 
9 

GCW 

78,4101b 
87,500 lb 
89,975 lb 
90,100 lb 

80,000 lb 
88,370 Ib 
95,500 lb 
102,500 lb 
127,500 lb 

1. Payload 
Weight 

48,1101b 
55,200 lb 
57,675 lb 
56,300 lb 

49,500 lb 
57,870 lb 
56,500 lb 
63,500 lb 
88,500 lb 



volume, the change would only provide a marginal increase in payload weight capacity (see 
table 6). For example, while the TST shown in figure 39 is allowed to carry 57,675 lb 
(26,161 kg) of nayload, the tandem-axle double, shown in figure 43, is allowed to carry 
only 56,500 lb (25,628 kg). Consequently, heavier pexmissible TST's provide less of an 
incentive to change from TST's to doubles. 

From a higher payload volume standpoint, LTL fleets might find doubles to be a more 
attractive alternative to TST's. For liquid- and dry-bulk haulers, however, TST's would 
still be a viable option. Longer tractors and dollies could be used in the proposed designs 
to gain advantages in weight capacity. 

Vehicle Performance 

Perj'onnance summary 

Using the safety-related goals and the maneuvering situations discussed in section 2, 
the performance characteristics of the nine vehicles developed in this scenario are shown in 
table 7. The graphical representations of the tabulated results are shown in figures 46 
through 53. 

Sajiety and operation concern 

Figure 46 displays the ofkicking abilities of the nine vehicles 
under consideration. The low-speed offtracking of the double with the 63-ft (19.2 m) dolly 
is extremely high. One might consider setting offtracking limits to augment the constraints 
for this scenario. With longer effective wheelbases (from having fewer axles) and longer 
tractors, the offtracking amounts for the TSTs are almost as large as the "baseline" TST of 
scenario 1. The doubles (with the exception of the vehicle mentioned earlier) are better in 
this regard. 

a .  

Figure 47 contains the vehicles' friction requirements during tight 
turns. Unlike the vehicles of scenario 1, the vehicles in this scenario have no more than 
three axles in .any suspension. Consequently, longer effective wheelbases and fewer axles 
allow the vehicles to make tight in-town turns, even on slippery surfaces. 

d Off- The high-speed offtracking results are shown in figure 48. 
Even though the longest vehicle in the group would never be built, that is, the double with 
the 63-ft (19.2 m) dolly, it is interesting to note that it has the least amount of offtracking. 
This is due to the extremely long dolly which tracks toward, instead of away, from the tum 
center at 55 mik (89 km/h). The rest of the vehicles have offtracking amounts less than 
1 ft (0.3 m), which would be considered acceptable in this maneuver. 

D e c w  Braking: The braking efficiencies for the empty vehicles are 
shown in figure 49. The six-axle TST's (figures 38 and 39) and the "Western Doubles" 
(figures 41 and 42) perform poorly in the empty braking maneuver. As discussed in 
scenario 1, short wheelbases and single-axle suspensions reduce the braking efficiencies 
for the "Western Double." In the case of the six-axle TST, the three-axle suspension 
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Figure 46. Low-speed offtracking, scenario 3. 
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Figure 47. Friction demand, scenario 3. 
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Figure 48. High-speed offtracking, scenario 3. 
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Figure 49. Braking efficiency, scenario 3. 
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Figure 50. Rollover threshold, scenario 3. 
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Figure 51. Critical velocity, scenario 3. 
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Figure 52. Steering sensitivity, scenario 3. 
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Figurc 53. Rearward amplification, scenario 3. 



generates too much braking force on the lightly loaded end of the semitrailer, resulting in 
premature "wheel-lock on the trailer's axles. The TST in figwe 40, with tridem 
suspensions on the tractor and trailer, is better than the other vehicles in this maneuver. In 
this situation, the braking force is balanced at both ends of the semitrailer, resulting in a 
better proportioning of the braking effort. In the loaded condition (items 4 and 5 in table 
7), fewer axles with heavier loads improve brake proportioning and help postpone the 
possibility of wheel-lock. 

The rollover thresholds for the proposed vehicles are shown 
in figure 50. Shorter vehicles, such as TST's, are allowed to be heavier under the ?TI 
bridge formula. With fewer axles on these vehicles, the TST configurations have lower 
rollover thresholds. As in scenario 1, the "Western Doubles" continue to exhibit a low 
level of rollover threshold. In the case of the tandem-axle doubles, nine axles and lower 
GCW's (required by formula TTI) help increase the ratio of total roll stiffness to total 
weight. The higher roll stiffness per poung of axle load increases the rollover thresholds 
for these vehicles. Consequently, shorter vehicles, which are allowed to be heavier, would 
have lower levels-of rollover threshold. Conversely, longer vehicles, which are forced to 
be lighter, would be more stable in roll. 

vTum - Handlmg, ' * The handling characteristics for the nine vehicles are shown 
in figures 51 and 52. With the exception of the two "Western Double" layouts, the 
proposed vehicles in this scenario are fairly well behaved. 

ObsWEvasion: The rearward amplifications for the double-trailer combinations are 
displayed in figure 53. In this scenario, the bridge formula encourages doubles to have 
longer wheelbases and lighter trailer loads. Both these properties reduce rearward 
amplification, making the vehicles more stable in an evasive maneuver. 

7. SCENARIOS 4&5 - USING FORMULAS C AND TTI 
INSTEAD OF FORMULA B 

The vehicles in scenarios 4 and 5 are limited by an 80,000-lb (36,287 kg) gross weight 
cap. With the exception of the weight cap, scenario 4 is similar to the second scenario, 
where STAA vehicles are constrained by formula C and the "36/22" pavement rule. 
Scenario 5 is governed by formula 'ITI, the "34/20 pavement rule, the STAA length rule, 
and the 80,000-lb (36,287 kg) weight cap. 

Unlike the first three scenarios, where the bridge formulas played a fairly significant 
role, their influence is less noticeable in scenarios 4 and 5. The gross weight cap is the 
most restrictive of all the constraints and reduces the effects of the respective pavement and 
bridge formula rules. 1n other words, proposed vehicles are limited to 80,000 1b 
(36,287 kg) before the other constraints can influence vehicle or axle layouts. Since 
examples of 80,000-lb (36,287 kg) TST's and doubles have been developed in previous 
scenarios, the results presented in earlier sections pertain to vehicles satisfying the 
constraints of these scenarios. 



8 .  SCENARIO 6 - NO WEIGHT CAP, FORMULA B, AND 
AN OFFTRACKING LIMIT 

Vehicle Design 

D@nition of the constraints on vehicle &sign 

The constraints governing this scenario are 

Maximum weight cap: None 
Bridge formula restrictions: B 
Length constraints: 12 ft (3.7 m)/40 ft (12 m) offtracking limit 
Pavement loading restrictions: 34,000 lb (15,422 kg) for tandems; 

20,000 lb (9,072 kg) for singles. 

Irnplicarionr with respect to vehicle &sign 

With the elimination of the STAA constraint on lengths and vehicle types, the number 
of allowable configurations increases from tractor-semitrailers and doubles to the five 
"basic typesv--straight trucks, tractor-semitrailers, truck-full trailers, doubles, and triples. 
The length constraint, in this scenario, is an "offtracking rule" which sets an outer limit on 
the low-speed offtracking of a vehicle. Under such a length constraint, the offtracking of a 
proposed vehicle design should be equivalent to that of a 12-ft (3.7 m) tractor pulling a 
semitrailer with a 4eft (12 m) wheelbase. 

Short wheelbases and more articulation joints reduce the low-speed offtracking of a 
vehicle. It is important to note that the wheelbase of a unit and its ov@ length are two 
distinct dimensions. For example, the overall length of a trailer is given by the "box- 
length," that is, the container length. Its wheelbase, however, is given by the distance 
between its kingpin and the center of its suspension. A 48-ft (15 m) semitrailer with a 
slider bogie could have wheelbase dimensions varying betwetn 34 ft (10 m) and 42 ft 
(13 m) (assuming an 8 ft (2.4 m) travel for the slider attachment), Its overall length, 
obviously, remains the same. Since the offtracking constraint only restricts the wheelbases 
of the'various units, there is no explicit limit on their overall lengths. With no restriction on 
overall length and using additional axles to reduce the wheelbase, a five-axle 53-ft (16 m) 
semitrailer could have an effective wheelbase of 40 ft (12 m). With a 12-ft (3.7 m) 
tractor, the tractor-semitrailer combination, with an overall length of approximately 65 ft 
(20 m), would still satisfy the offtracking constraint. 

By providing additional weight allowances, formula B encourages longer lengths and 
extra axles in the vehicle layouts. As mentioned earlier, the bridge fonnula is more partial 
to adding axles than it is to increasing length. With the reinforcing trends of the two 
dominant constraints, that is, the length and bridge formula constraints, the incentive to add 
axles is overwhelming. For example, the five-axle 53-ft (16 m) semitrailer discussed 
earlier, would not only satisfy the offtracking constraint, but it would also get a weight 



allowance of 18,000 1b (8,165 kg) for the three additional axles. Even though lengths are 
governed by an offtracking rule, the effects of the two dominant constraints could result in 
extremely long multiaxle vehicles. 

h p l e  vehicles 

T r u c k  Many States restrict the overall length of straight trucks to 40 ft 
(12 m). In this study, the straight truck is limited to 40 ft (12 m) in both the straight truck 
and truck-full trailer configurations. If many axles are used on the truck's rear suspension 
(to gain weight allowances), the short wheelbase and large spreads between the axles 
would make it almost impossible to turn the vehicle. A more acceptable five-axle design is 
presented in figure 54. The 6-ft (1.8 m) overhang, that is, the distance from the last axle to 
the rear end of the vehicle, is required to lighten the load on the steering axle. 

With a 41.5-ft (13 m) wheelbase on its semitrailer, the "baseline" 
TST, developed in scenario 1, does not satisfy the "offtracking rule." Since the 
semitrailer's suspension is critical in determining the vehicle's total weight, reducing the 
trailer's wheelbase, by moving the critical suspension forward, decreases the vehicle's 
GCW, The 76,310-1b (34,614 kg) vehicle is shown in figure 55. 

Spreading a pair of axles has the same effect as adding an axle; it tends to reduce the 
effective wheelbase of the unit. For example, increasing a tandem spread from 4 ft 
(1.2 m) to 8 ft (2.4 m) reduces the unit's wheelbase by 2 ft (0.6 m). Spreading the 
axles, therefore, reduces the unit's wheelbase by a distance equal to half of the spread 
between consecutive axles. Using this effect in the next example (figure 56), a wide- 
spread tandem helps a five-axle TST satisfy the offtracking rule. With an 8-ft (2.4 m) 
spread between the axles, the wide-spread tandem can be considered as a pair of single 
axles, each with a weight capacity of 20,000 lb (9,072 kg). With the higher allowable 
weight on the critical set, that is, 40,000 lb (18,144 kg) instead of 34,000 lb 
(15,422 kg), the pavement rule's influence decreases and the vehicle is limited by the 
bridge formula to 81,500 lb (36,968 kg). 

In the previous TST examples, the semitrailer's container length was limited to 48 ft 
(15 m). The vehicle's payload volume can be inmased by using longer container length. 
A wide-spread tridem on a 52-ft (16 m) semitrailer is shown in figure 57. The vehicle 
satisfies the offtracking rule and is allowed to weigh 88,500 lb (40,143 kg). 

An extreme application of the two dominant constraints produces the fourth TST design 
which is shown in figure 58. The 9-axle TST with a "bumper-to-bumper" length of 60 ft 
(18 m) is allowed to weigh 104,000 lb (47,174 kg). Although this vehicle is similar to 
the nine-axle TST developed in scenario 1 (see figure 1 I), it has a longer overall length and 
is, therefore, allowed to cany heavier loads. 

ck-Full trailers: Using a 40-ft (12 m) straight truck to to\. a 28-ft (8.5 m) full 
trailer, the five-axle v e ~ c l e  is shown in figure 59. With the pavement rule restricting axle 
loads on the full trailer, the vehicle is limited to 86,930 1b (39,43 1 kg). The bridge 
formula also plays a role in this layout and restricts an intermediate group of axles, those 
containing the truck's rear suspension and the dolly's axle, to 54,000 lb (24,494 kg). 



Figure 54. Straight truck (5; GCW=62,000 Ib; payload=35,490 Ib). 
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Using multiaxle suspensions and longer overall lengths, a 40-ft (12 m) straight truck, a 
11.5-ft (3.5 m) dolly, and a 45-ft (14 m) trailer, make up the second truck-full trailer 
configuration shown in figure 60. The vehicle with an overall length of 88.5 ft (27 m), 
satisfies the "offtracking rule" and weighs 114,615 lb (51,988 kg). Again in this layout, 
the bridge formula restricts the same group of axles; those containing the dolly's and 
truck's rear suspensions. 

Doubles: The "Western Double," first developed in scenario 1 (figure 13), satisfies the 
constraints of this scenario. Similarly, the tandem-axle double with STAA regulated 
trailers (figure 14) also satisfies this scenario's constraints. The layouts for these vehicles 
are presented again in figures 61 and 62. 

Increasing the lengths of the trailers, a tandem-axle double with 35-ft (1 1 m) trailers is 
shown in figure 63. Due to its longer overall length, the vehicle is allowed to weigh 
1 17,500 lb (53,297 kg). Another tandem-axle double, with a longer dolly and shorter 
trailers, is shown in figure 64. The vehicle has a smaller amount of payload volume 
capacity, but due to its longer overall length is allowed to be heavier than the vehicle in 
figure 63. Operators hauling dense cargo might find this vehicle design to be more 
productive than the layout in figure 63. 

TriDles: A triple-trailer configuration, with 2 8 4  (85 m) trailers, is shown in figure 65. 
With 21.5-ft (6.6 m) wheelbases and 4-ft (1.2 m) overhangs, the vehicle satisfies the 
"offtracking rule." The bridge formula allows the 98.5-ft (30 m) vehicle to weigh 
116,850 lb (53,002 kg). 

Exploring the possibilities of extreme designs, an exhple vehicle with three four-axle, 
31-ft (9.5 m) trailers is shown in figure 66. Though the vehicle measures 128 ft (39 m) 
between extreme axles, the vehicle uses three- and four-axle suspensions to satisfy the 
"offtracking rule." With 22 axles on the vehicle, the bridge formula allows 215,500 lb 
(97,749 kg). To reiterate, such a vehicle would probably not be built, but it illustrates 
what could happen if the constraints are not thoroughly analyzed. 

Information pertaining to the vehicles' productivity, such as available payload volume 
and weight, is summarized in table 8. 

What kind of vehicles would be promoted 

Since the constraints for this scenario are not sufficient to limit the range of design 
possibilities, vehicle layout variations are endless. Trailers could get longer, thereby, 
helping LTL haulers with increased payload volume. Bulk cargo haulers could benefit 
from the significant increases in GCW's. Accordingly, fleet operators would be 
encouraged to modify their fleets to take advantage of the substantial improvements in 
productivity. For example, TSTs could use long multiaxle trailers and doubles could use 
long tandem-axle trailers to maximize volume and weight canying capaciies. 
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Vehicle Performance 

Performance swnrnary 

The performance characteristics of the vehicles developed in this scenario are 
summarized in table 9. The graphical representations of the various rows of the table are 
contained in figures 67 through 74. 

S@ety and operational concerns 

J ,ow-Speed Off- Figure 67 pertains to the low-speed offtracking perfomance 
of the proposed vehicles. Since the vehicles in this scenario are constrained by the 
"offtracking rule," their low-speed offtracking amounts would be within a controllable 
range. Though the multiaxle triple (figure 66) offtracks by more than the 18 ft (5.5 m), it 
is only slightly worse than the 17.34 ft (5.3 m) offtracking of the "baseline" TST in 
scenario 1. 

. . nctlon Demand: With more axles being used in the vehicle layouts, the in-town 
maneuverability of the proposed vehicles could suffer. Figure 68 contains the friction 
requirements of the vehicles developed in this scenario. The 40-ft (12 m) straight truck, 
with its short wheelbase and lightly loaded steering axle, could have trouble negotiating 
curves on slippery surfaces. This is evident in all  the configurations that use the straight 
truck as their towing unit. Some of the TST configurations, especially those with the 
spread axles on their semitrailers, could also require high levels of tirelroad friction. The 
extremely long triple, with its multiaxle suspensions, would also present a problem in this 
maneuver, 

Offtracldne: With trailers getting longer, the high-speed offtracking of the 
proposed vehicles could pose a problem. Figure 69 contains the high-speed offtracking 
results for the 13 vehicles. The two triple-trailer configurations, with offtracking amounts 
greater than 1 ft (0.3 m), could have trouble negotiating entrance and exit ramps, 
especially at highway speeds. Though the remaining vehicles offtfack by less than 1 ft 
(0.3 m), the longer lengths degrade their performance in this maneuver. 

Constant Decekra- The braking efficiencies for the empty vehicles are 
shown in figure 70. With the exception of the 22-axle triple, the empty vehicles perfom 
rather poorly in this maneuver. With short-wheelbase trailers and fewer axles generating a 
braking force, the axles in the "Western Double" and the five-axle truck-full trailer (figure 
59) are more prone to premature "wheel-lock." Though the same trailers are used in the 
single-axle triple, the extra braking effort produced by the third trailer's axles helps 
decelerate the vehicle more effectively prior to "wheel-lock," thereby improving the 
vehicle's braking efficiency. In this regard, the loaded vehicles perform slightly better, 
with most of the vehicles being mow than 80 percent efficient in a 0.4 g's stop. However, 
the short wheelbase and the multiaxle suspension on the straight truck degrades its braking 
performance. 

- over, The use of extra axles in these layouts increases the vehicle's 
total roll stiffness. Figure 71 shows the relatively higher levels of rollover threshold. In 
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Figure 67. Low-speed offtracking, scenario 6.  
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Figure 68. Friction demand, scenario 6. 
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Figure 69. High-speed offtracking, scenario 6 .  
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Figure 70. Braking efficiency, scenario 6. 
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Figure 71. Rollover threshold, scendo 6. 
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Figure 72. Critical velocity, scenario 6. 
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Figure 73. Steering sensitivity, scenario 6 .  
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this safety-related measure, the "Western Double" and the five-axle truck-full trailer 
continue to perform poorly. Also, the 81,500-lb (36,968 kg), five-axle TST (figure 56) 
has a rollover threshold lower than that of the "baseline" TST in scenario 1. Fewer axles 
resisting higher amounts of payload account for this trend. Otherwise, these vehicles 
remain relatively more stable in roll. 

adv T- - ' The handling characteristics, that is, critical velocities and 
steering sensitivities, are displayed in figures 72 and 73. The vehicles with lower rollover 
thresholds are more difficult to handle in steady turns. For example, the 8 1,500-lb (36,968 
kg) TST, discussed above, would be unstable at speeds over 82 mi/h (132 km/h). Also, 
the "Western Double" and the five-axle truck-full trailer have critical speeds of 3 1 mi/h 
(50 km/h) and 63 mi/h (101 lun/h), respectively. Though the single-axle triple is fairly 
stable in roll, it would be difficult to handle at speeds over 49 mi/h (79 kmlh). In this 
study, the load distribution on the two-axle tractor is partly responsible for the poor 
performance in this maneuver. 

The rearward amplifications of the proposed vehicles are shown in 
figure 74. In the obstacle-avoidance maneuver, the triples would produce fairly high levels 
of rearward amplification. This is a result of the additional full trailer in the vehicle 
configuration. Short wheelbases, brought about by the need to reduce low-speed 
offtracking, increase the amount of rearward amplification. Consequently, the five-axle 
truck-full trailer (figure 59) performs poorly in such a maneuver. This "wheelbase-effect," 
therefore, helps doubles with long trailers be more controllable than similar vehicles with 
28-ft (8.5 m) trailers. 

9 .  VARIATIONS IN TIRES, BRAKES, AND SUSPENSIONS 

As mentioned in the earlier scenarios, formula B has a decreasing weight return for 
every axle added to the vehicle. Consequently, many vehicles designed under formula B 
lead to relatively low individual axle loads. For example, in the previous section, the four- 
axle tractor and five-axle semitrailer (figure 58) carry only 11,120 lb (5,044 kg) on each 
of its semitrailer's axles. In the performance calculations, the vehicle's components, such 
as, brakes, suspensions, and tires, are selected based on axle loads of 17,000 1b 
(7,711 kg) for tandem axles and 20,000 lb (9,072 kg) for single axles. This results in an 
"over-compensation" by the components when axles are added to the vehicle layout. For 
example, in scenario 1, the multiaxle suspensions generate too much braking force and 
prematurely lock the wheels on some of the lightly loaded axles. Another result of this 
"overcompensation" is the improved rollover immunity due to added roll stiffnesses of the 
extra axles. 

In this section, the performance calculations are based on components selected for the 
axle loads under consideration. In an attempt to emulate such a selection of components; 
parametric values for these components, such as brake gains for brakes, cornering 
stiffnesses for tires, and roll stiffnesses for suspensions, are adjusted according to the 
vehicle's load distribution. For example, scaling the components on the nine-axle TST 
(discussed above) with respect to a design load of 17,000 lb (7,711 kg) results in a 35 



percent reduction fiom their original values. Five vehicles, selected fiom scenario 6 based 
on their low individual axle loads, an used as examples in this paameter variation study. 

As a general rule, friction requirements and braking efficiencizs improve with the load 
proportioning of the components. However, rollover threshold, high-speed offtracking, 
and rearward amplification are degraded by the scaling of the parameters. Handling, being 
a more complex issue, is more difficult to predict and depends upon the "front-to-rear" 
proportioning of the components. 

