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PREFACE 

The author's knowledge of  noto or truck braking has been 

derived from research studies supported by grants from the 

Motor Vehicle Manufacturers Association of the United States, 

Inc. The members of the Physical Factors Division of the 

Highway Safety Research Institute (HSRI ) of The University of 

Michigan have been instrumental in developing the computer 

simulations and the parameter measurement techniques described 

in this monograph. With assistance from the Industrial Develop- 

ment Division of the Institute of Science and Technology, the 

work of the HSRI researchers referenced herein has been orga- 

nized into a single account of research pertaining to motor 

truck braking performance. 

This account is intended to be of interest to persons, 

involved in studying, improving, or evaluating the dynamic 

performance of commercial vehicles and their components. 

It is hoped that executives and planners of engineering and 

scientific research will find the material presented here to 

be useful and stimulating to engineers, scientists, and com- 

puter analysts concerned with brakes, antilock systems, tires, 

suspensions, and overall braking performance. 





CHAPTER 1 

INTRODUCTION 

A Methodology f o r  Predict ing and Evaluating the  Response 
of Commercial Vehicles t o  Braking Inputs 

This monograph describes the  r e s u l t s  of research per- 

formed i n  support of a  national e f f o r t  t o  improve the  stop- 

ping capab i l i ty  of commercial vehic les .  The r e s u l t s  of t h i s  

research a re  (1) new knowledge concerning t h e  proper t ies  of 

pe r t inen t  vehicle  components, ( 2 )  computer too l s  f o r  analyz- 

ing system performance, and ( 3 )  a methodology f o r  predic t ing  

and evaluat ing the  response of commercial vehicles  t o  dr iver-  

i n i t i a t e d  braking inputs .  

In  the  i n t e r e s t  of enhanced highway sa fe ty ,  the National 

Highway T r a f f i c  Safety Administ.ration (NHTSA) of the  U . S .  

Department of Transportation has t r i e d  t o  promulgate an ac- 

ceptable  Federal Motor Vehicle Safety Standard f o r  commercial 

vehicles  with a i r -ac tua ted  braking systems. Since 1970, when 

such a  standard was f i r s t  considered, brake, brake component, 

and vehicle  manufacturers have conducted extensive development 

e f f o r t s  d i rec ted  a t  c rea t ing  braking systems s u i t a b l e  f o r  

meeting government regulat ions.  The problems associated with 

developing improved braking systems have been much more d i f f i -  

c u l t  than expected by government o f f i c i a l s ,  vehicle  manufac- 

t u r e r s ,  and component suppl ie rs .  [11 The requirements of the  



government standard (FMVSS121) [*I  have been changed repeatedly 

in attempts to obtain regulations that are both stringent and 

achievable using current technology. Nevertheless, court de- 

cisions have ruled parts of the standard invalid. [ 3 1  After 

nearly ten years of effort, many technical (as well as philo- 

sophical) issues remain unresolved. 

The introduction of government safety standards has 

added an emphasis on stopping distance capability to the tra- 

ditional requirement for a commercial vehicle's brakes to be 

able to absorb large amounts of energy. Engineers and scien- 

tists have made the friction brake into a remarkable device 

for converting into heat the kinetic energy possessed by a 

moving vehicle. As demonstrated in service, typical brakes 

can reliably perform their energy-conversion function many 

times without failure or inordinate wear. They can withstand 

high temperatures (such as those developed while maintaining 

velocity in a mountain descent) without fading excessively or 

failing entirely. Yet a braking system design that minimizes 

wear and optimizes performance in mountain descents is not 

necessarily the best arrangement for minimizing stopping dis- 

tance capability in sudden (emergency or accident-avoidance) 

stops on good road surfaces. 

Designing to improve stopping distance performance is 

a total vehicle problem. The force decelerating the vehicle 