S@ety a d  operational concerns 

The five vehicles selected for this analysis use multiaxle suspensions with relatively 
low individual axle loads. A representative vehicle is selected from each of the five "basic 
types" of configurations. The performance measures that are affected by the parameter 
variations are summarized in table 10. Vehicle codes and their GCW's are used to 
differentiate between the various vehicles and their axle layouts. 

on D& Using "softer" tires instead of the "baseline" radials, the friction 
required during tight-turns decreases significantly. For example, the five-axle straight 
truck's (figure 54) tinlroad friction requirements would decrease by almost 32 percent. 
The "softer" tires lessen the influence of large spreads between axles and reduce the turn- 
resisting moment of multiaxle suspensions. Consequently, a much lower level of tirefroad 
friction is required to "scrub these axles around a corner. 

Hieh-Saeed '"Softer" tires also require larger slip angles to resist the 
centrifugal motion of a vehicle in a high-speed tum. The lateral offsets of the various 
axles, that is, from the front axle, increase with increasing slip angles. Consequently, 
"softer" tires degrade the vehicle's high-speed offtracking performance. The almost 63% 
increase in the high-speed ofbacking of the nine-axle double supports this tendency. 

c- The scaling of brake parameters, with respect to the 
loaded vehicle's axle loads, is similar to the effects of a load-proportioning brake system. 
With higher brake forces on heavier axles and smaller brake forces on lighter axles, the 
probability of wheels locking up decreases substantially. The third and fourth items in 
table 10 contain the braking efficiencies of the empty and loaded vehicles with and without 
"load-proportioned brakes. The improvements, especially in the case of the loaded 
vehicles, is fairly notictable. 

allover: In the earlier scenarios, the addition of an axle increased the 
total roll stiffness of the vehicle. The two parameters that contribute to the vehicle's total 
roll stiffness are the vertical stiffness of the tires and the roll stiffnesses of the axles' 
suspensions. By scaling these parameters with respect to the lighter axle loads, the 
vehicle's rollover thresholds decrease. This is due to a lower amount of roll stiffness 
resisting the total weight of the vehicle. Though the vertical stiffhesses of the tires are not 
as significant as the roll stiffnesses of the suspensions, their combined effects degrade the 
vehicle's rollover immunity substantially. Though the reduction in the rollover threshold 
varies between 5 and 10 percent, these small perturbations cause significant safety 
implications. 
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Vehicle handling is a more complex issue and depends 

primarily upon the vehicle's roll stability and its tirefload distribution. In addition to the roll 
stiffness parameters discussed above, the tire's sensitivity to load variations affects the 
vehicle's handling charac~ristics. The steering sensitivities, displayed in table 10, predict 
the margins of safety for the different vehicle configurations. In this maneuver, the tire's 
characteristics are critical in determining the vehicle's response in a steady-turning 
maneuver. Also, a decrezse in the vehicle's roll resistance increases the possibility of yaw 
instabilities in this maneuver, With the exception of the TST configuration, the remaining 
vehicles would perfonn rather poorly with "softer" suspensions and tires. Addressing the 
anomaly in the TST configuration, the tractor cames a relatively light 8,500 lb (3,856 kg) 
load on its steering axle. Consequently, scaling the front axle's suspension and tire 
parameters, with respect to a design load of 12,000 lb (5,443 kg), results in a more 
controllable "understeer" situation. The "front-to-rear" load distribution, therefore, is 
important in determhhg the vehicle's handling characteristics in the steady turn. 

le Ev asion: With respect to rapid steering maneuvers, "softer" tires have a 
negative effect on the maneuvering performance of the vehicle. As mentioned earlier, 
"softer" tires require larger slip angles to generate the necessary forces to resist the lateral 
motion of the vehicle. Larger slip angles result in bigger offsets at the axles and lead to 
increased lateral displacements of the various units in a multiarticulated vehicle. This 
increase in lateral motion results in a higher amount of lateral acceleration, especially at the 
rear of the vehicle. This is evident in the seventh item of table 10 where the rearward 
amplification of the triple increases by 88 percent. 

10. LOAD VARIATIONS 

In addition to the parameter variations discussed in the previous chapter, the vehicles 
developed in scenario 6 are also subjected to a load variation study. The purpose of this 
evaluation is to reveal any safety-related mculties arising from adverse loading 
conditions. In this study, the payload is placed forward (35 percent of container length) 
and rear (65 percent of container length) of the center of the trailer's container. To avoid 
overloading any of the axles, the amount of payload is reduced to 62.5 percent of its 
original value. The vehicle perfonnance in braking, handling, and evasive maneuvers are 
calculated for the resulting matrix of loading states. The response time, defined as the time 
required for the towing unit to reach 90 percent of its steady-state lateral acceleration after 
crossing the "half-way" point in its steering maneuver, is also calculated for the various 
loading states. 

Since the rearmost axles of a vehicle are most prone to locking up in a straight-line 
braking maneuver, heavier loads on these axles reduce the possibility of such an 
occurrence. The braking efficiencies would, therefore, improve with the payload located in 
the rear of the container instead of in the front. When compared with the forward loading 
situation, a rearward bias of the payload results in a lighter load on the tractor's drive axles, 
thereby, degrading the handling performance of the vehicle. From the rearward 
amplification viewpoint, the lighter payloads in the trailers decrease the vehicle's evasive 
maneuvering capabilities. In the partially loaded state, however, a rearward bias of the load 



would be more effective than a forward bias in decreasing the amount of rearward 
amplification. 

Si$ehy and operational concerns 

Table shows summary of the characteristics for the load variations. 

t D-on B Due to the forward-pitching motion of a vehicle 
involved in a straight-line braking maneuver, the load on the rearmost axles of each unit 
tends to get lighter. With a forward bias of the payload, the loads on the critical axles, the 
rearmost ones, are reduced even further. With extremely light loads on these axles, the 
probability of a wheel locking up increases, thereby decreasing the braking efficiency. A 
rearward bias of the payload, however, increases the loads on the critical axles and reduces 
the rate at which the load is transferred to the leading axles of the vehicle. With heavier 
loads on the critical axles, a rearward bias of the payload improves the braking efficiency 
for the vehicle. 

v Turn - Handlme. ' As mentioned earlier, the vehicle's handling characteristics 
depend partly upon the "front- to-rear" load distribution on the towing unit. Since the tire's 
characteristics are load-sensitive, with its lateral force capabilities increasing with higher 
loads, heavy loads on the front axle and light loads on the rear axles would produce an 
"oversteer" condition in the towing unit. A rearward bias of the payload produces this 
effect, that is, it reduces the load on the rear axles of the towing unit. Consequently, a 
rearward bias of the payload reduces the vehicle's stability margin in a steady turn. This is 
evident in table 11 where the steering sensitivities decrease with a rearward-biased payload. 

Obstacle Evasion: Since a rearward bias of the payload increases the loads on the 
reannost axles of each unit, it increases the lateral force capabilities of the tires on those 
axles. "Stiffer" tires help decrease the lateral displacements of the various units and lead to 
smaller amounts of lateral acceleration. This reduces the amount of rearward amplification 
at the rear of the vehicle configuration. A forward bias of the payload would produce an 
opposite effect by "softening" the tires on the reannost axles. This trend was discussed in 
the previous chapter where "softer" tires increased the amount of rearward amplification. 
Consequently, from the rearward amplification viewpoint, a rearward bias of the load 
would be more effective than a farward-biased load. 

nse Times: The response time calculations are limited to TST's, truck-full 
trailers, and double-trailer configurations. Moreover, the calculations are restricted to 
vehicles with no more than four axles on their towing units. The response time is defined 
as the time taken for a vehicle to reach 90 percent of its steady-state lateral acceleration after 
it has performed 50 percent of its steering maneuver. Table 11 shows that a rearward bias 
of the payload increases the time taken for the vehicle to reach its steady state. Similar to 
the handling situation, the vehicle's response time depends upon the "front-to-rear" load 
distribution on the towing unit. In other woras, light loads on the rear of the tractor reduce 
the lateral force capabilities of the tires on these axles. This effect would reduce the 
tractor's ability to generate the necessary lateral forces to execute the turning maneuver. 
Consequently, in a steady turn, a vehicle with a rearward-biased payload would take longer 
to reach its steady state than a vehicle with a forward-biased load 
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11. SCENARIO 7 - NO WEIGHT CAP, FORMULA TTI, AND 
AN OFFTRACKING LIMIT 

Vehicle Design 

Definition of the constraints on vehicle design 

The constraints governing this scenario are 

Maximum weight cap: None 
Bridge formula restrictions: TI'I 
Length constraints: 12 ft (3.7 m)140 ft (12 m) offtracking limit 
Pavement loading restrictions: 34,000 lb (15,422 kg) for tandems; 

20,000 lb (9,072 kg) for singles. 

Implications with respect to vehicle &sign 

The constraints in this scenario are very similar to those discussed in scenario 6. With 
the exception of the bridge formula, the vehicles are governed by the same length and 
pavement rules. Also, the proposed vehicles are based on the five "basic types" of 
configurations, that is, straight trucks, tractor-semitrailers, truck- full trailers, doubles, and 
triples. 

As discussed in scenario 3, formula 'lTI is a "length-to-weight" rule which does not 
provide allowances for additional axles. Instead, it encourages fewer axles with longer 
distances between axle locations. For lengths less than 56 ft (17 m), formula ?TI 
provides a 1,000-lb (454 kg) weight allowance for every additional foot (0.3 m) of 
distance between consecutive axles. For example, increasing the distance between the 
tractor's and the trailer's axles would result in a higher permissible GCW for the vehicle. 
This increase in length, however, would increase the effective wheelbase of the trailer, 
thereby increasing the amount of low-speed offtracking. With the "offtracking rule" in 
effect, there is a greater incentive for the vehicle to have more articulation joints and shorter 
individual wheelbases. While the bridge formula encourages longer wheelbases, the length 
rule promotes the opposite effect In restricting the vehicle, therefore, the length and bridge 
fonnula constraints tend to produce opposing trends. 

In scenario 6, additional axles were used to shorten the wheelbases of long units. For 
example, an extra axle would reduce the unit's wheelbase by half of the spread between the 
axles. Further, formula B encouraged the use of extra axles by providing weight 
allowances for each additional axle. Under fonnula n?, however, an extra axle would be 
unproductive since its tare weight would displace an equivalent amount of payload. Under 
the assumptions of the "offtracking rule," spreading the axles in a suspension produces the 
same effect as adding an axle to the suspension, that is, it reduces the unit's wheelbase. By 
moving the center of the suspension closer to the front of the unit, wide spreads between 



axles could help reduce the wheelbases of long units. Consequently, wide-spread axles 
can be used to optimize both length and bridge formula constraints. 

In summary, the two dominant constraints in this scenario, formula TTI and the 
"offtracking rule," augment each other and encourage long vehicles with wide spreads 
between their axle placements. In other words, this scenario is very similar to scenario 6 
where the constraints are not sufficient to prevent the development of extremely long 
vehicles. 

Example vehicles 

T& In the case of the straight truck, the 40-ft (12 m) overall length 
restriction is an indirect constraint on its load-carrying capacity. With no weight 
allowances for additional axles and accounting for 2-ft (0.6 m) offsets at the front and rear 
of the vehicle (a 2-ft (0.6 m) front-axle setback and a 2-ft (0.6 m) overhang), formula TTI 
allows a maximum GCW of 70,000 lb (31,752 kg) for the 36-ft (1 1 m) length. Since the 
pavement loading constraint is more restrictive than the bridge formula, especially for 
shorter vehicles, the vehicle's GCW is reduced even further. A proposed design, with 
wide-spread axles on the rear suspension (figure 7 3 ,  is allowed to weigh 54,860 lb 
(24,884 kg). To avoid the axle-loading constraint of the pavement rule, a tridem-axle 
suspension is used in the second vehicle design shown in figure 76. The four-axle vehicle 
weighs 60,400 Ib (27,397 kg) and is allowed to cany approximately the same payload 
weight as the five-axle straight truck in scenario 6 (figure 54). 

tor-s- 
. . The first two TST examples in scenario 6 (figure 55 and 56) also 

satisfy the constraints in this scenario. Their axle layouts and load distributions are 
repeated in figures 77 and 78. Since these vehicles are variations of STAA vehicles, they 
are included as examples in this scenario. 

Increasing the vehicle's payload volume by using longer container lengths, a TST with 
wide-spread axles, on both tractor and trailer, is shown in figure 79. The vehicle, with a 
50-ft (15 m) semitrailer, satisfies the offtracking rule and is allowed to weigh 85,900 lb 
(38,964 kg). Though the wide-spread tandems are treated as pairs of single axles, each 
with load-carrying capacities of 40,000 lb (18,144 kg), the pavement rule continues to be 
more restrictive than the bridge formula and limits the vehicle's total weight Using tridem 
axles to assist in meeting the pavement rule, the same vehicle (figure 80) is allowed to 
weigh 89,455 lb (40,576 kg). The increase in the vehicle's 'GCW, however, is offset by 
a corresponding increase in the vehicle's tare weight. In other words, the additional axles 
displace an equivalent amount of payload and do not generate any appreciable gains in 
payload weight capacity. 

The fdth TST example is a vehicle design first proposed in scenario 6 (figure 57). The 
5 2 4  (16 m) trailer with wide-spread tridem axles is shown again in figure 81. The vehicle 
satisfies the length and weight rules of this scenario and weighs 88,500 lb (40,143 kg). 

Two truck-full trailer designs (figures 82 and 83) are presented in 
this scenario . Both vehicles use tandem axles on long dollies and trailers to be able to 
reach the higher gross combination weights. The first layout (figure 82) uses a 16.5-ft (5 













Figure 80. Trac tor-semitrailer (4-S3; GCW=89,455 lb; payload=%, 150 lb). 
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Figure 82. Truck-full trailer (3-4; GCW=104,500 lb; payload=65,219 lb). 
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m) dolly and a 36-ft (1 1 m) trailer to reach a GCW of 104,500 lb (47,400 kg). The 
second layout (figure 83) uses s 15.5-ft (4.7 m) dolly and a 41-ft (13 m) trailer to reach 
106,500 lb (32,461 kg). Though the second vehicle uses a long dolly and trailer, it uses 
wide-spread axles to satisfy me "offtracking rule." With formula TTI becoming 
increasingly restrictive at lengths over 56 ft (17 m), the second vehicle is only allowed an 
additional 500 lb (227 kg) of payload weight. In addition to the restriction of the bridge 
formula, the increased tare weight of the longer vehicle is responsible for the reduction in 
payload-carrying capacity. 

Jloubles; Three double-trailer configurations, with varying trailer lengths, are 
presented in figures 84, 85, and 86. The vehicle configuration in figure 84 uses 35-ft (1 1 
m) trailers and a 12-ft (3.7 m) dolly to achieve a GCW of 104,500 lb (47,400 lb). The 
second layout uses shorter trailers (31 ft (9.5 m)) but a longer dolly (23 ft (7 m)) to reach 
a higher weight of 106,000 lb (48,081 kg). Though the increase in the vehicle's GCW 
might not seem significant, the lower tare weight, resulting from shorter trailers, leads to a 
higher payload weight capacity. Operators hauling dense cargo might find this vehicle 
design to be more productive than the layout in figure 84. The third design uses even 
longer trailers (37 ft (11 m)) with wide-spread axles to reach a GCW of 107,000 lb 
(48,543 kg). As mentioned earlier, the wide-spread axles are used to shorten the 
wheelbases of the trailers. Though the vehicle has more volume available for cargo , the 
increased tare weight reduces its payload weight capacity. 

A triple-trailer configuration, with STAA-regulated trailers, is shown in figure 
87. The same vehicle was presented in scenario 6 (figure 65) and was allowed a GCW of 
116,850 lb (53,002 kg). In this scenario, however, formula 'XTI restricts the vehicle's 
total weight to 1 1 1,500 lb (50,576 kg). Another layout, with shorter trailers (26 ft 
(7.9 m)), but with longer dollies (14 ft (4.3 m)), is shown in figure 88. The vehicle 
measures 106 ft (32 m) between extreme axles and is allowed to weigh 115,000 lb 
(52,163 kg). 

Vehicle and axle layout information for the vehicles developed in this scenario is 
summarized in table 12. 

What kind of vehicles would be promoted 

A wide variety of vehicles are possible in each of the five basic configurations. With 
no formal constraint on trailer lengths, LTL operators would benefit from being able to use 
longer trailers. For bulk haulers, however, the permissible GCW's are not as high as 
under formula B, especially for the longer doubles and triples. Consequently, haulers of 
heavy objects might still find TSTs, with spread axles, to be a viable alternative. To reach 
the higher GCW's, longer trailers and dollies, with wide-spread axles on the various units, 
could become popular under the given set of constraints. 
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Table 12. Summary of example vehicles for scenaric, 7. 

1. Payload weight (excludes trailer weight) is estimated from a water level loading situation 
2. Overall length is measured between extreme axles 

Example Vehicle 

Straight truck 
Straight truck 

Tractor-semitrailer 
Tractor-semitrailer 
Tractor-semitrailer 
Tractor-semitrailer 
Tractor-semitrailer 

Truck-full trailer 
Truck-full trailer 

Double 
Double 
Double 

Triple 
Triple 

Vehicle 
Code 

3 
4 

3-S2 
3-S2 
3-S2 
4-S3 
3-S3 

3-4 
3-4 

3-S2-4 
3-S2-4 
3-S2-4 

2-S 1-2-2 
2-S 1-2-2 

Tare Weight 

23,5 10 lb 
25,010 lb 

30,300 lb 
30,300 lb 
30,805 lb 
34,305 lb 
33,310 lb 

39,281 lb 
40,543 lb 

42,538 lb 
40,519 lb 
43,548 Ib 

40,257 lb 
38,743 lb 

GCW 

54,860 lb 
60,400 lb 

76,310 lb 
8 1,500 lb 
85,900 lb 
89,455 lb 
88,500 lb 

104,500 lb 
106,500 lb 

104,500 lb 
106,000 lb 
107,000 lb 

1 11,500 lb 
115,000 lb 

1. Payload 
Weight 

3 1,350 lb 
35,390 lb 

46,010 lb 
5 1,200 lb 
55,095 lb 
55,150 lb 
55,190 lb 

65,219 lb 
65,957 lb 

61,962 lb 
65,481 lb 
63,452 lb 

7 1,243 lb 
76,257 lb 

Payload 
Volume 

(cubic feet) 

2,372 
2,372 

3,672 
3,672 
3,825 
3,825 
3,978 

5,126 
5,508 

5,355 
4,743 
5,661 

6,426 
5,967 

2. Overall 
Length 

30.0 ft 
31.5 ft 

52.0 ft 
53.5 ft 
56.0 ft 
56.0 ft 
57.5 ft 

84.5 ft 
88.5 ft 

85.0 ft 
88.0 ft 
90.0 ft 

98.5 ft 
106.0 ft 

Number 
of Axles 

3 
4 

5 
5 
5 
7 
6 

7 
7 

9 
9 
9 

7 
7 



Vehicle Performance 

The performance characteristics of the vehicles developed in this scenario are 
summarized in table 13. The graphical representations of the various rows of the table are 
contained in figures 89 through 96. 

S Q f q  and operan'onul concerns 

J.ow-Speed Off- Since the vehicles in this scenario are constrained by the 
"offtracking rule," their offtracking amounts would be equivalent to that of a 12-ft (3.7 m) 
tractor towing a 40-ft (12 m) semitrailer. The offtacking results of the proposed vehicles 
are shown in figure 89. 

. . Figure 90 contains the friction requirements of the proposed vehicles 
in this scenario. The straight truck examples, with their short wheelbases and wide-spread 
axles, would require relatively high levels of tirelroad friction. Wide-spread axles in some 
of the other layouts, especially the six-axle TST in figure 81, and the double in figure 86, 
could reduce the vehicles' maneuverability on slippery surfaces. 

ed Offtrackine: With a greater incentive to develop longer vehicles, the high- 
speed offtracking of these vehicles could suffer. Figure 91 contains the high-speed 
offtracking results for this scenario. Due to the longer lengths, the two triples have 
offtracking amounts greater than 1 ft (0.3 m). The remaining vehicles, especially the 
longer truck-full trailers and doubles, also have relatively high offtracking amounts. 

-euver: Figure 92 pertains to the braking performance of the 
vehicles developed in this scenario. Fewer axles in the layouts improve the vehicles' 
braking performance. The straight-truck and truck-full trailer examples, however, perform 
rather poorly, especially in the empty state. In the case of the extremely long triple, short 
wheelbases on the trailers increase the amount of "rear-to-front" load transfer, thereby 
reducing the vehicle's braking efficiency. In the loaded state, the vehicles perform slightly 
better, with only the foui-axle straight truck being less than 80 percent efficient in a 0.4 g's 
stop. 

lover; Figure 93 contains the rollover threshold results for this 
scenario. Again, fewer axles in the vehicle layouts decrease the total amount of roll 
stiffness in the proposed designs. This reduces the roll stability of the straight truck and 
truck-full trailer configurations. In the case of the TSTs, extra axles, encouraged by the 
pavement rule, help increase the levels of roll stability. Since the bridge formula gets 
extremely restrictive at lengths over 56 ft (17 m), doubles and triples are limited to lower 
GCW's. Smaller amounts of payload, reacting with the roll stiffnesses of the axles, 
increase the rollover thresholds of the longer vehicles. Compared with the tandem-axle 
doubles, however, fewer axles in the triple-trailer combinations reduce the rollover 
thresholds for the proposed vehicles. 
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Scenario 7 

Figure 89. Low-speed offtracking, scenario 7. 



Friiction Demand (lower values are better) 
Scenario 7 

Figure 90. Friction demand, scenario 7. 
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(1) 2-51-2-2 -sJ 11 1,500 Ib 

(3) 342-4 &---A 107,000 Ib 

(2) 3-52-4 ~ 1 - I  106,000 lb 

(1) 3-524 -b=d 104.500 Ib 

(2) 3-4 106,500 lb 

(1) 3-4 0-1 104,500 Ib 

3-53 &7 88,500 Ib 

443 - 89,455 1b 

(3) 3-52 -1 85,900 1b 

(21 3-52 01- 81,500 1b 

(1) 3-a &=d 76,310 Ib 

4 r=ffs 6 0 , W  lb 

3 a-J 54,860 1b 

I I 

High-Speed Offtracking (ft) (lower values are better) 
Scenario 7 

Figure 9 1. High-speed offtracking, scenario 7. 



worse *h target 
p a f ~ l e v e l s  7 

worse than the bareline 
342 of Scenario 1 

Braking Efficiency (Empty) at 0.4 g's (higher values are better) 
Scenario 7 

Figure 92. Braking efficiency, scenario 7. 



Worse than target 
performance levels 

Worse than the baseline 
342 of M o  1 

Rolbver Threshold, g's (higher values are better) 
Scenario 7 

Figure 93. Rollover threshold, scenario 7. 



Wme than the baseline 
342 of Scenario 1 

Worse than target 
performance levels 

Critical Velocity at 0.3 g's, m h  (higher values are better) 
Scenario 7 

Figure 94. Critical velocity, scenario 7. ,  
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Worse than target 
paformmce levels 

Worse than the baseline 
342 of Scenario 1 

Steering Sensitivity at 0.3 g's and 55 mi/h (higher values are better) 
Scenario 7 

Figure 95. Steering sensitivity, ~cenario 7. 



I ormance levels 7 Fmmmt 

Rearward Amplification (lower values are better) 
Scenario 7 

Figure 96. Rearward amplification, scenario 7. 



v Turn - Handlme. ' . Figures 94 and 95 contain the critical velocities and the 
steering sensitivities for the 14 vehicles under consideration. As mentioned in section 9, 
the parameter variation study, vehicles with lower levels of roll stability are more difficult 
to handle in steady turns. Consequently, the two triple configurations, with critical 
velocities of 64 milh (103 M) and 48 milh (77 kmlh) respectively, would be yaw 
unstable within the normal range of operation. Similarly, the five-axle TST, shown in 
figure 78, would also be difficult to handle. 

With heavier allowable loads on wide-spread axles, the increased "side-to-side" load 
transfer on these axles could pose a problem during steady turns. Vith tire characteristics 
being load-sensitive, a greater amount of load transfer on drive axles could reduce their 
lateral-force capabilities and result in an "oversteer" condition. Vehicles with heavily 
loaded drive axles, therefore, are particularly vulnerable to yaw instabilities at high speeds. 
Configurations using trucks and tractors with heavily loaded drive axles, such as the truck 
layouts in figures 75 and 83, and the TST layout in figure 79, would be more difficult to 
handle at highway speeds. The smaller stability margins, due to reduced roll stability 
and/or heavily loaded drive axles, are evident in the critical velocities and steering 
sensitivities shown in figures 94 and 95. 

cle E v a s i ~ ;  Figure 96 contains the rearward amplifications for the vehicles in 
this scenario. The triples perform very poorly in this maneuver and the high levels of 
rearward amplification could induce the trailers to roll over. In addition to the extra trailer, 
short wheelbases and fewer axles are responsible for the large amounts of rearward 
amplification. The short wheelbase of the straight truck also accounts for the poor 
maneuverability of the truck-full trailer configurations. In the case of the doubles, 
however, longer wheelbases help reduce the amount of rearward amplification, thereby 
improving the vehicles' evasive maneuvering capabilities. 

12. PAVEMENT LOADING CONSTRAINTS 
CORRESPONDING TO THE TURNER CONCEPT 

(SCENARIOS 8 - 11) 

D@nition of the conrtrainrs on vehicle design 

The constraints governing this scenario are 

Maximum weight cap: None 
Bridge formula reshctions: Bor lTI  
Length constraints: STAA or offtracking limit 
Pavement loading restrictions: 28,000 1b (12,701 kg) for tandems; 

16,000 lb (7,258 kg) for singles. 



Implications with respect to vehicle design 

Scenarios 8 through 11 address the Turner concept through the application of a more 
restrictive pavement rule. Under t.he Turner concept, tandem loads are reduced from 
34,000 lb (15,422 kg) to 28,000 lb (12,701 kg) and single-axle loads are reduced from 
20,000 lb (9,072 kg) to 16,000 lb (7,258 kg). In the case of multiaxle suspensions, 
those with more than two axles in a suspension, the pavement loads are constrained by the 
active bridge formula constraint. 

Scenarios 8 and 9 are constrained by formula B and are limited by the STAA and the 
offtracking constraints, respectively. From the kiewpoint of a trailer-length constraint, the 
STAA is more restrictive than the "offtrackhg rule." Consequently, most vehicles 
developed in scenario 8 would satisfy the constraints of scenario 9. In other words, 
scenario 8 is a subset of scenario 9. Similarly, scenarios 10 and 11 are constrained by 
formula TTI and are limited by the STAA and the "offtracking rule," respectively. Since 
most vehicles developed under the STAA rule would satisfy the "offtracking rule," scenario 
10 is a subset of scenario 11. Accordingly, only scenarios 9 and 11 will be discussed. 

With the exception of the pavement loading rule, the constraints in scenario 9 are very 
similar to those in scenario 6. Since formula B reduces the individual axle loads with every 
additional axle, that is, it provides a decreasing weight return for extra axles, the more 
restrictive "28116" pavement rule becomes a nondominant constraint for multiaxle 
suspensions. In the case of single and tandem axles, however, the Turner concept could 
limit gross combination weights by becoming a dominant constraint. Using the vehicles 
developed in scenario 6 and applying the constraints of scenario 9, that is, the "28116 
pavement rule, the following table identifies the configurations that satisfy the Turner 

\ 

concept. The vehicles that satisfy the constraints in this scenario are distinguished by their 
bold face type. For the vehicles that violate the pavement rule, the suspension loads would 
have to be reduced. 

With the exception of the pavement rule, the constraints in scenario 11 are similar to 
those in scenario 7. Formula TTI, unlike formula B, promotes single and tandem axles 

VEHICLE TYPES 

Straight truck 
Tractor-semitrailer 
Tractor-semitrailer 

Tractor-semitrailer 
Tractor-semitrailer 
Truck-full trailer 
Truck-full trailer 
Double 
Double 
Double 
Double 
Triple 
Triple 

CODE 

5 
3 4 2  
3 4 2  

3 4 3  
4 4 5  
3-2 
4-5 

2-S 1-2 
342-4 
342-4 
362-4 

2-S 1-2-2 
444-7-7 

W W  
62,000 lb 
76,3 10 lb 
8 1,500 lb 

88,500 lb 
104,000 lb 
86,930 lb 
114,615 lb 
88,365 lb 
109,500 lb 
117,500 lb 
1 18,660 lb 
1 16,850 lb 
215,500 lb 

COMMENTS 

Trailer's tandem violates the pavement rule 
Trailer's wide-spread single axles violate 
the pavement rule 
Tractor's tandem violates the pavement rule 

All rear axles violate the pavement rule 

All rear axles violate the pavement rule 

All rear axles violate the pavement rule 



instead of multiaxle sets. In this scenario, therefore, the pavement rule plays a more 
simcant role in the design of vehicle layouts. To avoid the restriction of the pavement 
rule, wide-spread singles (spread at least 8 ft (2.4 m) apart) could be used to replace 
tandems, thereby allowing pavement load on two axles to increase from 28,000 lb 
(12,701 kg) to 32,000 lb (14,515 kg). Using the vehicles developed in scenario 7 and 
applying the constraints of this scenario, that 'is, scenario 11, the following table uses a 
bold face type to identify the configurations that satisfy the pavement rule. For ths vehicles 
that violate the pavement d e ,  the suspension loads would have to be reduced. 

13. SCENARIOS 12 AND 13 

VEHICLE TYPES 

Straight truck 

Straight truck 
Tractor-semitrailer 
Tractor-semitrailer 

Tractor-semitrailer 
Tractor-semitrailer 
Tractor-semitrailer 
Truck-full trailer 

Truck-full trailer 

Double 
Double 
Double 
Triple 
Triple 

Scenario 12 - no weight cap, formula C, and an offtracking limit 

Dfinition of the consrrainrs on vehicle design 

CODE 

3 

4 
3 4 2  
3 4 2  

3 3 2  
4 4 3  
3 4 3  
3-4 

3-4 

342-4 
342-4 
342-4 

2-S 1-2-2 
241-2-2 

The constraints governing this scenario are: 

Maximum weight cap: None 
Bridge formula restrictions: C 
Length constraints: 12 ft (3.7 m)/40 ft (12 m) offtracking limit 
Pavement loading restrictions: 36,000 lb (16,329 kg) for tandems; 

22,000 lb (9,979 kg) for singles. 

Gcw 
54,860 lb 

60,400 lb 
76,3 10 1b 
8 1,500 lb 

85,900 lb 
88,500 lb 
88,500 lb 
104,500 lb 

106,500 lb 

104,500 lb 
106,500 lb 
107,000 lb 
1 1 1,500 lb 
115,000 lb 

COMMENTS 

Truck's wide-spread rear axles violate the 
pavement rule 

Trailer's tandem violates the pavement rule 
Trailer's widespread single axles violate 
the pavement rule 
All rear axles violate the pavement rule 

Tractor's tandem violates the pavement rule 
Truck's and trailer's rear suspensions 
violate the pavement rule 
Truck's and trailer's rear suspensions 
violate the pavement rule 

All rear axles violate the pavement rule 
All rear axles violate the pavement rule 



Implications with respect to vehicle design 

With the exception of the bridge formula constraint, scenario 12 is very similar to 
scenario 6. The basic difference between the two bridge formulas is the additional 2,000-lb 
(907 kg) weight allowance provided by formula C. Aside from the vehicles being 
2,000 lb (907 kg) heavier, the constraints in this scenario promote vehicles similar to 
those developed in scenario 6. 

Scenario 13 - 88k weight cap and formula B for a tractor- 
semitrailer 

Denition of the constraints on vehicle design 

The constraints governing this scenario are: 

Maximum weight cap: 88,000 lb (39,916 kg) 
Bridge formula restrictions: B 
Length constraints: STAA for a 3-S2 
Pavement loading restrictions: 34,000 lb (15,422 kg) for tandems; 

20,000 lb (9,072 kg) for singles. 

Implications with respect to vehicle design 

In scenario 6, in the absence of a weight cap, we developed the "baseline" three-axle 
tractor and tandem-axle semitrailer (342). Due to the water-level loading of the 
semitrailer, its suspension reached the 34,00elb (15,422 kg) pavement limit before the 
vehicle reached 78,500 lb (35,607 kg). Moreover, in scenario 6, a TST was developed 
with wide-spread axles on an STAA-regulated semitrailer. The 3 4 2  was limited to a 
weight of 81,500 lb (36,967 kg). In both situations, the pavement constraint played a 
more dominant role in restricting the vehicle to a lower gross combination weight. 
Consequently, an 88,000-lb (39,916 kg) weight cap would not cause a significant change 
in the layouts of 3-S2's. 

14. DISCUSSIONS OF VEHICLES FOR HAULING 
INTERNATIONAL STANDARDS ORGANIZATION (ISO) 

CONTAINERS 
(SCENARIOS 14 - 16) 

In the 
the given 
container 

previous scenarios, the aim was to maximize the vehicle's payload capacity under 
set of constraints. In these scenarios, however, the payload is given; it is an IS0 
weighing 67,200 lb (30,481 kg), and the objective is to develop a vehicle that 

satisfies the pavement loading, the offtracking, and the bridge formula constraints. 
Nevertheless, the same techniques for optimizing the active constraints are used in the 
design of the proposed vehicles. For example, under formulas B and C, additional axles 



can be used to gain weight allowances. Under formula 'ITI, longer lengths and wide- 
spread axles can be used to optimize the vehicle's design. An example vehicle is developed 
for each of the three bridge formulas. 

In all three cases, tight turning in dock areas could pose a maneuverability problem. 
The additional axles, under formulas B and C, and the wide-spreads axles, under formula 
TTI, increase the amount of tirelroad friction during tight turns. With the exception of a 
possible yaw instability in the case of the ?TI design, the performance characteristics for 
the three vehicles would be considered acceptable. The braking performance of the empty 
vehicles, however, continues to be a problem. 

Vehicle Design for Scenario 14 

Definition of the constraints on vehicle design 

The constraints governing this scenario are: 

Maximum weight cap: IS0 container 
Bridge fonnula restrictions: B 
Length constraints: 12 ft (3.7 m)/40 ft (12 m) offtracking limit 
Pavement loading restrictions: 34,000 lb (15,422 kg) for tandems; 

20,000 lb (9,072 kg) for singles. 

Example vehicle 

Shipping containers are built resilient enough to withstand the rigors of sea travel. The 
chassis used for transporting these containers are, therefore, stripped down flat-bed 
trailers. The trailers arc extremely light since the container's structure provides the 
necessary frame stiffness for the container-trailer unit. 

Before exercising fonnula B, the tare weight of the TST combination must be included 
with the 67,200-1b (30,481 kg) payload. For example, a 55-ft (17 m) flat-bed trailer with 
four axles weighs approximately 13,650 lb (6,192 kg). With a 16,500-lb (7,484 kg) 
tractor, the total weight of the vehicle is 97,350 lb (44,157 kg). If the bridge formula 
calls for longer trailers or additional axles, the total weight of the vehicle would increase. 
In an attempt to minimize the tare weight of the vehicle, fewer axles and shorter trailers 
become more desirable. 

Using the techniques discussed in scenario 6 for optimizing vehicle design, that is, 
adding axles to gain weight allowances and also to improve low-speed offtracking, a 
proposed vehicle design is shown in figure 97. A 19-ft (5.8 m) tractor pulling a five-axle 
flat-bed trailer, with an overall length of 46 ft (14 m), satisfies the constraints of this 
scenario. 





Vehicle Design for Scenario 15 

Refmition of the constraints on vehicle design 

The constraints governing this scenario are: 

Maximum weight cap: IS0 container 
Bridge formula restrictions: C 
Length constraints: 12 ft (3.7 m)/40 ft (1 2 m) offtracking limit 
Pavement loading restrictions: 36,000 lb (16,329 kg) for tandems; 

22,000 lb (9,979 kg) for singles. 

Example vehicle 

In earlier scenarios where formula C was a constraint (scenarios 2,4, and 12), the only 
modification to vehicles developed under formula B was a weight allowance of 2,000 lb 
(907 kg). In this scenario, however, the difference in the two bridge formulas is 
interpreted in a different manner. The 2,000-lb (907 kg) weight allowance is converted 
into a length allowance (see discussion of formula C in section 2), A vehicle with a given 
amount of payload can be shorter under formula C than a vehicle with the same amount of 
payload under formula B . 

Adapting the TST, developed in the previous scenario, to satisfy the constraints of this 
scenario, that is, formula C and the associated pavement rule, a shorter tractor (1 6 ft 
(7.3 m)) and a shorter trailer (44 ft' (20 m)) is allowed to carry the given 67,200-1b 
(30,481 kg) payload (figure 98). With a lower tare weight, resulting from a shorter trailer, 
the vehicle has a lower gross combination weight. 

Vehicle Design for Scenario 16 

D@nition of the constraints on vehicle design 

The constraints governing this scenario are: 

Maximum weight cap: IS0 container 
Bridge formula restrictions: TI1 
Length constraints: 12 ft (3.7 m)/40 ft (12 m) offtracking limit 
Pavement loading restrictions: 34,000 lb (15,422 kg) for tandems; 

20,000 lb (9,072 kg) for singles. 

Example vehicle 

In the previous examples, figures 97 and 98, additional axles were used to gain weight 
allowances for the proposed vehicles. The extra axles also helped improve the vehicles' 
low-speed offtracking performance. Under formula 'ITI, however, with no weight 
allowance for extra axles, there is a greater incentive to reduce the tare weight of the vehicle 





by having fewer axles in the layout. With the 67,200-1b (30,481-kg) payload, formula 'ITI 
requires longer lengths between axle locations, thereby, increasing the overall lengths for 
the tractor and the trailer. Since longer units increase the tare weight of the vehicle, this 
produces an opposing effect in the design process. Consequently, the bridge formula is 
exceedingly restrictive in this scenario and could result in long TST's with wide spreads 
between axles. 

A proposed design, with extremely wide spreads (8 ft (2.4 m) and 10 ft (3 m)) 
between axles is shown in figure 99. A 16.5-ft (5 m) tractor pulling a 52.2-ft (16 m) trailer 
would satisfy the constraints in this scenario. The IS0 container would have to be placed 
closer to the front of the trailer so as to transfer some of the load from the trailer's 
suspension to the tractor's drive axles. This would reduce the vehicle's friction 
requirements during tight turns. 

The vehicle and axle layouts for the three IS0 transporters are shown in table 14. 

Vehicle Performance 

The safety-related,results for the three vehicles are shown in table 15. The graphical 
representations of the tabulated results are shown in figures 100 through 106. 

Scrfety and operm'onal concerns 

J aw-S- Figure 100 contains the low-speed offtracking amounts for 
the three IS0 transporters. Since the vehicles are governed by the "offtracking rule," their 
performance in this maneuver is acceptable. 

a .  

Figure 101 pertains to the vehicles' friction requirements during tight 
turns. With five-axle suspensions being used in two cases and extremely wide-spread 
axles being used in the third, the friction requirements of the three vehicles are extremely 
high compared to the baseline 3 4 2  of scenario 1. 

ed O f f t r a c u  Figure 102 contains the high-speed offtracking results for the 
three vehicles. Being TST configurations with relatively short overall lengths, their high- 
speed offtracking amounts would be less than 0.5 ft (0.15 m). The lower amount of 
offtracking would help the vehicles negotiate entrance and exit ramps at highway speeds. 

t Deceleration Br* The fourth and fifth items in table 15 pertain to the 
braking performance of the three vehicles. The braking performance of the empty vehicles 
is shown in figure 103, Since the trailers are extremely light in these configurations, the 
braking pedormance of the empty vehicles would be very poor. The multiaxle suspensions 
in the first two examples (figures 97 and 98) tend to "overbrake" the vehicles and result in 
lower braking efficiencies. In the loaded state, however, the ?TI vehicle, with fewer axles 
in its suspensions, would be better than the other two layouts. 







Table 15. Summary of performance measures for container transporters. 

Entries with asterisks indicate performance measures that are warst than those 
of the 3 4 2  of Scenario 1. The 342  in Scenario 1 is used as a basis 
for comparison. 

Entries in bold face type are judged to represent poor levels of 
performance relative to current technology. 

Entries in bold face and with asterisks are both worse than the 342  
(Scenario 1) and poor. 

Bridge Formula 
Vehicle Code 
Gross Combination Weight (GCW) 

1. Maximum transient (low-speed) 
offaacking (ft) - 41 ft and 90' 

2. Friction demand in a tight turn 

3. High-speed offtracking (ft) 
- 1200 ft at 55 mi/h 

4. Braking efficiency 1 (hided) 
- 0.2 g's 
- 0.4 g's 

5. Braking efficiency 1 (Empty) 
- 0.2 g's 
- 0.4 g's 

6. Rollover threshold (g's) 

7.a. Critical speed at 0.3 g's (mi/h) 

7.b. Steering sensitivity at 0.3 g's 
and 55 mi/h (radiadg) 

B 
3 4 5  

98,355 lb 

14.85 

0.16* 

0.442" 

0.799* 
0.757' 

0.647* 
0.622* 

0.392 

None 

0.229 

Tractor- semitrailer 
C 

3 4 5  
98,140 lb 

13.26 

0.16* 

0.47 1 * 

0.812* 
0.767* 

0.647* 
0.621* 

0.399 

None 

0.161 

TII 
3 4 3  

94,500 lb 

16.68 

0.20' 

0.413" 

0.910 
0.876 

0.650* 
0.625* 

0.384 

57.05* 

0.006* 



Worse than target I 1-m  omm me icveh 

Low-Speed Offtrading (ft) (lower values are better) 
Container Transporters 

Figure 100. Low-speed offtracking, container transporters. 



Worse than the baseline I* 342 of Scenario 1 

Worse than met I' perf-ctlevels 

Friiion Demand (lower values are better) 
Container Transporters 

Figure 101. Friction demand, container transporters. 



Worse than target I* perfommcelewels 

High-Speed Offtradcing (ft) (lower values are better) 
Container Transporters 

Figure 102. High-speed offtracking, container transporters. 



Worse than target 
paffJrmmx levels 

Worse thsn the baseline 
3-S20fSsrmrio l a-, 1 

Braking Efficiency (Empty) at 0.4 g's (higher values are better) 
Container Transporters 

Figure 103. Braking efficiency, container transporters. 



Worse than target 
perfoamance levels 

wome than the baseline 
342 of sfendo 1 a-, I 

Rollover Threshold, g's (higher values are better) 
Container Transporters 

Figure 1 04. Rollover threshold, container transporters. 



Worse than the baseline 
342 of Sctslerio 1 

Wonre than target 
perf-lw* 4-1 

Critical Velocity at 0.3 g's, mi* (higher values are better) 
Container Transporters 

Figure 1 05. Critical velocity, container transporters. 



Worse than target 
p e r f 0 ~ l e v e L F  Q-i 

Worse than the baseline 
3-S2 of Scenario 1 Q-t 

Steering Sensitivity at 0.3 g's and 55 mi/h (higher values are better) 
Container Transporters 

Figure 106. Steering sensitivity, container transporters. 



v T m  - Rollover. Figure 104 contains the rollover thresholds for the proposed 
vehicles. The extra axles in the fmt two layouts help increase their rollover thresholds. 
Though the TI'I vehicle has a slightly lower rollvn. threshold, it has a higher level of roll 
stability than the "baseline" TST in scenario 1. 

- Figures 105 and 106 contain the margins of safety pertaining 
to vehicle handling. The fmt two IS0 transporters would be fairly easy to handle even at 
highway speeds. Figure 106 shows the relatively high margins of safety for these two 
vehicles. The ?TI vehicle, however, would be unstable at speeds over 57 mi/h (82 kmh) 
(figure 105). In this case, a poor "front-to-rear" loading distribution on the tractor is 
responsible for the lower levels of yaw stability. 

15 .  SCENARIO 17 - 1OOK WEIGHT CAP, BRIDGE 
FORMULA B, AND AN OFFTRACKING LIMIT 

Vehicle Design 

Dejinition of the constraints on vehicle design 

The constraints governing this scenario are: 

Maximum weight cap: 100,000 lb (45,359 kg) 
Bridge formula restrictions: B 
Length constraints: 12 ft (3.7 m)/40 ft (12 m) offtracking limit 
Pavement loading restrictions: 34,000 lb (15,422 kg) for tandems; 

20,000 lb (9,072 kg) for singles. 

Implications with respect to vehicle design 

Currently, vehicles are constrained by an 80,000-lb (36,28 kg) weight cap. With 
respect to vehicle design, the mme restrictive weight cap reduces the influence of the bridge 
formula and other size and weight rules. Consequently, the weight cap has been very 
important in the development of prevailing vehicle and axle layouts. A removal of the 
weight cap could lead to another set of dominant constraints. These constraints could have 
an entirely different effect on the vehicle's design. For example, with the removal of the 
weight cap in scenario 6, the "offtracking rule" and the bridge formula become the 
dominant constraints. In scenario 6, the dominant constraints reinforce each other to allow 
a wide variety of long and extremely heavy multiaxle vehicles. If the weight cap is too high 
(as in scenario 6), then the weight cap becomes insignificant in the vehicle development 
scheme. Conversely, if the weight cap is too low, then h e  other constraints become 
immaterial. The amount of the weight cap, therefore, determines the point at which other 
size and weight constraints become less effective. For example, in the presence of a 
100,000-lb (45,359 kg) weight cap, other sire and weight constraints become insignifcant 
at weights over 100,000 lb (45,359 kg). 



In this scenario, the 100,000-lb (45,359 kg) weight cap is used to supplement the 
~or~straints of scenario 6. Consequently, for vehicle configurations with GCW's below the 
maximum weight cap, the "off+racking rule" and the bridge formula are the dominant 
constraints. For vehicle configurations that could get heavier than 100,000 1b 
(45,359 kg), the weight cap becomes the more limiting constraint. With a restriction on 
further increases in GCW, the weight cap reduces the incentive to add axles and/or 
incrzase trailer lengths. 

For short vehicle configurations, such as straight trucks and tractor-semitrailers, vehicle 
design is influenced by the bridge fonnula and the "offtracking rule." However, for the 
truck-full trailers, doubles, and triples, the maximum weight cap becomes the mors 
dominant constraint. Consequently, the resulting vehicles would have fewer axles and 
shorter overall lengths. 

Example vehicles 

T r u b  Using the vehicles from scenario 6 as initial choices, the five-axle 
straight truck, shown in figure 54 and again in figure 107, satisfies the constraints of this 
scenario. Since the vehicle can only reach a GCW of 62,000 lb (28,123 kg), the 
100,000-lb (45,359 kg) weight cap is immaterial. 

. . In the case of the TST, the "axle-effect" of formula B would have 
to be used to gain additional weight allowances. Consequently, a tandem-axle tractor and a 
five-axle, 55-ft (17 m) semitrailer is allowed to reach the weight cap of 100,000 1b 
(45,359 kg) (figure 108). 

\ 

Using tandem axles in a truck-full trailer configuration, a vehicle 
with a 10-ft (3 m) dolly and a 33-ft (10 m) trailer is allowed to weigh 100,000 1b 
(45,359 kg) (figure 109). In this layout, though formula B allows a higher GCW, the 
weight cap is the more dominant constraint. Consequently, a shorter vehicle would still 
satisfy the constraints in this scenario. 

Doubles; Adapting the tandem-axle double with 28-ft (8.5 m) trailers (figure 62) to 
operate under the weight cap, the same vehicle with lighter axle loads is shown in figure 
110. Using longer trailers, a second double-trailer configuration, with 36-ft (11 m) 
trailers, is shown in figure 11 1. In both layouts, the maximum weight cap is the most 
dominant constraint. Unless payload volume is the motivating factor, the upper bound on 
weight capacity eliminates the need to add axles and/or increase trailer lengths. Moreover, 
by promoting lower tare weights, the weight cap encourages shorter trailers with fewer 
axles. 

TnDles: The triple with 28-ft (8.5 m) trailers, shown in figure 65, is modified to 
operate under the 100,000-lb (45,359 kg) weight cap. The vehicle, with slightly lower 
axle loads, is shown in figure 112. A g d ~ ,  in this layout, the maximum weight cap is the 
more dominant constraint 

Productivity information pertaining to the five vehicle and axle layouts is summarized in 
table 16. 

















What kind of vehicles would be promoted 

LTL operators would still gain subs tantially from the constraints of t).,i scenario. With 
no restrictions on trailer length, they are ftee to maximize their payload-carrying volume by 
stretching their trailers. Bulk cargo haulers, however, would be limited by the 100,000-lb 
(45,359 kg) weight cap. With the exception of the straight truck and the tractor-semitrailer, 
which need multiaxle suspensions to reach the gross weight cap, designs for the remaining 
vehicle configurations would need little or no m&cation. 

Vehicle Performance 

Performance sununary 

The performance characteristics for the vehicles developed in this scenario are 
summarized in table 17. The graphical representations of the various rows of the table are 
contained in figures 1 13 through 120. 

Sdety and operan'onal concerns 

w-Sbeed Figure 113 contains the low-speed offtracking amounts for 
the five vehicles developed in this scenario. With the "offtracking rule" in effect, the 
proposed vehicles would have acceptable levels of low-speed offtracking. 

on D e m d  The vehicles' friction requirements are shown in figure 114. With 
the exception of the stxaight truck and the TST configurations, the remaining vehicles have 
relatively low friction requirements. The straight truck and the TST, however, use 
multiaxle suspensions which degrade the vehicles' low-speed cornering performance, 
especially on slippery surfaces. 

ed Qff&&g Figure 115 contains the high-speed offtracking results for the 
proposed vehicles in this scenario. The triple continues to exhibit rather high levels of 
high-speed offtracking. The remaining vehicles have relatively lower amounts of high- 
speed offtracking. 

Constant kc* B- The fourth and fith items in table 17 pertain to the 
braking performance of the proposed layouts. Figure 1 16 contains the braking efficiencies 
for the empty vehicles executing a 0.4 g stop. As mentioned earlier, mul'iaxle suspensions 
tend to "overbrake" the vehicle during a constant deceleration maneuver. Consequently, 
the braking performances of the straight truck and the tractor-semitrailer are fairly poor. 
Moreover, short wheelbases and fewer axles degrade the braking efficiencies of the empty 
truck-full trailer and triple. In the case of the truck-full trailer, however,.the loaded vehicle 
continues to be ineficient in the braking maneuver. 

o v a  The use of extra axles in these layouts increases the vehicles' 
roll stiffness. Also, lower GCW's for some of the longer vehicles help increase their levels 
of roll stability. Figure 117 contains the rollover thresholds for the five vehicles developed 
in this scenario. With the exception of the proposed truck-full trailer configuration, the 
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Figure 1 13. Low-speed offtracking, scenario 17. 
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Figure 1 14. Friction demand, scenario 17. 
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Figure 1 15. High-speed offtracking, scenario 17. 
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Figure 1 16. Braking efficiency, scenario 17. 
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Figure 1 17. Rollover threshold, scenario 17, 
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Figure 1 19. Steering sensitivity, scenario 17. 
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Figure 120. Rearward amplification, scenario 17. 



remaining vehicles would be relatively stable in roll. In the case of the truck-full trailer, 
heavier loads and fewer axles on the towing unit reduce the vehicle's rollover threshold. 

v T- - ' . Figures 118 and 119 contain the critic& velocities and the 
steering sensitivities for the proposed vehicles in this scenario. With the exception of the 
truck-full trailer configuration, the remaining vehicles have relatively high margins of safety 
in the steady-turning maneuver. As mentioned earlier, the truck-full trailer has a lower 
rollover threshold which leads to an increased level of yaw instability at highway speeds. 
In fact, the vehicle would be yaw unstable at speeds over 69 milh (1 11 kmh). 

Obsmle Evasioa; Figure 120 displays the levels of rearward amplification generated 
by the multiarticu!ated vehicles in this scenario. Short wheelbases, in the truck-full trailer, 
and the triple, cause high levels of rearward amplification. The double-trailer 
configurations are better in this regard. In the second double-trailer layout (figure 11 I), 
longer trailers improve the vehicle's evasive maneuvering skills. 

16. SCENARIO 18 - TWIN STEERING AXLES 

Vehicle Design 

D@nition of the constraints on vehicle design 

The constraints governing this scenario are: 

Maximum weight cap: None 
Bridge formula restrictions: B 
Length constraints: 12 ft (3.7 m)/40 ft (12 m) offtracking limit 
Pavement loading restrictions: 34,000 lb (15,422 kg) for tandems; 

20,008 Ib (9,072 kg) for singles 
Vehicle Types: Twin-steer vehicles 

Example vehicles 

From the standpoint of improved safety, especially after front tire blowouts, twin-steer 
vehicles are generating public interest. Besides the unique twin-steer design, the vehicles 
are governed by the same set of constraints as in scenario 6, that is, the "offtracking rule," 
formula B, and the "3420" pavement rule. 

T ruck  Two proposed straight truck designs are presented in this scenario. 
The first layout is a 30-ft (9.1 m), four-axle vehicle which is allowed a GCW of 54,900 lb 
(24,902 kg) (figure 12 1). Due to the tandem axles on the rear of the vehicle, the pavement 
rule becomes a limiting constraint. Consequently, the front suspension of the vehicle is 
limited to a load of approximately 21,000 lb (9,525 kg). The second layout involves a 
35-ft (1 1 m), five-axle vehicle with a GCW of 66,350 lb (30,096 kg) (figure 122). In 
this layout, the bridge formula limits the rear tridem to 42,000 lb (19,05 1 kg), However, 







the tcidem axle suspension helps circumvent the pavement rule and increases the load on the 
front suspension to approximately 24,500 lb (1 1,113 kg). Compared with the 40-ft (12 
m),five-axle straight truck of scenario 6, the higher front suspension load results in a 
higher total wsight for this layout. 

t o r - S m  , . A tractor-semitrailer with twin-steer front axles is shown in figure 
123. The vehicle with a five-axle tractor and a four-axle semitrailer reaches a total weight 
of 101,500 lb (46,040 kg). Though the bridge formula allows the nine-axle vehicle a total 
weight of 105,000 lb (47,627 kg), the location of the second steering axle reduces its axle 
load. In other words, with the tractor's fifth wheel located so close to its rear suspension, 
most of the trailer's kingpin load is supported by the tridem axles. Moreover, the bridge 
formula limits the trailer's suspension to 50,000 lb (22,680 kg). Consequently, a 
different axle layout could lead to higher vehicle weights. For example, wider spreads 
between the trailer's axles and a bigger fifth wheel offset could lead to a higher GCW. 

A summary of the three layouts is shown in table 18. 

Vehicle Performance 

The safety-related items for the twin-steer vehicles are shown in table 19. The 
graphical representations of these performance characteristics are shown in figures 124 
through 129. 

Srrfety and operm'onal concerns 

w-Sbeed Of- Figure 124 contains the low-speed offtracking amounts for 
the vehicles developed in this scenario. Since all three vehicles are relatively short and have 
multiaxle suspensions, their offtracking amounts are less than the "baseline" TST. 

. . 
The friction requhments of the proposed vehicles are shown in 

figure 125. Though one might expect high friction requirements in the case of the nine-axle 
TST, the three drive axles on the tractor help improve the vehicle's maneuverability on 
slippery surfaces. 

d off* Figure 126 contains the high-speed offtracking amounts for 
the twin-steer vehicles. With offtracking amounts less than 0.35 ft (0.1 m), the proposed 
vehicles perform fairly well in this maneuver. 

c- The vehicle's braking performance is shown in the 
fourth and fiEth items of table 19. The braking efficiency of each empty vehicle is shown in 
figure 127. The extra fiont axle improves the vexcles' braking performance si&icantly. 
In fact, the empty TST has efficiency levels comparable to some of the loaded vehicles 
developed in earlier scenarios. With the "rear-to-front" load transfer resulting in heavier 
loads on the front axles, the additional braking effort of the extra axle increases the 
vehicle's braking efficiency. 



Figure 123. Tractor-semitrailer (5-S4; GCW=101,500 lb, payload=64,200 lb). 
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PL 
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LB 
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Table 18. Summary of example vehicles for scenario 18. 

1. Payload weight (excludes trailer weight) is estimated from a water level loading situation 
2. Overall length is measured between extreme axles 

2. Overall 
Length 

25.0 ft 
31.0 ft 

58.5 ft 

Number 
of Axles 

4 
5 

9 

1. Payload 
Weight 

32,415 lb 
41,102 lb 

64,200 lb 

GCW 

54,900 lb 
66,350 lb 

101,500 lb 

Example Vehicle 

Straight truck 
Straight truck 

Tractor-semihailer 

Payload 
Volume 

(cubic feet) 

1,607 
1,989 

3,672 

Vehicle 
Code 

4 
5 

5-S4 

Tare Weight 

22,485 lb 
25,248 lb 

37,300 lb 



Table 19. Summary of performance measures for example vehicles (scenario 18). 

Entries with asterisks indicate performance measures that are worse than those of 
the 3 4 2  of Scenario 1. The 342  in Scenario 1 is used as a basis for comparison. 

Entries in bold face type are judged to represent poor levels of performance 
relative to current technology. 

Entries in bold face and with asterisks are both worse than the 3 4 2  (Scenario 1) 
and poor 

Tractor-semitrailer 
5 4 4  

100,000 lb 

15.91 

0.08" 

0.346* 

0.935 
0.92 1 

0,732 
0.707 

0.414 

None 

0.300 

Vehicle Code 
Gross Combination Weight (GCW) 

1. Maximum transient (low-speed) 
offtracking (ft) - 41 ft and 90' 

2. Friction demand in a tight turn 

3. High-speed offtracking (ft) 
- 1200ftat55mi/h 

4. Braking efficiency 1 (Loaded) 
- 0.2 g's 
- 0.4 g's 

5. Braking efficiency 1 (Empty) 
- 0.2 g's 
- 0.4 g's 

6. Rollover threshold (g's) 

7.a. Critical speed at 0.3 g's (mi/h) 

7*b. Steering sensitivity at 0.3 g's 
and 55 mi/h (radians/g) 

Truck 
4 

54,900 lb 

5.15 

0.03* 

0.302" 

0.939 
0.845 

0.699 
0.637* 

0.338* 

None 

0.136 

5 
66,350 lb 

7.02 

0.07* 

0.298* 

0.845* 
0.776* 

0.677 
0.631' 

0.328* 

None 

0.332 
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Figure 124. Low-speed offtracking, scenario 18. 
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Figure 125. Friction demand, scenario 18. 
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Figure 126. High-speed offtracking, scenario 18. 
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Figure 127. Braking efficiency, scenario 18. 
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Figure 128. Rollover threshold, scenario 18. 
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Figure 129. Steering sensitivity, scenario 18. 



v T m  - Rollovef, The rollover thresholds for the three vehicles are shown in 
figure 128. Fewer axles and heavier loads in the straight truck configurations reduce their 
rollover thresholds. Conversely, nine axles increase the TST's total roll stiffness and 
improve the vehicle's roll stability. 

- Figure 129 displays the steering sensitivities for the three 
vehicles in a steady-turning maneuver. The extra front axle tends to improve the margin of 
safety in this maneuver. Consequently, with critical velocities greater than 100 mi/h 
(161 lun/h), the vehicles maintain their yaw stability in the range of normal operation. 

17. CONCLUSIONS FROM THE SCENARIOS 

This section contains conclusions as to which types of trucks would be encouraged, the 
safety implications of these trucks, and what types of constraints might be considered for 
individual scenarios or groups of scenarios. 

It is to be emphasized that this study is not intended to arrive at conclusions such as 
scenario 16 is better than scenario 2. The 18 scenarios considered in this study do not 
exhaust the list of reasonable possibilities. Given that size and weight regulations are to a 
large extent results of political processes, they represent judgements based on many aspects 
of the influences of truck transportation on society. The compromises that could result in 
future proposals for changes in size and weight rules may lead to scenarios that have not 
becv addressed specifically in this study. The following conclusions are intended to 
provide infonnation that will allow interested persons to reach general conclusions as to (a) 
how size and weight constraints could influence the &signs of trucks in service and (b) the 
safety implications associated with vehicles resulting from various size and weight 
constraints. 

Scenario 1 - no weight cap, formula B, STAA lengths 
This scenario is key to the discussions that follow. It is a straightforward extension of 

the current rules to allow heavier, more productive vehicles. 

The 80,000-lb (36,287 kg) weight cap has been very important in the development of 
currently prevalent vehicle configurations and axle arrangements. A removal of the weight 
cap could lead to different vehicle and axle layouts which would be more productive under 
the new set of rules. 

The length provisions of the Surface Transportation Assistance Act (STAA) of 1982 
limits fleet operators to using a single 48-ft (14.6 m) trailer or two 2 8 4  (8.5 m) trailers in 
their TST's and doubles configurations. There is no explicit constraint on the lengths of 
tractors and dollies. 

"Less-than-truck-load (LTL) operators, whose vehicles are more often "cubed-out" 
(filled up) prior to approaching the gross weight limit, would not benefit greatly from a 
removal of the weight cap in this scenario where the lengths of the cargo boxes are fixed. 
Nevertheless, if LTL carriers have not already changed from TSTs to doubles to increase 



their cargo volume, the change in the weight rule might encourage them to modify their 
fleets from TSTs to doubles to provide flexibility for carrying more weight. On the other 
hand, caniers of dense cargo might use long tractors and dollies to increase their allowable 
payload weight through increasing the overall lengths of their vehicles. 

In addition to allowing higher weights over longer lengths, fonnula B provides a 
weight allowance for the use of additional axles in an axle set. In general, from the 
standpoint of vehicle performance, extra axles within a fixed length reduce the effective 
wheelbases of the various units. Short wheelbases on units have a tendency to increase the 
amount of rearward mplification, thereby, degrading the maneuvering performance of 
multiarticulated vehicles. The use of extra axles in a suspension group also increases the 
amount of tirefroad friction required during tight turning maneuvers. The braking 
performance of the empty vehicle is a general problem, that is, it does not result from the 
constraints of this or any other set of weight rules. In the loaded state, the braking effort of 
the additional axles tends to make the vehicles slightly "overbraked," especially on the 
lightly loaded axles. From the roll stability viewpoint, the added roll stiffnesses of the 
extra axles helps to improve the vehicle's resistance to rolling over. 

More specifically, for the TST's to have GCW's greater than 80,000 lb (36,287 kg), 
and still satisfy the loading and axle separation requirements of bridge formula B, 
additional axles would have to be added. Results from trial designs indicate that GCW's 
could increase by approximately 6,000 lb (2727 kg) for each axle over five axles. (80,000 
lb (36,287 kg) can now be carried on a five-axle TST.) With respect to maneuverability 
and mobility, the main drawback resulting from additional axles concerns the ability to turn 
tight comers when the road surface is slippry. Calculated results show that semkilers 
with five or six closely spaced rear axles would have problems turning comers when the 
road is slippery. Semitrailers with closely spaced tridems are not predicted to have these 
troubles, and long semitrailers with four closely spaced axles might be considered 
acceptable. 

If the 80,000-lb (36,287 kg) limit were removed for the doubles allowed under STAA 
of 1982, the situation would be more complex than that applying to TST's. The double 
would also be more productive than TSTs for those persons wishing to carry dense cargo. 
These f111dings are based on an examination of the loading and axle separation requirements 
of formula B. . 

The double has 56 ft (17 m) of cargo length (two 28-ft (8.5 m) "boxes" on the 
semitrailers) while the ?'ST has 48 ft (15 m) of cargo length. Since formula B allows more 
weight by "spreading the load over more length, the double would have the potential for 
carrying si@icantly more load than that carried by the TST. To maximize productivity for 
c q i n g  dense products like liquids and bulk commodities, vehicle owners and operators 
would choose doubles over TST's, given the constraints of scenario 1. That is, under 
scenario 1 companies carrying dense cargos would switch from tractor-semitrailer trucks to 
twin-trailer trucks in order to increase productivity. 

If the gross weight cap were removed, bridge formula B would allow current 
"Western" doubles to go immediately from 80,000-lb (36,287 kg) to approximately 
88,000-lb (39,917 kg). This additional weight would make these vehicles more 



susceptible to rolling over, that is, the rollover threshold would occur at a less severe level 
of turn. Also, the handling control of these heavier 231-2 doubles would be more 

These analytical results indicate that the safety-related performance of the c m n t  
design of the Western double would be decreased if the 80,000-lb (36,287 kg) cap were 
removed. 

In order to carry greater payloads additional axles could be added to the double. For 
example, if single axles on the 241-2 were to be replaced with tandem-axle sets to make a 
342-4 double, formula B would allow the 342-4 vehicle to have a GCW equal to 
approximately 109,000 lbs (49,442 kg). Furthermore, the use of tridems on the double's 
semitders could lead to a practical vehicle (a 343-5) that would be legally allowed to 
have a GCW of 122,500 lb (55,566 kg). These vehicles (the 342-4 and the 343-5) 
would be very attractive to the trucking industry because of their productivity in carrying 
heavy payloads and their mobility in negotiating comers in an urban environment 

Calculations indicate that the heavier doubles with additional axles would have more of 
a tendency to amplifj the motion of the last trailer in an obstacle-avoidance maneuver. This 
rearward amplification can cause exaggerated motion of the last trailer, and it is a cause of 
rollover of the last trailer if the last trailer has a high center of gravity. Since the heavier 
double could carry 1.6 times more payload than the current 80,000-lb (36,287 kg) double, 
the accident rate per pound of load delivered might be less for the heavier vehicle. 
Nevertheless, the driver would be at greater risk because of the elevated level of rearward 
amplification. 

In general, calculations show that the addition of axles to either the TSTs or doubles 
could cause changes in braking efficiency and a small improvement in rollover immunity. 
These changes are based on using brakes and suspensions equivalent to those used in 
current vehicles. If suspensions with less roll stiffness than current suspensions were to be 
used in future heavier vehicles, rollover immunity might be degraded. On the other hand, 
less braking on some axles could improve the proportioning and braking efficiency of new 
designs. 

The low level of braking efficiency for empty vehicles is the result of the current 
practise of proportioning braking effort based on a fully laden vehicle. This problem can 
be corrected by proportioning the level of braking at each axle. In general, this means 
decreasing the braking effort on rear axles of the "new" vehicles. This could be 
accomplished by selecting braking hardware tailored to the vehicle or by using automatic 
systems such as load sensing proportioning or antilock braking systems. Although 
antilock braking systems may cost more, they represent an available system for avoiding 
the safety consequences resulting from locking wheels. 

In order to increase the safety-related performances of new designs, decision makers 
could consider hardware and design improvements such as advanced braking systems, 
special &sign specifications for suspension roll stiffnesses, and innovative dollies for 
reducing remard amplification. 

A variety of safety consequences have been discussed in this section. These 
discussions have been based on the results of design analyses pertaining to safety-related 
maneuvering situations. The purposes of these closing paragraphs are to summarize the 



results and to suggest types of constraints that might be included in scenario 1 to ensure 
that unsafe vehicles are not built and operated on the highway network. 

Examination of the results for scetario 1 indicates that the braking performances of 
empty trucks are a general problem. If the 3 4 2  TST is used as a reference for making 
relative judgements, some of the vehicles projected under scenario 1 have poorer 
performance than the reference vehicle. These findings suggest that decision makers 
consider requiring antilock braking systems for vehicles allowed under scenario 1. The 
decision to require antilock systems might be partially justified on the grounds that the 
additional productivity would easily pay for the additional costs. 

(In general, the projected vehicles are based on increased productivity. And hence there 
is an implicit belief that it is reasonable to use some of the benefits of increased productivity 
in ways that attempt to ensure safety. This assumption aids in satisfying some of the 
concerns with regard to needs for benefitkost evaluations related to safety improvements.) 

If an antilock constraint is deemed to be too controversial, then something else should 
be done to improve braking performance. One might consider setting perf~r&mce levels 
for braking. However, this is not easily done without making decisions as to how 
much improvement in safety is justified and how to determine reasonable performance 
levels for real vehicles. The results given by the analyses perfonned in this study are likely 
to be very optimistic compared to what is cumntly achieved in practise. One way to attack 
these major difficulties is to go to a type approval approach which vehicles allowed 
under scenario 1 are individually evaluated and approved. 

If the braking problems are resolved, examination of the results indicates that the 3 4 3  
TST appears to be a relatively trouble free vehicle. A possible approach to the introduction 
of scenario 1 would be to allow the development of 343's as an initial step in expanding 
the types of vehicles allowed under scenario 1. 

Further examination of the results for the other TSTs indicates that the friction demand 
is predicted to be large when the semitrailers are equipped with 5 and 6 axles. This subject 
needs to be investigated further before these vehicles are allowed. At present the number of 
axles on a semitrailer might be restricted to 3, or 4 at most. 

Now consider the doubles. The results for rearward amplification illustrate a problem 
with obstacle avoidance maneuvers. Solutions to this problem involve requiring tires with 
high side force capabilities, long wheelbase trailers, special means for locating hitch points, 
and special hitching arrangements. All of these solutions are difficult to spec@ and 
changes in hitching could quire major changes in vehicle configurations as compared to 
those that are currently used in the U.S. Before the 342-4 or the 343-5 would be 
allowed, one might consider some process in which prototrpe vehicles are developed and 
evaluated Given evidence that these vehicles are expected to be both productive and safe 
enough, these vehicles could be introduced into service on a permit basis. 

The results indicate that the 241-2 weighing approximately 88,000 lbs should be 
specifically disallowed unless the rollover threshold of this vehicle is increased. A way to 
do this would be to restrict the allowable c.g. height of the loaded semitrailers, however 



this would be difficult to enforce. Possibly, some sort of restrictions on roof or tank 
heights could be worked out if the demand for this type of vehicle merited it. 

Since these doubles have a rearward amplification problem, none of them should be 
allowed to carry hazardous materials without furnishing evidence that their propensity to 
rollover or swing out into other lanes has been cured Innovative hitching arrangements in 
the dollies are a means for improving performance. 

Finally, one might want to set limits on dolly lengths and set an offtracking limit such 
as 17 feet in the maneuver considered here. 

Scenario 2 - no weight cap, formula C, STAA lengths 

The constraints in this scenario are very similar to those discussed for scenario 1. In 
addition to the length restriction of the STAA, the projected vehicles in this situation are 
constrained by fomula C and the associated "36122" pavement rule. The vehicles are also 
allowed to operate without the restriction of a gross weight cap. 

Formulas B and C are very similar in their defmition. They are both "length-to-axle- 
weight" rules that provide allowances for additional axles and permit higher weights over 
longer lengths. The only difference between the two rules is that formula C allows an 
additional 2,000 lb (907 kg) on any given axle set. 

The "36122" pavement rule is used in conjunction with formula C and addresses the 
2,00elb (907 kg) allowance of the bridge formula. This pavement rule allows 22,000 lb 
(9,979 kg) on single axles and 36,000 lb (16,329 kg) on tandem-axles sets. The more 
lenient pavement rule often helps vehicles with biased load distributions reach higher gross 
combination weights without exceeding axle load limits. 

With the primary difference between scenarios 1 and 2 being the 2,000-lb (907 kg) 
allowance in the bridge formula and pavement rule, the projected vehicles in this scenario 
would be similar to those developed in the previous chapter, In other words, removal of 
the weight cap and a restr ich on trailer llengths (STAA), could result in longer dollies and 
more axles on both TST's and doubles. 

Since the projected vehicles are similar in the two scenarios, their performance 
characteristics are predictably very similar. Short wheelbases, caused by multiaxle 
suspensions, increase the amount of rearward amplification in multiarticulated vehicles. 
Also, extra axles &grade vehicle performance in tight-turning and constant-deceleration 
maneuvers. From the roll stability viewpoint, heavier loads on existing axle layouts from 
scenario 1 result in lower rollover thresholds and higher levels of directional instability. 
This is explained by the higher proportion of payload (allowed by formula C) associated 
with the same roll-misting capabilities of the vehicle. The additional constraints that might 
be considered for this scenario are the same as those suggested for scenario 1. 



Scenario 3 - no weight cap, formula TTI, STAA lengths 
Unlike the bridge formulas discussed previously, formula TTI is strictly a "lengh-to- 

weight" formulation. Since the number of axles is not considered in the bridge formula, 
there are no weight allowances for additional axles. Consequently, in the absence of a 
gross weight cap, proposed vehicles under formula TTI would have fewer axles than those 
developed under formulas B and C. 

The weight allowance provided by formula 'ITI depends on the length of the axle set 
under consideration. Comparing the weight allowances provided for additional length. the 
'ITI bridge formula is more liberal than formula B for distances less than 56 ft (17 m). At 
lengths greater than 56 ft (17 m), however, formula ?TI becomes more restrictive than 
formula B. In comparing the two bridge formulas, formula ?TI is more lenient for shorter 
vehicles, such as straight trucks and TST's, but its effects are more severe on the longer 
truck-full trailers, doubles, and triples. A simplification of this tendency would indicate 
that long vehicles would have to get lighter, and heavy vehicles would have to get longer. 

With trailer lengths constrained by the STAA and no allowance for additional axles, 
gross combination weights can be kept under control by the bridge formula. In the case of 
doubles, however, long tractors and dollies could be used to increase the overall vehicle 
length resulting in higher weight limits. Unlike the proposed vehicles in scenarios 1 and 2, 
the vehicles developed in this scenario would have fewer axles. 

Fewer axles on the vehicles result in better proportioning of the braking effort, thereby 
improving the braking efficiency. Heavier axle loads, resulting from fewer axles on the 
vehicle, could result in lower levels of roll and directional stability. Longer wheelbases on 
the double$ (resulting fiom fewer axles) improve their evasive maneuvering capabilities. 
Conversely, the long wheelbases would lower the vehicles' low-speed offtracking 
performance. 

More specifically, the introduction of the TI1 formula would mean that multiaxle, short 
heavy vehicles would not be permitted For example, multiaxle concrete mixers and other 
construction vehicles would need to be redesigned. 

The TTI formula was developed to protect bridges and it turned out to be more 
restrictive than formula B for heavy vehicles with multiple axles. In general this means that 
very heavy vehicles (in that sense, very productive vehicles) would be longer under the lTI 
formula than they would be under formula B--or, for a given length the vehicles developed 
under scenario 3 would be less productive than those developed under scenario 1. The 
trend towards vehicles with fewer axles and less GCW would mean that doubles would be 
attractive for increases in payload volume but that doubles would not be as attractive 
compared to TSTs for increases in payload weight as the doubles were in scenario 1. 

The safety-related results obtained for scenario 3 are remarkably similar to those for 
scenario 1. Accordingly, the safety-rLlated countermeasures for this scenario are nearly the 
same as those for scenario 1. Braking of the empty vehicles could be improved by better 
proportioning of braking effort. In this scenario the analyses did not consider 
combinations with more than 3 axles (tridems) in an axle set. The use of no more than 
tridems is a conservative bound for controlling friction demand in a tight turn. Although 



the rearward ampwcatims for doubles combinations were less than those in scenario 1, 
they were predicted to be high enough to be of concern. These constraints lead to vehicles 
with long~r wheelbases and less weight than the comparable vehicles considered in 
scenario 1, Although these differences contribute to lower rearward amplification in 
general, the absolute values of these reductions are not large enough in this case to obviate 
the need for the countermeasures specified for scenario 1. Since this scenario would allow 
as much or more weight for the Western double as that allowed in scenario 1, the heavily 
loaded Western double would be as susceptible to rollover as it was in the first scenario. In 
summary, although rolling and rearward amplification performances of the heaviest 
vehicles pertaining to this scenario may be somewhat better than those of the heaviest 
vehicles designed under scenario 1, they are not enough better to accept the vehicles 
without considering countermeasures. 

Scenarios 4&5 - using formulas C and TTI instead of formula B 

Scenarios 4 and 5 represent considerations of the prospect of changing bridge formulas 
to C and 'ITI for the STAA vehicles with an 80,000-lb (36,287 kg) cap. The main effect of 
using formula C is that it would make it easier to reach the 80,000-lb (36,287 kg) cap with 
a water level load. Since the ?TI formula is less restrictive on length than formula B for 
five-axle vehicles weighing less than 80,000 lb (36,287 kg), it would allow slightly shorter 
two-axle semitrailers to be used in TSTs carrying 80,000 lb (36,287 kg). As determined 
by examining vehicles developed in the other scenarios, the most important influence of a 
slight load increase is a small degradation in rollover threshold and the most important 
influences of slight reductions in semitrailer wheelbases are improved offtracking and slight 
reductions in handling performance and high-speed maneuvering. These deficiencies are 
believed to be relatively minor in general, but even slight changes in bridge formula or 
pavement loading could produce unfavorable changes in the performances of conceivable 
trucks. For example, one could postulate a double that is as short as permitted for carrying 
80,000 lb (36,287 kg). Based on either formula C or the ?TI formula, such a vehicle 
would have higher rearward amplification than the current Western double. 

Scenario 6 - no weight cap, formula B, and an offtracking limit 

Vehicle lengths in the first five scenarios were constrained by the STAA of 1982. 
Though trailer lengths were fixed, operators were free to lengthen their tractors and dollies 
so as to meet bridge formula requirements. Consequently, vehicles with extremely long 
tractors and dollies produced large amounts of low-speed offtracking. In this scenario, 
instead of the STAA, an offtracking limit is used to augment the set of constraints. The 
removal of the STAA restriction on trailer lengths is also accompanied by an elimination of 
the constraint on vehicle configurations. In addition to TST's and doubles, other vehicle 
configurations (stch as straight trucks, truck-full trailers, and triples) would be governed 
under the set of constraints for scenario 6. 

Under the "offtracking rule," the low-speed offtracking of a proposed vehicle should be 
equivalent to the offtracking of a 12-ft (3.7 m) tractor pulling a semitrailer with a 40-ft (12- 
m) wheelbase. The wheelbase of a unit is given by the distance between the front 



articulation joint and the suspension center. Short distances, obtained by having more 
articulation joints and shorn wheelbases, help reduce the amount of offtracking. Moving 
the center of the suspension towards the front articulation joint reduces the wheelbase of a 
unit. Adding a leading axle to a unit's suspension produces the same effect; it moves the 
center of the suspension closer to the front of the unit, thereby reducing its wheelbase. In 
fact, each additional axle reduces the unit's wheelbase by a distance equal to half of the 
spread between consecutive axles. Consequently, extra axles could help improve the low- 
speed offtracking of long vehicles. 

Formula B is the other important constraint in this scenario. As discussed in the first 
scenario, formula B encourages the use of extra axles to gain weight allowances. The 
bridge formula and the length constraint, therefore, reinforce each other in encouraging the 
use of more and more axles. With no formal constraint on "bumper-to-bumper" lengths of 
tractors, trailers, and -dollies, the two constraints could produce long vehicles with 
numerous axles. 

Since the proposed vehicles in this scenario are constrained by the "offtracking rule," 
their low-speed offtracking performance would be considered acceptable. The longer 
triples, however, could pose a problem at highway speeds. Though extra axles improve 
low-speed offtracking, they increase the vehicles' friction requirements during tight turns. 
The increased amount of roll stiffness, resulting from the extra axles, helps the vehicles 
remain more stable in roll. With shorter wheelbases and heavier payloads, the 
multiarticulated vehicles could experience increasing amounts of rearward amplification. 

The set of constraints forthis scenario open up the possibilities for vehicle designs 
covering a wide range of layouts. In order to eliminate the possibility for very long 
vehicles with many axles, suspension sets on any unit could be restricted to tridems, or at 
most to axle sets with four or less axles. Even so the fiction demands of the vehicles with 
multiple axles could exceed 0.1, the limit chosen in Canada where roads are often icy in 
bad winter weather. 

Limits on the lengths of units could be used to try to improve dynamic performance. 
However there are tradeoffs between short and long units. Short wheelbases are good for 
low-speed mobility in tight comers, but these short wheelbases can contribute to problems 
conceming friction demand, rearward amplification of multiarticulated vehicles, handling 
qualities of towing units, and even rollover if short length means stacking the load higher. 
Possibly a reasonable countermeasure is to look for ranges of wheelbases that are neither 
too short nor too long. For example, the nine-axle double of figure 63 has 27.5 ft (8.4 rn) 
wheelbases with cargo box lengths of 35 ft (10.7 m). The wheelbases of this vehicle are 
short enough to meet the offtracking requirements, while being long enough to keep 
rearward amplification within the 1.4 limit set for these calculations. This vehicle is 
predicted to have better dynamic performance than the W e s m  double with 28 ft (8.5 m) 
cargo box lengths. 

Other steps which might be considered are to develop a load to length relationship such 
that short trailers are allowed if their load is restricted to keep rearward amplification small. 

One final countermeasure to ensure satisfactory dynamic performance would be to 
restrict the speed of vehicles based on their performance capabilities. Dynamic 



performance measures such as rearward amplification, critical speed, high-speed 
offtracking, and rollover threshold pertain to or are highly dependent upon forward speed. 
In one way or another vehicle performance degrades in the related maneuvering situations 
when speed is increased. A possible approach would be to demonstrate with prototype 
vehicles the speeds at which they could achieve adequate levels of intrinsic safety. (This 
approach implies the possibility for different speeds for different vehicles - a possibility 
that has been opposed by highway and traffic engineers in this country but one that has 
been practised in other countries and has been adopted here with regard to the 65 mi/h (104 
km/h) speed limit in some jurisdictions.) 

Scenario 7 - no weight cap, formula TTI, and an offtracking 
limit 

In order to satisfy the "offtracking rule" in scenario 6, vehicles used additional axles to 
shorten the wheelbases on the independent units. In the process, the vehicles gained 
substantial weight allowances h m  formula B. Though the constraints in this scenario are 
similar to those in scenaric 6, the vehicles are governed by formula TTI which does not 
provide weight allowances for extra axles. Instead, it encourages fewer axles with longer 
distances between them The "offtracking rule" limits wheelbases and it would seem that 
the two constraints; the bridge formula and the length restriction, would effectively 
constrain the design of the proposed vehicles. Under the offtracking assumptions, 
however, spreading the axles by moving the leading axles forward in a suspension has the 
same effect as adding axles to a suspension, that is, it tends to reduce the effective 
wheelbase by moving the center of the suspension closer to the front of the unit., 
Specr~ally, spreading the axles reduces the unit's wheelbase by a distance equal to half of 
the spread between consecutive axles. Consequently, to satisfy the "offtracking rule," 
wide spreads can be used between axles to shorten the wheelbases of long units. In fact, 
this scenario is similar to scenario 6 where the bridge formula and the "offtracking rule" 
reinforce each other to produce extremely long vehicles. 

From the viewpoint of vehicle performance, high-speed offtracking could pose a 
problem, especially for the longer doubles and triples. Wide-spread axles, encouraged by 
the "offtracking rule" and formula TTI, increase the friction required during tight turns. As 
in scenario 3, fewer axles and a better proportioning of the braking effort leads to improved 
braking efficiencies. Fewer axles in the vehicle layout also reduce the total amount of roll 
stiffness, thereby lowering the levels of roll stability. In contrast with the vehicles in 
scenario 6, lighter payloads in this scenario help control the amount of rearward 
amplification in multiarticulated vehicles, 

As in scenario 6, there is a range of semitrailer lengths that appears to be suitable for 
optimizing the performance of doubles in safety-related maneuvers. The vehicle pictured in 
figure 84 is an example of a productive double that has a relatively low level of rearward 
amplification. The dimensions of this vehicle are very much like those of the comparable 
nine-axle double that performed well in scenario 6. 

The results for the triples examined in this and other scenarios indicate very high levels 
of rearward amplification. These levels are high because rearward amplification increases 



in a multiplicative manner as units are added to a vehicle. (Each full trailer contributes 
another factor to the product representing the total amplification to the rear unit) 
Furthermoe, in order to meet the offtracking requirements, the trailers in the triple need to 
have wheelbases of approximately 20 to 22 ft (6.6 m). These wheelbases are too short to 
produce low levels of rearward amplific,ation. Without some sort of innovative hitching 
arrangement there does not appear to be any way to control the rearward amplification of 
the triple. One might consider testing triples with innovative hitches to demonstrate suitable 
performance. 

Pavement loading constraints corresponding to the Turner 
concept (scenarios 8 through 11) 

These scenarios are examples of situations in which single-axle loads are limited to 
16,000 lb (7200 kg) and tandem-axle loads are limited to 28,000 lb (12,600 kg). One 
might think that these are rather stringent requirements compared to the cunent allowances 
of 20 ,W lb (9,000 kg) and 34,000 lb (32,300 kg) for singles and tandems. However, for 
very productive heavy vehicles with uniform loading conditions, bridge formulas B or ?TI 
tend to limit axle loads to less than the 28/16 rule. (One might say that pavement 
considerations have been hiding behind bridge considerations all along, so to speak.) 

Seven of the vehicles designed under scenario 6 turn out to satisfy the 28/16 rule 
because once the single-axle limit is exceeded, tandems are required; but the tandem cannot 
cany more than that allowed by the bridge formula. This same process applies to going 
from tandems to tridems and so forth. This appears to work well for developing doubles 
with tandem axle suspensions throughout 

A net result of these observations is that the double which was distinguished for its 
favorable safety qualities in scenario 6 (see figure 63) is also a type of Turner double that 
might be given attention as a possible design for a more productive heavy-truck with a 
potentially suitable level of inherent safety. (On top of that it would have the pavement 
preservation properties motivating the Turnef concept.) 

When considering the TTI formula, the results for scenario 7 can be used in the same 
way as those for scenario 6 were just used. Analogously, the double illustrated in figure 
84 is a type of Tumer double with a potentially suitable level of intrinsic safety. 

It should be emphasized that these conclusions pertaining to Turner doubles are based 
upon predictions assuming suspension and tire properties that are comparable to those 
currently employed on new STAA vehicles. The needs for adequate roll stiffnesses, 
enough comering stiffness per unit load on the tires, and proper distributions of these 
properties are still critical to good performance in safety-related maneuvers. Clearly the 
intrinsic safety of all tr~~cks depends upon maintaining mechanical properties at their design 
levels. 



Discussions of vehicles for hauling I S 0  containers (scenarios 14 - 16) 
In the previous scenarios, the aim was b maximize the vehicle's payload capacity under 

the given set of constraints. In these scenarios, however, the payload is an IS0 container 
weighing 67,200 lb (30,48 1 kg), and the objective is to develop a vehicle that satisfies the 

loading, the offtracking, and the bridge fonnula constraints. Nevertheless, the 
same techniques for optimizing the active constraints are used in the design of the proposed 
vehicles. For example, under formulas B and C, additional axles can be used to gain 
weight aJowances. Under formula TIT, longer lengths and wide-spread axles can be used 
to optimize the vehicle's design. An example vehicle has been developed for each of the 
three bridge formulas. 

In all thee cases, tight turning in dock areas could pose a maneuverability problem. 
The additional axles, under formulas B and C, and the wide-spreads axles, under formula 
TTI, increase the amount of Wroad friction needed for making tight tums to levels that are 
nearly unacceptable. With the exception of a possible directional instability in the case of 
the ?TI design, the performance characteristics for the three vehicles would be considered 
acceptable. The braking performances of the empty vehicles, however, continue to be 
problems. 

The IS0 container is 40 ft (12 m) long. The vehicles for carrying IS0 containers are 
longer than the container because the bridge formulas require it This is the situation faced 
by all carriers of heavy goods or items. The rear wheels on semitrailers for carrying dense 
commodities such as grains, powdered substances, and liquids often are located after the 
cargo container because the bridge formula requires it for the amount of load that is 
economical to cany. 

Possibly, we have not found a suitable design for this vehicle. The axles on the 
semitrailer are too numerous (five axles) or, in the case of the 'ITI formula, a wide spread 
tridem. Only in the case of formula C were we able to use a tractor without an 
exceptionally long spread for the rear tandem. Other amngements with more axles on the 
tractor and fewer axles on the semitrailer might be preferable to the trucking industry. Even 
so, there does not seem to be a "nice" vehicle for canying the 67,200-1b (30,481), 40-ft 
(12 m) IS0 container. 

The constraints that have been considered here are not compatible with this type of 
load. The pavement constraints and bridge formulas force the use of many axles and the 
spreading of axles. If the economic demands for carrying IS0 containers merit it, the U.S. 
should consider building higher quality roads and bridges, or giving vehicles carrying IS0 
containers special allowances which might be paid for by higher road use taxes. Given 
suitable allowances, it seems practical to develop a 3 4 3  without spread axles that would be 
a good vehicle for transporting this type of container, 

If the designs presented in figures 97, 98,and 99 are to be used, operators of these 
vehicles may need to employ liftable axles for use in loading and unloading areas. They 
could greatly reduce the friction demand, for example, by lifting the two rear axles on the 
five-axle semitrailers or the third axle on the tridem semitrailer. This would also improve 
their low-speed offtracking. As long as these vehicles with lifted axles or reduced loads on 



their axles are operated at low speeds in restricted areas they should be acceptable. 
Possibly, brake proportioning could be adjusted so that good performance is achieved 
when axles are lifted 

To achieve satisfactory performances at highway speeds, careful attention needs to be 
applied to obtaining suitable levels of roll stiffness (particularly for the tridem suspension 
on the semitrailer under the TTI formula) and to brake proportioning for the five-axle 
semitrailer suspensions. Also, the handling qualities of the vehicle developed under the 
TTI formula are less than what they might be. Improvements could be considered such as 
those deriving from steering system modifications, adjustments in tire properties, or 
suspension roll-steer characteristics. 

Scenario 17 - lOOk cap, bridge formula B, and an offtracking 
limit 

The constraints in this scenario are very similar to those discussed in scenario 6. As 
mentioned earlier, the situation in scenario 6 is not effectively constrained and the size and 
weight rules allow a wide variety of vehicle and axle layouts. As a possible solution, a 
maximum weight cap could be used to supplement the set of constraints. 

In this scenario, a maximum weight cap of 100,000 lb (45,359 kg) is used to augment 
the size and weight rules of scenario 6. The weight cap would be a limiting constraint and 
would be an upper bound on length and the total number of axles. Unless payload volume 
is a motivating factor, the upper bound on weight capacity eliminates the need to add axles 
and/or increase vehicle lengths. Consequently, vehicles would have fewer axles and 
shorter overall lengths. 

Since the proposed vehicles in this scenario would be similar to those developed in 
scenario 6, their performance characteristics would be equivalent For example, vehicles 
with multiaxle suspensions would require high levels of tirelroad friction during in-town 
cornering. Also, vehicles with multiaxle suspensions would have higher levels of roll 
stability. Since the vehicles are constrained by the "offtracking rule," their low-speed 
offtracking would be acceptable. However, longer vehicles, such as the triples, could pose 
an offtracking problem at highway speeds. 

More specifically, this scenario might promote truck-full trailer combinations but 
weight productive versions of these vehicles may have unacceptable levels of rollover 
thresholds and rearward amplification plus poor handling qualities. Also the triples would 
have high-speed offlracking and rearward amplification problems. 

As in other scenarios, there is a double that appears to have somewhat optimized 
performance qualities for the given set of constraints. This vehicle (see figure 11 1) is much 
like those distinguished in the conclusions for scenarios 6 and 7 (only in this case, the 
GCW is limited to 100% obviously). This vehicle can also be viewed as a Turner double 
with tandem suspension loads less than 23,000 lb (10,400 kg). Given this low level of 
tandem load, the trucking industry would consider single rather than dual tires on the 
tandem axle suspensions. However, if the tires have adequate lateral force capability, the 
vehicle could have satisfactory performance. 



The main safety-related drawback of this type of double and those portrayed in figws 
63 and 84 is the rearward amplification associated with doubles in general. The 
distinguishing features of these doubles over the current Western double are the longer 
wheelbases and the tandem axles. The tandem axles provide greater weight carrying 
capacity and enough additional roll stiffness to more than compensate for the additional 
weight. The longer wheelbases are the key to obtaining lower rearward amplification. 
Longer wheelbases, although they could provide further reductions in rearward 
amplification, would result in too much low-speed offtracking. To obtain less rearward 
amplification, one might consider comparable vehicles that have either fewer articulatior. 
joints - ie., tractor-semitrailer-semitrailer vehicles (B-trains) - or innovative dollies with 
special hitches and controlled steering of dolly wheels. 

Scenario 18 - twin steering axles 
From the standpoint of improved safety, especially after front tire blowouts, twin-steer 

vehicles are generating public intmst. Besides the unique twin-steer design, the vehicles 
are governed by the same set of constraints as in scenario 6, that is, the "offtracking rule," 
formula B, and the "34120" pavement rule. 

From the standpoint of productivity, twin-steer front axles could have advantages due 
to the additional weight capacity of the front axles. The increase in productivity, however, 
depends upon the vehicle layout and the load distribution. 

With two front axles, the braking efficiencies of the three vehicles are improved 
significantly. In addition to improving the braking performance, the extra front axle tends 
to improve the vehicle's directional stability. 

The main safety disadvantage of the straight (single-unit) trucks designed for this 
scenario is thdr relatively poor rollover immunity. These trucks do not have enough roll 
stiffness for the loads that they are carrying. 

On the other hand, the TST with nine axles has enough mll stiffness to have a relatively 
high level of predicted rollover immunity. In hind-sight, a vehicle of this type with greater 
spreads between trailer axles, a more forward frfth-wheel location, and a trailer with a light 
tare weight might be a good candidate for hauling large IS0 containers or other dense loads 
or heavy nondivisible items. 

18. OVERALL FINDINGS WITH RESPECT TO THE SAFETY 
IMPLICATIONS OF SIZE AND WEIGHT ISSUES 

What are the fundamental finaings of this study? 
There is more to this study than a number of different scenarios with isolated instances 

in which safety is a concern. The conclusions from the example scenarios may be 
sufficient to cause decision makers to realize that their choices of size and weight rules will 



have serious safety implications in particular situations. As important as that realization 
may be, it needs to be supplemented with howledge and guidance that can be used in 
addressing siz: and weight issues in general. With respect to safety implications of size 
and weight issues, this section provides two sets of findings based on generalizations of 
the results of this study. The first set of fmdings pertains to relationships between pertinent 
vehicle design variables and measures of intrinsic safety for heavy trucks. The second set 
of fmdings relates to an overall perspective derived from the approach to vehicle design and 
analysis used in this study. The purpose of this second set of findings is to provide an 
understanding of how size and weight constraints influence the intrinsic safety of the heavy 
trucks that may be selected to deliver goods and equipment. 

Relationships between design variables and intrinsic safety 

The fmdings from the studies of size and weight scenarios indicate that sets of size and 
weight constraints generally allow some truck configurations to be more productive than 
other types of truck designs. This means that the predicted safety implications of a 
specified set of size and weight constraints will depend to a large extent upon the intrinsic 
safety of the vehicles that would be very productive and hence favored under the given 
allowances or constraints on maximum weight, length factors, bridge fatigue, and 
pavement distress. The design features that would be adjusted to promote productivity 
include (a) the basic configuration which means the number of hitches (articulation joints or 
pivot points) determining whether the vehicle is a single-unit truck, tractor-semitrailer, 
truck-full trailer, double, or triple, (b) the distances between the hitches and the axle groups 
which means the wheelbases &d the overhangs of the units comprising the vehicle, (c) the 
number of axles in a suspension, (d) the spreads between axles, and (e) the weight camed 
by the axles in a suspension. 

In order to furnish a knowledge base to use in anticipating safety consequences that 
might be associated with changes in size and weight allowances, relationships between 
design features of trucks and measures of intrinsic safety are reviewed here. These 
relationships represent generalizations of the f-gs presented in section 3. The material 
in section 3 was tailored to the implications of specific size and weight allowances. Table 
20, which follows, presents a summary of generalized qualitative relationships between 
measures of intrinsic safety and design features of various truck configurations without 
specific references to particular size and weight allowances. 

(The perspectives given in the next subsection entitled "A truck design approach to size 
and weight rules" will complete the picture in the sense that those perspectives will provide 
a logical framework for understanding how size and weight constraints determine the 
design features of trucks and therefore intrinsic safety.) 

The items listed in the left-hand column of table 20 represent design features that are 
controlled to a large degree by size and weight allowances. If size and weight allowances 
were to be liberalized, designers and specifiers of heavy vehicles would consider changing 
these features of their vehicles in order to be more productive. To a certain extent, more 
than one of these items might be changed in determining a vehicle design. Nevertheless, 





the entries in the table reflect an attempt to characterize the individual influences of esch 
design feature, assuming that the others are not changed. 

The entries in the table indicate possible advantages and disadvantages of changes in the 
design features listed in table 20. It is believed that the safety payoff for 
extraordinarily good performance is not large. but that the consequences of 
small degradations in poor performance can be crucial. The trick is to try 
to avoid very poor performance in any category of intrinsic safety. Given 
this point of view, the most important entries in the table are those entered 
as " SD," standing for significant degradation. 

Discursions of the measures of inmensic s@ety 

The measures of intrinsic safety listed across the top of the table might be given 
different weights, depending upon their importance to accident involvements. For most of 
the measures of intrinsic safety, the work needed to quantify relationships to accidents has 
not been done. The needed information is very difficult to obtain without detailed studies 
of the characteristics of the vehicles and the circumstances associated with accidents. In 
general, the needed information has not been directly available for accidents involving 
heavy trucks. 

However, rollover accidents have been studied with some success. Evidence based on 
the accident record can be used to show a ve strong dependence of the likelihood of 7 rollover to the level of the rollover threshold.[ 61 Furthermore, rollover accidents are a 
major source of truck driver fatalities. Clearly rollover problems would be ranked as one 
of the most important concerns with truck safety. 

Probably because accidents involving jackknifiing or trailer swinging can be identified 
almost as well as rollovers, there is some pertinent information on these types of accidents. 
The accident data show an over involvement of unladen vehicles in accidents classified as 
jackknifing. This tendency towards the involvement of unladen vehicles is believed to be a 
result of poor braking efficiency which contributes to directional instabilities. This is a 
problem that could be addressed within size and weight rules, even though it is not unique 
to size and weight issues. As indicated in the table, it could be exacerbated by adding 
axles, if the braking effort at these axles were not proportioned appropriately. The 
eountenneasures that are available involve proportioning of the braking torque at the 
various axles so that the wheels on one axle will not lock up prematurely before the wheels 
on other axles lockup, Good reliable antilock braking systems would reduce the incidence 
of jackknifing and trailer swinging types of directional instabilities during braking, possibly 
to rates that are equal to or better than the jackknifing accident rates attributable to fully 
laden vehicles. 

Accident problems with double tankers led to the identification of problems with 
rearward ampMcation in obstacle-avoidance maneuvers. Subsequent analyses and vehicle 
experiments have shown that rearward amplification can be an important problem for heavy 
vehicles with more than one articulation pivot (that means truck-full trailers,doubles, and 
triples). As indicated in the table, increasing numbers of articulation joints can make this 



problem worse. Hence, for vehicles with multiple articulation points, attention to 
controlling rearward ampMcation is an important goal. 

Although braking and steering (handling) are the most funhnental of safety-related 
vehicle operations, quantified relationships between measures of performance in these areas 
and accidents ate not generally available. It seems that braking performance is accepted as 
a safety matter even though it is difficult to pin down relationships between braking 
performance and relevant types of accidents other than jackknifing or trailer swinging. 
These situations, in which articulated vehicles fold up, represent poor directional 
performances that can be brought about by poor braking efficiency, but they are not 
examples in which direct measures of stopping decelerations are related to accident 
involvements. With regard to steering, it seems that steering is somewhat ignored as a 
safety issue, possibly because vehicles are easily steered to follow a chosen path. The 
relationships between accidents and steering performance might be very important, but 
demonstrating it might be nearly impossible because of interactions with other factors such 
as driver skill and judgement Nevertheless, braking and steering performances are so 
fundamental to the safe operation of vehicles that they are included in the measures of 
intrinsic safety employed h a .  

Handling performance is largely dependent upon the mechanical properties of the 
tractor as loaded at its fifth wheel. Semitrailem can have some influence on handling and 
the possibility of directional instability if they have multiple axles and widely spread axles. 
The distribution of roll stiffnesses from suspension to suspension can have an important 
influence on truck handling especially in severe turning situations. Handling is, to an 
important extent, the balance between the forces generated by front and rear tins. If the 
front tin forces dominate, the vehicle may be directionally unstable. If the rear tire forces 
dominate, the vehicle may be stable but tend to overshoot in reaching a steady-turning 
situation. The determination of improvement or degradation is not readily ascertained for 
the conditions covered by the table because those conditions are not detailed enough to 
allow enaies other than question marks. In summary, we are trying to say that handling is 
important and, although handling is =cult to work with, we have set desirable levels of 
intrinsic safety based on practical stability margins. 

The first two columns of entries in the table apply to low-speed offtracking and fiction 
demand in a tight turn. These are both low-speed maneuvering situations. The other 
measures of intrinsic safety pertain to situations in which velocity is a key factor. To the 
extent that velocity is seen as a primary element of severe accidents, low-speed offtracking 
and friction demand in a tight turn may be questioned as to whether they are primarily 
mobility issues rather than safety concerns. Clearly, pedestrians are killed by trucks and 
slowly moving trucks are formidable obstacles. However, if a vehicle does not have 
mobility, it is useless. But also, if a vehicle becomes immobilized, it is a traffic hazard. 
Possibly a reasonable position is to view low-speed offtracking and friction demand as 
both mobility and safety issues. The mobility aspects are extremely important to the 
transportation mission and they are readily observable and easily demonstrated. Low- 
speed offtracking has been a pninary factor in the design of both vehicles and highways 
without considering safety implications. Friction demand, as manifested in tire scrubbing 
and possibly pavement damage, is a major reason for not using multiple-axle suspensions 



and wide spread axle sets. Nevertheless, these low-speed measures are also part of the 
intrinsic safety pictm. 

A vehicle's intrinsic safety becomes itteractive with the driver's judgement and 
willingness to take risks when velocity is involved in the maneuvering situation. Velocity 
is something the driver chooses. It is not an inherent or intrinsic property of the vehicle. 
Yet the severity of the safety-related maneuver is highly dependent upon the velocity at 
which the maneuver is performed Consequently, the study of accidents to determine 
vehicle properties that contribute to accidents can be clouded by driver influences. Even 

. so, an appropriate goal is to provide the driver with a vehicle that performs well in accident- 
avoidance maneuvers. 

Even though some of the measures of intrinsic safety may have more direct connections 
to the accident record than the connections of others, the total set of measures represents a 
balanced set of goals with regard to the safety-related maneuvers that vehicles need to be 
able to perform well in service. If one were to drop any of these measures, some 
fundamental aspect of safety-related performance would be omitted 

Conjlicts between measures of intrinsic safety 

Inspection of the entries in table 20 shows that design features that may improve 
performance with respect to one measure of intrinsic safety may degrade performance with 
respect to another measure of intrinsic safety. There are conflicts between low-speed 
offtracking and friction demand, high-speed offtracking , and rearward amplification, for 
example. These conflicts indicate the need for compromises in designing vehicles to meet 
opposing demands. In order to achieve acceptable performances in all categories of 
intrinsic safety, it is necessary to change more than the various design features given in the 
table. As indicated earlier in this section, brakes need to be proportioned in accordance 
with the loads their axles are carrying to aid in preventing premature wheel lock. In 
addition, suspension roll stiffnesses should be high enough to raise rollover thresholds to 
acceptable levels. The cornering stiffnesses of tires should be adequate to provide the 
lateral forces per pound of load carried needed for acceptable performance in high-speed 
offtracking, handling, and, in the case of multiarticulated vehicles, obstacle-avoidance 
maneuvers. Furthermore, if the selection of tire, brake, and suspension properties will not 
do the job, there are special. countermeasures such as antilock braking systems or 
innovative hitching arrangements in dollies that can aid in solving vehicle dynamics 
problems. Again, the basic idea is to avoid poor performance in any area of intrinsic 
safety. 

A truck design approach to size and weight rules 

The relationships between size and weight rules and their safety implication: can be 
more easily understood if they are approached from the point of view of a person whose 
goal is to specify a truck that will be productive in transporting goods. The purpose of this 
direction of approach is not to attempt to make everyone into a truck designer. Rather, the 
array of size and weight rules are diverse and complex enough that it is easy to lose sight of 



the overall situation without a structure to use as a guide. The work performed in this 
study indicates that a sequence of fairly simple vehicle selection considerations can be used 
to reveal how size and weight regulations interact with the intrinsic safety of heavy trucks. 

Consider figure 130 which is a conceptual diagram showing constraints on the 
characteristics of vehicles allowed for trucking. The range of "ALLOWABLE VEHICLES" is 
bounded by length constraints at the top of the diagram, weight constraints (GCW or axle 
load limits) on the right side, and a bridge protection limit running diagonally to the upper 
right. As illustrated in the diagram, the length limit does not depend upon weight directly, 
so it is represented as a horizontal line. Similarly, the GCW limit does not depend upon 
length, so it is represented as a vertical line. Since the bridge formula is a length-to-weight 
relationship, it depends upon both length and weight in this conceptual representation of the 
overall situation. 

An axle load limit is also shown as a vertical line because the loads on single axles and 
closely spaced tandem and tridem axle sets are set by pavement protection considerations 
which are independent of the length of the vehicle. The weight limit determined by the sum 
of the axle loads depends upon the number of axles on the vehicle and the sizes of the 
allowable individual axle loads. If the GCW limit were to be eliminated, the sum of the 
allowable axle loads would act as a weight limit. 

Figure 130 is intended to represent the perspective on size and weight rules seen by 
persons who are trying to specify vehicles that will be as productive as allowed by those 
rules. 

Designr bused on increasing truck v2lurne carrying capacity 

Now consider a situation where the trucker has a light cargo to carry and knows that 
weight constraints are not likely to be a concern. In this situation, the trucker seeks more 
payload volume by proceeding up the vertical axis labeled "Longer" in the conceptual 
diagram. The trucker's prognss towards water productivity is ended when a length limit 
is reached. 

The reason for dealing with length matters first is not that they are more (or less) 
important than weight matters-rather, that they are easier to explain. Experience has 
shown that it is easy to get lost in the intricacies of size and weight rules and that 
understanding needs to be established before importance can be meaningfully addressed. 

Upon reaching a length limit, the competent truck specifier examines the length rule to 
see if the rule favors one type of vehicle design. For example, in the STAA of 1982 
tractor-semitrailers are allowed cargo box lengths of 48 ft (14.4 m) and doubles are allowed 
two boxes that are each 28 ft (8.4 m). Hence, the rule favors double trailers over single 
trailers by a margin of 56 to 48 (1 6 percent) with regard to productivity related to payload 
volume. 

What are the safety implications of the productivity advantages of doubles over singles? 
Let "length limit 1" in figure 131 represent the bound on tractor-semitrailers and "length 
limit 2" represent the bound on doubles. The vehicles represented by the region between 
length limits 1 and 2 would all be doubles and they would be the more productive vehicles. 
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Figure 130. The range of allowable vehicles as constrained by size and weight rules. 
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Figure 13 1. Different length constraints for doubles and tractor semitrailers (TST). 



In this case there could be safety concerns regarding doubles that do not apply to tractor- 
semitrailers. Also, there could be problems pertaining to long tractor-semitrailers, but not 
to doubles. In fact, both types of problems exist. Specifically, twin 28-ft (8.4 m) doubles 
exhibit large amounts of rearward amplification (cracking-the-whip) in emergency obstacle- 
avoidance maneuvers at highway speeds. However, as long as the doubles remain very 
lightly loaded, rearward amplification may be small, but if the vehicle is used to carry 
heavy loads on backhauls or in other situations, rearward amplification could be a safety 
concern On the other hand, 48-ft (14.4 m) semitrailers have much larger amounts of low- 
speed offtracking than twin 28-ft (8.4 m) doubles. The long tractor-semitrailer would be 
more prone to causing damage at intersection turns thk  doubles would be. In this case, a 
safety concern is that the STAA length provisions are favorable to the double and 
consequently create a situation in which high-speed accidents may become more prevalent 
on roads where traffic conflicts occur. 

Now return to the truck specifier who might wish to see if tthere are more liberal length 
limits. For example, approximately 66 percent or more of the States allow 53-ft (15.9 m) 
semitrailers (sometimes through recently developed permit systems). To prevent very poor 
offtracking from long trailers, some jurisdictions have established limits on the distance 
between the kingpin and the last axle on a semitrailer. 

Since offtracking is a measure of the amount of roadway needed for vehicles to make 
tight turns, vehicle experts, both in and outside of the trucking industry, have asked 
whether an offtracking constraint might not be the proper way to control length. As long as 
the vehicle does not need more space (roadway width) than that available, it should be 
allowed (everything else being satisfactory). In this study, an offtracking constraint was 
used in several size and weight scenarios because offtracking is a key issue with respect to 
the geometric layout of existing intersections. 

The findings presented here indicate that a double with twin cargo boxes of 
approximately 35 ft (10.5 m) would require no more space at intersections than a tractor- 
semitrailer with a 48-ft (14.4 m) cargo box. The offtracking constraint that allows a 48-ft 
(14.4 m) semitrailer would allow 70 ft (21 m) of cargo length for doubles-a productivity 
advantage of 70 to 48, or approximately 44 percent (STAA of 1982 allowed a 16 percent 
productivity advantage to the doubles configurations). The additional articulation points of 
the double allow it to bend in the middle, so to speak, and consequently a double is much 
better at turning tight comers than a vehicle with a single long trailer with tires at the rear 
end. One might say that the double's productivity advantage is justified because it is a 
more efficient design for using the space available on roadways. 

With regard to safety implications, the longer double corresponding to the 35-ft (10.5 
m) box lengths is significantly better than the twin 28-ft (8.4-m) double in emergency 
obstacle-avoidance maneuvers. This is because longer wheelbases reduce the amount of 
rearward amplification of the motions of doubles (cracking-the-whip) in sudden steering 
maneuvers. By allowing an increase in offtracking up to that of a typical tractor- 
semitrailer, one obtains a safer double in obstacle-avoidance maneuvers at highway speeds, 
as well as a substantial increase in that aspect of productivity related to cargo volume. 



If not satisfied with doubles, the specifier may consider triples to increase productivity. 
These types of longer combination vehicles are allowed in some western States and they 
consist of triple 28-ft (8.4 m) cargo boxes. These vehicles have low-speed offtracking 
approximately equal to that of the five-axle tractor-semitrailer with a 48-ft (14.4 m) cargo 
box. Hence, they would satisfy an offtracking rule that allowed the STAA tractor- 
semitrailer. These vehicles would be expected to have very poor performance in situations 
with numerous traffic conflicts that require obstacle-avoidance maneuvers for satisfactory 
resolution. With standard pintle hitches (even ones with very little free play), the rearward 
amplification would be expected to be on the order of 1.5 times that of the double created 
by dropping the third trailer from the triple. For this type of vehicle to have good intrinsic 
safety, innovative dollies and special hitching arrangements are needed. 

Clearly, the length provisions of size and weight rules will have direct implications with 
regard to the types of vehicles that will increase trucking productivity. Equally obviously, 
but by no means as easily understd, length allowances will influence the intrinsic safety 
of the productive vehicles. As illustrated by the examples discussed here, seemingly subtle 
differences in size and weight rules (such as going from the STAA provisions to the 
offtracking provisions) can have a favorable effect on both productivity and intrinsic safety. 

Designs bared on increasing truck weight canying capacity 

Now consider a situation in which there are trucking demands to carry dense cargos 
(such as metals, liquids, gravel, grains, fruits and vegetables, logs, etc.). In concept, 
vehicle specifiers would start out along the horizontal axis labeled "Heavier" in figure 
130. The first constraint encountered in the diagram is called "bridge protection" and it 
represents a bridge formula. 

(There an important differences in the fundamental natures of the bridge formulas 
c m t l y  being considered in the U.S. The currently applicable formula B is a relationship 
between vehicle weight and length plus allowances for mare weight if more axles are used. 
On the other hand, the recently developed 'ITI formula for protecting bridges from 
overstresses is strictly a weight-to-length relationship. It can be argued that the 'ITI 
formula corresponds directly to the idea of bridge protection and that formula B contains 
provisions that allow more bridge stress if pavement damage is reduced. Nevertheless, the 
weight-to-length provisions of the formulas cause the vehicle designer to recognize that 
heavier vehicles are expected to be longer than lighter vehicles-the idea is to spread the 
load over a greater length.) 

Again, vehicle designers or specifiers might look for relaxation of the bridge formula 
either in general or in special cases, but whatever the fomula, the vehicle specifier seeking 
maximum productivity for the vehicle proceeds up the bridge protection line, noting that 
more load can be canied as long as the vehicle gets longer. 

Truckers intending to haul very dense commodities will observe that the bridge formula 
requires a vehicle that is much longer than the cargo length required to contain the payload. 
For example, rolls of steel and bulk commodities are canied in trailers that are much longer 
than the load. Under formula B, the designer has the option of adding axles to the design 
in order to carry more payload weight. Short vehicles have advantages over long vehicles 



when maneuvering at low speed in loading and unloading areas. (The offtracking of short 
vehicles is less than that of comparable configurations of long vehicles.) Hence, the 
designer might choose a length that was appropriate for delivering the product and then add 
axles until a reasonable load would be allowed For example, currellt designs of concrete 
mixers and also semitrailers for hauling construction equipment and materials often have 
many axles. 

With regud to nondivisible heavy loads, an IS0 shipping container, that is 40 ft (12 m) 
long weighing 67,200 lb (30,500 kg), has been used in this study as an example of an 
object whose transportation is expected to be very important in the future. Under existing 
U.S. size and weight rules and under hypothesized future possibilities for size and weight 
rules, the IS0 container is awkward to deal with because it is long, and yet, it is too heavy 
for its length to be compatible with bridge formulas. The truck has to be longer than the 
cargo. (It is like vehicles for hauling liquid tanks or bulk hoppers which are shorter than 
the axle spacings required by bridge formulas.) The examples given in the body of this 
report show semitrailers with five axles or a wide-spread tridem None of these designs 
appear to be acceptable. Possibly the rules need to be changed some to accommodate this 
and other similar trucking demands, even if the shippers have to pay something towards the 
distress and fatigue damage of the highway system 

Given that the tare weight of the tractor and semitrailer used for hauling IS0 containers 
might be roughly 30,000 lb (13,600 kg) , the GCW would be about 97,000 lb (44,000 
kg). If 13,000 lb (5,900 kg) were carried on the front axle of the tractor, the tractor's rear 
axles and the semitrailer's axles would be canying approximately 42,000 lb (19,000 kg) 
each. The pavement protection advocates might be satisfied by tridem axle sets. The 
bridge people might be hard pressed to accept 84,000 lb (38,000 kg) in a spread of 40 ft 
(12 m), because 50 ft (15 m) is required to satisfy formula B. Nevertheless, this is what 
might make a reasonable truck from the specifier's point of view. Assuming the bridge 
contingent were satisfied, the truck specifier might try to see if the pavement people would 
allow a 42,000-lb (19,000 kg) tandem under these circumstances. If so, the trucker could 
end up with a vehicle somewhat like those used in some parts of Europe. 

If the trucker were to pay something to obtain a pennit for this vehicle, it might be 
clearer to keep pavement and bridge costs separate. If so, bridge formulas and pavement 
protection rules that do not infringe on each other's bailiwick would make it a lot easier to 
understand the implications of various types of vehicle designs. In this study, the fact that 
formula B treated the number of axles and the 'ITI formula did not has been confusing and 
has made comparisons difficult. 

When addressing weight-related aspects of productivity and safety, many factors come 
into play and the situation can become jumbled in a mass of details concerning vehicle 
design. In the general context of this discussion, vehicle design includes the number of 
trailers, the number of axles, tare weights of units, lengths of units, locations and types of 
hitches, locations of axles, mechanical properties of components (tires, brakes, 
suspensions), axle loads, heights of centers of gravity, and payload properties (size, 
weight, location). All of these factors are important with respect to the safety qualities of 
vehicles. The main body of the report and the appendixes treat all of these factors in detail. 
In this discussion, it is presumed that those responsible for decisions on size and weight 



allowances will recognize that design details can be worked out once the influences of the 
size and weight constraints on productivity and safety are understood. 

Consequences of chunging weight regulations 

Returning to figure 130, assume the specifier proceeds up the bridge protection line 
until the gross combination.weight (GCW) limit is reached. If the designer does not want 
to add axles or the bridge fannula involved does not allow more weight for more axles, the 
point at the intersection of the GCW limit and the bridge protection line corresponds to the 
shortest length that can be used to carry the maximum load. In order to cany more load, 
the designer may suggest that the GCW limit be relaxed. 

Furthermore, designers and specifiers might wonder if the GCW limit is not arbitrary. 
By inspecting figure 130, it seems that the gross weight limit could be eliminated altogether 
without hurting anything. That is, there is a length limit that aids in ensuring that the 
vehicle does not occupy any more than the available space on the roadway; also, there is a 
bridge protection limit, and there is a pavement protection limit. What else is there to 
protect? As far as can be seen, the GCW limit serves no purpose. In fact, it eliminates a 
set of vehicles illustrated conceptually by the region below the length limit to the right of the 
GCW limit and above the bridge protection limit. These are very productive vehicles with 
respect to carrying heavy loads. (By adding axles, the pavement protection boundary can 
be made to lie to the right of the intersection of the bridge protection line and the length 
limit.) Given enough axles, vehicle specifiers might ask, "why not specify an offtracking 
rule and a bridge formula and be done with it?" 

The problem with this reasoning is that thcn are very serious safety consequences that 
could result if the gross weight cap (GCW limit) were to be suddenly removed without 
prohibiting existing vehicles from carrying heavier loads. The consequences of granting 
more load are fundamentally different from those obtained by granting more length. When 
length is changed the vehicle is usually changed, but when the load limit is increased the 
vehicle need not change at all-after the increase, the trucker may be free to add more 
payload without changing anything else. 

Under c m t  rules, the five-axle tractor-semitrailer with a 48-ft (14.4 m) semitrailer 
has been pretty well optimized in the sense that the length, GCW, pavement, and bridge 
constraints all intersect at 80,000 lb (36,300 kg). In other words, raising the gross weight 
cap will not change the productivity of this vehicle if all the other constraints still apply. On 
the other hand the Western (twin 28-ft (8.4 m)) double could go immediately to 88,000 lb 
(40,000 kg) by adding 8,000 lb (3,600 kg) of payload. 

The safety implications for the Western double are as follows: 

Rollover immunity would be reduced. Rollover accidents would be more likely. 

Rearward amplification of tractor motions would be increased. Obstacle-avoidance 
maneuvers would be more likely to result in accidents because the rear trailer rolled 
over or struck something by swinging laterally. 



A currently popular concern with changes in size and weight restrictions is that the 
changes will result in reduced safety or create vehicles that are less safe. The simple 
process of allowing more load on a vehicle without com~xsating for the increased load 
results in vehicles that are l e s ~  safe than they used to be. The needed compensation could 
result from the addition of more axles or changes in suspension roll stiffnesses roughly in 
proportion to the increases in load. For example, a six-axle tractor-semitrailer with a tridem 
axle on the semitrailer could be a vehicle with reasonable levels of intrinsic safety with a 
GCW of 86,000 lbs (39,000 kg). 

These concerns with "overloading" existing vehicles are very important with respect to 
transporting hazardous materials. If the gross weight cap were to be removed, double 
tankers might be built by putting tanks on Western doubles because these vehicles would 
be productive for carrying liquids such as gasoline. The GCW of these vehicles would be 
88,000 lb (40,000 kg) and their rollover potential would be a grave concern since rollover 
is a major cause of spills of hazardous commodities. 

Now say that the problem of allowing existing vehicles to be overloaded is resolved 
through appropriate legislation, and that gross combination weight limits are increased 
substantially or eliminated altogether. How can productivity be increased? Designers and 
specifiers of trucks will observe that they can increase productivity by adding axles. Figure 
130 is not complicated enough to illustrate all of the ways in which productivity can be 
increased by adding axles, but this conceptual diagram can be used in discussing axle load 
limits. 

If the number of axles on a vehicle were specified and there is an axle load limit, these 
two items, in effect, set a limit on the gross combination weight. As mentioned earlier, the 
designer might choose to add axles so that the axle load limit is not more restrictive than the 
other size and weight constraints. (The "pavement protection" line would be moved far 
enough to the right that it would be to the right of the intersection of the length limit and the 
bridge protection boundary, as shown in Figure 130.) 

The specifier of trucks may be hesitant to add axles because for each axle there is 
another set of tires, brakes, and suspensions to maintain. There is a continuing cost 
associated with the addition of axles. The specifier needs to determine whether the 
improved productivity is worth the associated cost. Since the demand for productivity is 
believed to be insatiable, there should be applications where even small improvements in 
productivity are either more profitable or more competitive, 

In practice, the designer finds that as weight increases, bridge formulas usually restrict 
axle loads to be less than the axle load limits. This means that some axles cannot be loaded 
to their individual limits (or tandem limits) in most heavy vehicles. (Special provisions 
have been added to formula B so that the tandem suspensions on five-axle tractor- 
semitrailers can carry 34,000 lb (15,400 kg). Formula B has a small "notch" that allows 
68,000 lb (31,000 kg) on a set of four axles whose extremes are at least 36 ft (10.8 m) 
apart. This provides some relief (at the expense of a small amount of bridge stress) for 
carrying cargos such as liquids without requiring a semitrailer wheelbase which seems 
unreasonably longer than that needed for containing the load.) 



The designer might ask, "Why is an axle load limit needed if the bridge formula 
controls axle loads?" The answer is that axle load limits protect pavements and tend to 
promote uniform loading of all axles (with the exception of steering axles). Withcut an 
axle load b i t ,  vehicles could be loaded nonunifonnly such that some axles carried loads 
that were very damaging to pavements. With regard to safety, vehicles can be made to 
have poor handling, rolling, and braking qualities by loading some axles much more than 
other axles. Although axle load limits do not completely solve all vehicle dynamics 
problems, they limit the severities of the control and stability difficulties brought about by 
nonuniform loading. 

In fact, axle loads are so important to pavement damage, bridge fatigue, and vehicle 
performance in safety-related maneuvers that monitoring of axle loads and axle separations 
appears to be a key requirement for assessing the safety and damage-related performance of 
the truck transportation system 

Productivity, along with axle load limits, tends to pmmote uniform loading of all axles. 
The general idea h m  is that if some axle is not carrying all it is allowed, then the designer 
will look for some way to put more payload on the lightly loaded axles. The vehicle 
"designs" developed in this study have nearly uniform axle loads (to the extent that we 
were clever enough to achieve th& in a realistic manner). This means that these designs 
do not have safety problems that can be introduced (in almost any heavy truck) by p&r 
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loading practices. Furthermore, these vehicles are protective of pavements in that their 
ratios of payload weight to equivalent axle loads (ESAL's) are relatively large. (See 
appendix C in volume 2.) 

Given that, in one way or another, any vehicle has a maximum gross combination 
weight, axle load limits restrict the amount of load that the vehicle is allowed to carry when 
it is loaded nonuniformly. Hence, the axle load limits provide a built-in mechanism for 
compensating for some of the safety problems caused by nonuniform loading (that is 
because the gross combination weight has to be less than it would have been if the axles 
were loaded uniformly). In this study, the example calculations performed for 
nonuniformly loaded heavy vehicles illustrate that safety qualities tend to be preserved 
when axles are not allowed to be overloaded-that is, when the differences between lightly 
loaded and heavily loaded axles are no more than that achievable under the axle load limit. 

Consequences of using more than five or six axles 

Once designers and specifiers decide to use multiple axles, the questions are, "How 
many?' and "Where are they located?" In Michigan, vehicles are allowed up to 11 axles 
with loads on all but the steering axle restricted to no more than 13,000 lb (5,900 kg). 
These vehicles are highly productive with respect to weight in that they can have GCW's 
approaching 148,000 lb (67,000 kg). (Of course, they have a high tare weight given all of 
those axles so that the ratio of payload weight ;o GCW is less than those of vehicles with 
fewer axles.) An 11-axle limit means that a 3-axle tractor could be pulling an 8-axle 
semitrailer. (Such vehicles exist in Michigan.) A major concern with these vehicles is the 
scrubbing of tires when turning a comer. Not only can this scrubbing action wear tires 
rapidly and deform the surface of flexible pavements, but it can also lead to friction 



demands that are greater than those available when the road is slippery. This results in a 
phenomenon called "power jackknifing" that happens when the drive wheels af the tractor 
can no longer prodwe enough side force to tun the trailer. 

The analyses in this study indicate that semitrailers with three closely spaced axles will 
not challenge the fiiction available for turning comers on very slippery roads. Even sets of 
four closely spaced axles appear to be satisfactory for the vehicles examined here. The 
qualifier "closely spaced is important because the amount of tire scrubbing is greatly 
increased as the distance between axles is increased For example, the amount of tire 
scrubbing would be roughly equivalent for a tridem-axle set and a two-axle set made by 
removing the center axle from the tridem. (Liftable axles or load-reducible axles are 
installed at the ends of groups of axles in order to reduce turn-resisting moments.) 

If designers and specifiers are considering doubles, three axles on the semitrailers are 
probably more than enough. A nine-axle double could consist of a three-axle tractor, a 
tandem-axle semitrailer, and a four-axle full trailer consisting of a two-axle dolly and a two- 
axle semitrailer. An 11-axle combination could consist of a 3-axle tractor, a 3-axle 
semitrailer, and a 5-axle full trailer employing a tridem semitrailer. Even in Michigan 
where bridge design has taken these types of vehicles into account, 11 axles provide 
enough load-carrying capacity to fully utilize the capabilities of the highway system. 
(Currently, there are those that contend that formula B was not intended to be applied to 
vehicles weighing more than 80,000 lb (36,000 kg). The ?TI formula was developed to 
protect bridges of cment design if they were to be used by vehicles weighing more than 
80,000 lb (36,000 kg). The ?TI formula allows much less GCW than that allowed by 
formula B when f m u l a  B is applied to a nine-axle vehicle. Furthermore, bridge formulas 
have not been developed for U.S. bridges for vehicles weighing over 150,000 lb (68,000 
kg) .) 

In this study, vehicle designs were created for nine-axle doubles in several of the 
scenarios with differing bridge formulas. There turned out to be nine-axle doubles that did 
fairly well in the assessment of intrinsic safety. Under bridge formula B, the GCW for a 
very productive vehicle was found to be 1 17,500 lb (53,000 kg). The cargo boxes were 
35 ft (10.5 m) long. Under the TTI formula, the cargo boxes would be the same length, 
but the GCW was 104,500 lb (47,400 kg). Due to its lower weight, the nine-axle double 
designed under the ?TI formula had a substantially higher rollover threshold (that is, it had 
substantially more rollover immunity) than the comparable nine-axle double designed under 
formula B. Nevertheless, both designs had good rollover immunity in compvison to target 
performance levels based on current technology, because they had roll stiffnesses per axle 
that were as large as those associated with current axles and they had less load per axle than 
that present on fully laden current vehicles. 

In the current five-axle tractor-semitrailer and five-axle Western double, axles (other 
than the steering axle) are loaded to approximately 17,000 lb (7,650 kg). Due to the nature 
of bridge protection constraints, these axles would be carrying much less load in many- 
axled vehicles such as the nine-axle double. Analyses have been made to examine the 
influences of reductions in suspension, tire, and brake properties that are propodonal to 
the reductions in the loads that these components would carry in new vehicle designs. The 
following conclusions are supported by the results: 



Rollover immunity would be degraded. Reductions in the vertical stiffnesses of the 
tires and the roll stiffnesses of the suspensions wo~ld lower rollover thresholds to 
levels of turning that are significantly less than those obtainable using current tire 
and suspension stiffnesses. 

The level of the lateral force capability would be degraded to the extent that high- 
speed offtracking and rearward amplification would be considerably worse. 
Performance in obstacle-avoidance maneuvers wodd be poor compared to what it 
could be if tire properties were maintained at their current levels. 

* Brake proportioning would be improved. Braking efficiency would be higher. The 
braking performance of some of the new vehicles would be better than the poor 
level of performance exhibited by many current vehicles when they are operated in 
the unladen condition. 

In summary, brakes should be proportioned to obtain better braking performance, but 
intrinsic safety can be maintained or improved if tire and suspension stiffness are 
maintained at their current levels even though these components may be carrying less load. 
(Smaller and lighter components are important to increasixig productivity and this not to say 
that they should not be used-rather, that to maintain intrinsic safety, new versions of 
these components should have the same mechanical properties as they used to have with 
regard to tire stiffnesses and suspension roll' stiffnesses.) 

The "Turner1' concept is an idea in which axle loads are purposely reduced to obtain 
less pavement damage, but truckers that do this would be allowed to carry more than 
80,000 lb (36,000 kg), thereby increasing their productivity, As observed in this study, 
the nine-axle doubles, which had fairly good intrinsic safety under formula B or ITI, are in 
fact vehicles that satisfy the intention of the Turner concept. For example, the 104,!500-lb 
(47,000 kg) nine-axle double designed un&r the TTI formula would have tandem-axle 
loads that are less than 25,000 lb (1 1,300 kg). Clearly, the conclusions above apply to the 
tires, brakes, and suspensions installed on these lightly loaded axles. 

Although it was not an explicit goal of the Turner concept, the idea of requiring a 
change in vehicle design to achieve greater productivity is a means for avoiding the problem 
of allowing truckers to overload existing vehicles. That is, decision makers may want to 
consider policies of a form saying that greater productivity is allowed if specific 
requirements are satisfied. Some of these requirements could be based on intrinsic safety 
as well as protection of the highway infrastructure. The set diagrams presented in figure 
132 are intended to illustrate the conceptual difference between (a) simply removing or 
increasing the gross weight cap (model A), and (b) saying that vehicles are allowed to 
operate with GCW's greater than 80,000 lb (36,000 kg) if they meet specified requirements 
(model B). In the case of model B, the size and weight specifications would attempt to 
allow vehicles with acceptable levels of intrinsic safety and avoid vehicles with poor levels 
of intrins.'~ safety. 

The items listed in the "Key" of figure 132 represent subsets of vehicles with poor 
levels of intrinsic safety. Ideally, as illustrated figuratively in model B of figure 132, the 
set of proposed allowable vehicles would avoid designs with poor braking efficiencies, 
poor rollover thresholds, and poor directional responses, for example. In order to avoid 



Key 
LS 1 - existing designs with poor perfonnance 
LS2 - designs with poor braking efficiency 
LS3 - designs with poor rollover thresholds 
LS4 - designs with poor directional responses 

Figure 132. Set diagrams illustrating conceptual relationships between allowed vehicles 
and intrinsic safety. 



designs with poor levels of intrinsic safety, the definition of the set of allowable, more 
productive vehicles could include specific requirements directed towards braking, roll, and 
stecringperfoxmance. 

The truck specifier would have to use new types of vehicles to be productive, and 
hence competitive. Specifiers could consider adding axles to existing vehicles if their goal 
was to carry more payload weight. (With respect to more volume, their options are pretty 
well limited to buying longer trailers.) Under the conclusions given here for lightly loaded 
axles, adding axles would not necessarily degrade safety if the added axles had tire and 
suspension properties equivalent to those achievable with current technology. The goals 
would be to have these added axles do their share of the work and also for the components 
on a l l  axles to provide current levels of stiffness per pound of load. (This might also be the 
occasion to upgrade the brake system through reproportioning and/or installing antilock 
systems.) To control friction demands associated with tire scrubbing, additional axles 
could be kept close to existing axles. If axles are added in front of existing axles on 
semitrailers, the effective wheelbase would be shortened and reatward ampMcation would 
increase for doubles. However, the additional tire stiffness would partially (but not 
completely) compensate for the shorter effective wheelbase. In the case of twin 28-ft (8.4 
m) doubles, the use of innovative dollies and/or special hitching mangements might be 
required for achieving safety in obstacle-avoidance maneuvers when extra axles have been 
added to the vehicle to allow greater payload weight. 

If the number of axles is not limited, there is a technical difficulty with using an 
offtracking rule. Technically, the overall length of vehicles could get to be very long 
because the effective wheelbase of a semitrailer is approximately from somewhere near the 
center of the axles to the kingpin at the front of a semitrailer; that is, low-speed offtracking 
will not increase when the length of the semitrailer increases. By adding axles so that the 
effective wheelbases are kept fixed but the extreme axles are further apart, the load could be 
increased as much as the bridge formula and axle loading rules would allow, which is very 
much under current rules. (Although this type of design might not be likely to occur in 
practice, the report contains examples illustrating this situation.) This anomaly is avoided if 
the maximum number of axles is prescribed, and its influence is reduced if axle sets are 
closely spaced with no mare than four axles in a set on a semitrailer unit. 

The final design feature covered in the study was twin-steering front axles. The 
specifier of trucks might be interested in this innovation from both productivity and safety 
aspects. The consequences of a h n t  tire blowout might be greatly reduced if the design 
were such that the vehicle was easy to handle with a tire blown out. In addition, the 
predicted performance results indicate that more load could be carried on the front of the 
vehicle in designs with relatively good intrinsic safety. 

Summary 
The following generalizations summarize points made in this section: 

When going to more weight-productive size and weight rules, do not allow higher 
loads on existing vehicles. If this problem is taken care of properly, GCW limits 
might be eliminated or relaxed considerably. 



Axle load constraints should not be eliminated from size and weight rules. The 
ability to assess the performance of the highway system with respect to safety, 
productivity, and damage to the infrastructure depends upon the ab&ty to monitor 
axle loads and the spreads between axles. 

In order to allow trucks to make maximum use of the space available on roads, an 
offtracking rule could be used as a length constraint. Under either the STAA rules 
or an offtracking rule, doubles would be more productive than tractor-semitrailers. 
A shift to doubles might be anticipated from those operators desiring more cubic 
volume for their payload. 

As a first step in developing rules for more productive vehicles, constraints on the 
number of axles and axle spreads would prevent the possibility of promoting very 
long vehicles with excessive friction demands in tight turns. Constraining axle sets 
to having no more than three, or possibly four, axles in a set would alleviate this 
problem and ease the development of suitable designs. 

The fivc-axle tractor-semitrailer with tandem axle sets on both the rear of the tractor 
and the semitrailer is a well-optimized configuration for the current size and weight 
rules allowing 80,000 lb (36,000 kg) GCW's. This configuration would not 
benefit h m  an increase in the GCW limit alone. 

A six-axle tractor-semitrailer with a tridem-axle set on the semitrailer would allow 
more load up to GCW's of 86,000 to 88,000 lb (39,000 to 40,000 kg) while 
maintaining good intrinsic safety. 

For doubles, there are both minimum and maximum wheelbases that bound the 
range of designs providing good performances. Twin 28-ft (8.4 m) cargo boxes 
are too short in the sense that the wheelbases of their trailers would not be long 
enough to obtain good performance in obstacle-avoidance maneuvers. Doubles 
with twin 35-ft (10.5 m) cargo boxes would be considerably better. 

Innovative dollies with special hitching arrangements may be needed to control 
rearward amplification (cracking-the-whip)-especially for triples and short 
doubles. (In these cases, design analyses and performance demonstrations might 
be required to build c ~ ~ d e n c e  in the new designs. There are analytical results and 
test data showing the advantages of certain existing designs of innovative dollies.) 

The wheels-unlocked braking performance of empty trucks needs to be improved. 
This is true in all scenarios with the possible exception of the twin-steer vehicles in 
scenario 18. This general problem is a difficulty for most trucks with large 
differences between tare weights and GCW's. The countermeasures are changes in 
brake proportioning and the use of antilock braking systems. 

The rollover immunity of more productive heavy trucks would be maintained or 
improved if the tire stiffnesses per axle and the suspension roll stiffnesses per axle 
are maintained at the same levels of those properties as the levels pertaining to 
current tires and suspensions, even though the new heavier vehicles would have 
less load per axle than the loads per axle on current vehicles. (The new, heavier 
vehicles would have more axles than current vehicles, but the load per axle would 



be less than that used on current vehicles. Nevertheless, the mechanical properties 
of tires and suspensions should be kept at their current levels.) The above 
specification on tires and suspensions would also rid in controlling rearward 
ampMcation (cracking-the-whip) in multiarticulated vehicles. 

19. RECOMMENDATIONS 

The fundamental conclusions &rived from this study have just been presented in 
section 18. The following recommendations provide a basis for action steps supported by 
those conclusions. 

1. What are the elements of a set of size and weight constraints 
that will provide both increased safety and increased productivity 

In order to allow maximum productivity, size and weight constraints should not be 
arbitrary or more restrictive than they need to be to provide protection for the infrastructure. 
Axle load limits are needed for protecting pavements. These pavement constraints should 
also specify loading allowances and dimensions for sets of closely spaced axles . A length- 
to-weight relationship is needed to protect bridges. An offtracking limit is needed to 
prevent long vehicles from requiring more turning space than the roadway system can 
adequately provide. Constraints on the total number of axles allowed on one vehicle and 
the number of axles allowed in a closely spaced set of axles on a vehicle unit should be 
included in the axle loading, bridge protection, and offtracking constraints. Beyond the 
three basic types of constraints (pavement and bridge protection plus offtmcking), decision 
makers should be very hesitant to add rules for protecting the roadway without evidence of 
the type and amount of damage attributable to the size or weight pmperty that is a candidate 
for restriction. 

Changes in gross weight limits (either directly or indirectly through combinations of 
new length and weight allowances) should have a rational basis in terms of the types of 
increases in pductivity that these changes an attempting to promote. If so, changes in 
gross weight caps might be used in conjunction with the process of liberalizing size and 
weight rules. Arbitrary increases in gross weight should not be allowed because they 
would allow the overloading of existing vehicles and thereby promote a decrease in the 
intrinsic safety of the vehicles in the truck fleet 

Changes in size and weight constraints that allow increases in gross weight should be 
accompanied with provisions to ensure that active (intrinsic) safety is not degraded. These 
safety provisions should be developed in light of the performance and component 
recommendations presented later in this section. 

In summary, the recommended elements of new sets of s h  and weight constraints 
include: 



A pavment/axle loading rule that is directly related to pavement damage, and 
suspension, tire, and brake characteristics pertaining to the intrinsic safety of the 
vehicle. 

(Specific recommendations concerning the mechanical properties of tires, 
suspensions, and brakes are given in part 3 of this section on recommendations. 
Those recommendations pertain directly to situations in which axle loads are 
reduced to reduce pavement distress.) 

A bridge formula that is directly related to the costs of providing structurally sound 
bridges. 

(Although bridge stresses were not studied herein, the need for separating bridge 
and pavement cost factors was observed in connection with developing size and 
weight rules that both protect the highway infrastructure and allow advances in the 
productivity of trucking. A coherent set of size and weight rules is seen as being 
very helpful to the process of developing reasonable guidelines concerning the 
safety of new, more productive trucks.) 

An offtracking rule that promotes efficient use of the space available on roadways. 

(An example of the type of offtracking requirement recommended appears after the 
first bullet in part 2 of these recommendations.) 

A statement of the intrinsic safety targets for the vehicles allowed to operate under 
these new rules. 

(A list of intrinsic safety targets is presented in the next part (part 2) of these 
mommendations,) 

A statement of the types of previously used vehicles that are not to be allowed to 
operate in an overloaded state (that is, limits on existing types of vehicle designs 
that do not have provisions for carrying more load than that allowed previously). 

(Specific concerns with overloading of Westem doubles were presented in section 
18.) 

A statement of permit requinments, cost provisions, and safety factors for special 
types of heavy (possibly short) vehicles that are deemed important to the 
transportation of special items. 

(Size and weight rules may tend to require awkward vehicles for use in transporting 
heavy objects and loads such as shipping containers. The purpose of this 
recommendation is to provide a mechanism for alleviating these types of 
difficulties.) 

2. How should safety implications be evaluated 

Measures of intrinsic (inherent) safety should be used to evaluate the safety implications 
of proposed truck designs. 



Intrinsic safety pertains to those inherent properties of a vehicle that determine the 
performance capabilities of the vehicle in safety-related maneuvers. The cunent state of 
development of this approach to crash avoidance is based on straightforward "axioms" 
such as the vehicle should have an acceptable level of immunity to rollover, or the back end 
of a long vehicle should follow the path of the front end with adequate fidelity. In addition, 
the vehicle should be readily steered to follow a desired path and should be capable of 
stopping rapidly without directional control mculties. This approach to assessing safety- 
related performance provides a means for understanding how the properties of heavy trucks 
as determined by their size and weight allowances can contribute to accidents. 

At this time the accident record does not contain the type of information needed to 
predict the performance of new types of vehicles. A basic with the infomation in 
the accident record is that trucks are often poorly described from a vehicle dynamics 
standpoint (for example, axle loads and axle separations are not ascertained and saved in 
either accident data or data describing the exposure of trucks to the risk of an accident). 
Even if the accident record were more complete, it would seem to pertain primarily to 
previous vehicles-not to current vehicles and certainly not to future vehicles. However, 
the accident record could pertain to future vehicles if vehicles in the record (both accidents 
and exposure) were described in terms of their levels of intrinsic safety. In other words, 
measures of intrinsic safety bridge the gap between the past and the future. If we were to 
make vehicles longer or heavier in a manner that did not change their levels of intrinsic 
safety, then (presuming that we had identified the important aspects of intrinsic safety) we 
would not expect the accident record to be influenced noticeably. On the other hand, if 
some aspect of intrinsic safety were to be &graded in new vehicles, we would expect those 
new vehicles to be overinvolved in certain types of accidents. For example, if rollover or 
jackknifing immunity were to be degraded, we would expect to see more rollovers and 
jackknifes in comparable service uses (exposure). In summary, it is recommended that 
more work be done in which the accident record is approached from the point of view of 
intrinsic safety. 

The current accident record has been used to study the influence of rollover threshold 
on rollover accidents and it is clear that currmt tractor-semitrailer trucks when fully laden 
have low rollover thresholds and that these vehicles arc overinvolved in rollover accidents. 
Even so, the evaluation of new vehicles requires that levels of intrinsic safety be determined 
so that acceptable new vehicles can be separated from unacceptable ones. The 
consequences of setting levels of intrinsic safety are unknown with respect to the levels 
needed to maintain or improve the overall accident record or the costs associated with 
achieving prescribed levels. Accordingly, the performance targets used in this study are 
recommended as starting points for iterative processes in which new vehicle designs are 
modified and performance targets are adjusted to achieve practical designs with known 
levels of intrinsic safety. Decision makers (vehicle designers, truck specifiers, rule 
makers, or whoever they may be) should give critical attention to the advantages and 
disadvantages of the following performance goals and their suitability for use in evaluating 
vehicle designs: 

Offtracking of no more than 17 ft (5.1 m) in a 90 degree turn with a radius of 41 ft 
(12.3 m) to the center of the front axle. 



Friction demand of no more than 0.2 in a tight turn. 

High-speedofftrackingofnomorethan 1.0ft (0.3 in) in a turn with 1200ft (366 
m) radius while travelling at 55 mi/h (88 kmh). 

Braking efficiencies of greater than 0.7 (particularly in the unladen condition of the 
vehicle without compromising the efficiency attainable in the fully laden condition.) 

Rollover threshold of greater than 0.38 g of lateral acceleration in a steady turn. 

Steering sensitivity of greater than 0.1 radians per g at 55 mih (88 kmk) at 0.3 g of 
lateral acceleration. 

Rearward amplification of less than 1.4 between the first unit and the last unit of a 
multiarticulated vehicle in an obstacle avoidance maneuver while traveling at 55 
mi/h (88 km/h). 

3. What properties of tires, suspensions, and brakes are needed to 
ensure good performance in safety-related maneuvers 

Since the vehicles that ate likely to evolve from liberalizing size and weight constraints 
will probably have more axles but less load per axle, it is important to specify mechanical 
properties of vehicle components that are appropriate for providing good performance in 
safety -related maneuvers. 

Certain mechanical properties of tires and suspensions should not be scaled down in 
proportion to the load carried on an axle when more productive designs employ less load 
per axle. 

In order to ensure good performance in high-sped turning maneuvers and with respect 
to rollover immunity, the lateral and vertical characteristics (vertical stiffnesses and 
cornering stiffnesses) of the tires used on new designs of heavy trucks should be at least as 
stiff as those available in the radial tires currently employed on heavy trucks. (This is not 
to say that they have to be radial tires-rather that they achieve these levels of stiffness.) 
Even if the load per axle is decreased, tire lateral force capabilities per axle should not be 
allowed to be less than those of current axles employing radial tires. 

With regard to suspension properties, roll stiffness levels corresponding to those of 
current leaf-spring suspensions are recommended even though a new vehicle design may 
result in less load on the axles associated with that suspension. (This not to say that leaf 
springs have to be employed or that the vertical stiffness has to be comparable to that of leaf 
springs-rather, that suspension roll stiffhesses are to be equal to current levels.) 

Smaller and lighter suspensions and tires can have important benefits to productivity. 
The intentions of these recommendations are not to eliminate new designs of these 
components. However, the recommendations indicate that currently available components 
would be suitable for the new, more productive vehicles; and that, if new types of tires and 
suspensions are to be developed for axles with loads that are less than current axle loads, 
the mechanical properties of the new versions of tires and suspensions should have levels 
of tire stiffnesses and suspension roll stiffnesses that are equivalent to the levels of these 



properties cumntly achieved on single axles allowed to carry 20,000 lb (9,000 kg) and on 
tandem axles allowed to carry 34,000 lb (15,300 kg). 

The situation with brakes is different from that pertaining to tires and suspensions. 
Ideally, braking at each axle should be proportioned in accordance with the load on that 
axle at each instant in time. That is, brake gains at each axle should be proportional to the 
load carried on each axle. Hence, brakes with gains selected for higher axle loads will 
degrade vehicle performance if they are vsed on axles with less load. Brake proportioning 
should reflect the load to be carried by the axle. 

However, brakes proportioned in accordance with the maximum load allowed on an 
axle will have very poor perfonnance when the truck is unladen. Better proportioning of 
braking effort when the vehicle is unladen is needed for heavy trucks in general. Poor 
proportioning is liable to lead to wheel lockup and associated problems with directional 
control and stability. In this regard, antilock braking systems should be considered if 
directional control and stability are to be maintained during rapid stops on slippery surfaces 
and in emergency stops. 

In summary the basic recommendations with respect to tires, suspensions, and brakes 
are as follows: 

The lateral and vertical characteistics (vertical stiffnesses and cornering stiffnesses) 
of tires used on new designs of heavy trucks should be at least as stiff as those 
available in the radial tires c m t l y  employed on heavy trucks. 

Roll stiffness levels comsponding to those of current leaf spring suspensions are 
recommended even though new vehicle design may result in less load on the axles 
associated with that suspension. 

Braking at each axle should be proportioned in accordance with the load on that axle 
at each instant in time. 

4. How can the findings of this study be used to enhance the 
efficiency, safety, and acceptability of truck transportation on 
the nation's highways 

The fmdings of this study are intended for use in developing new size and weight rules 
that will allow more productive vehicles to be used in truck transportation. To aid in 
ensuring that new vehicles developed under new size and weight rules will have adequate 
performance in safety-related maneuvers, the study has produced findings delineating 
mechanical properties of vehicle components and levels of vehicle performance measures 
that will contribute to achieving (or surpassing) current levels of intrinsic (active) safety. 
The first recommendation, presented in this section, outlines the elements of sets of size 
and weight rules that are intended to simultaneously promote productivity, preserve the 
highway infrastructure, and maintain safety on a per truck basis. The next two 
recommendations have summarized safety factors pertaining to vehicle performance and 
vehicle components. Given the prior recommendations, the basic thrust of this final 



recommendation is to apply the other recommendations in allowing acceptable increases in 
vehicle sizes and weights. 

The underlying notion here is that changes in size and weight rules can be justified for 
acceptance if they enhance the efficiency of the delivery of goods in a manner that will 
contribute to maintaining trends towards improved highway safety, relieving traffic 
congestion, and controlling the costs of highway maintenance. 

The approach to vehicle design used here is directed towards producing vehicles that 
will be efficient in the delivery of goods. The resulting designs are aimed at increasing 
payload volume andlor payload weight. The efficiencies of these designs can be assessed 
through measures such as the ratio of payload weight to gross combination weight, or the 
ratio of cargo volume to overall length or gross combination weight. Other measures of 
trucking efficiency might employ the amount of payload per axle or per articulation joint. 
Nevertheless, the more productive vehicles "designed" in this study could serve as starting 
points for practical and pragmatic experts to use in optimizing the efficiencies of new 
vehicle designs for trucking applications. 

Efficient designs &md to have pertinent by-products such as the possibilities of using 
fewer vehicles to deliver the same amount of goods and having fewer vehicles exposed to 
the risk of accidents. Given that the demand for truck transportation is likely to increase, 
the same idea can be stated in terms of the amounts of product delivered; efficient designs 
in terms of payload weight and volume will contribute to controlling the amount of 
congestion and the number of accidents occurring per the amount of goods delivered. 

The basic nature of the safety qualities of the designs produced here have undergone 
analyses that serve as a first-order screening of their performances in safety-related 
maneuvers. Hence, the fiidings from each scenario provide a basis for understanding the 
safety implications of various types of designs. The results can be examined to select types 
of designs that are expected to have good safety qualities with respect to current trucks. 
Again, the designs presented in this study could be used as starting points for experts from 
the trucking industry to use in developing vehicles with good safety qualities. 

The scope of the applications of trucking is so large that this study serves as a set of 
examples of what can be done to maintain the safety of productive vehicles. The study by 
no means claims to have exRausted the possibilities for safe, efficient designs. 
Nevertheless, it has produced designs that have been scrutinized in a manner that represents 
an effort to consider safety implications in assessing the acceptability of productive vehicles 
that may result from changes in size and weight allowances. It is recommended that these 
or improved methods for evaluating intrinsic safety be applied when considering future 
changes in size and weight regulations. Although there could well be many other types of 
vehicles that exhibit currently acceptable levels of intrinsic safety, this study has produced 
preliminary designs that are recommended as starting points to be used in developing the 
following types of vehicles: 

Six-axle tractor-semitrailer with a tridem axle set on a 48-ft (14.4 m) semitrailer. 

Nine-axle double with 35-ft (10.5 m) cargo boxes. 



The above list is short because productive &signs tend to be very specific to the size 
and weight constraints &f&g the types of vehicles allowed. For general guidance in 
developing acceptable size and weight rules, it is recommended that decision makers pay 
particular attention to the generalizations presented at the end of the overall conclusions 
presented in section 18. 
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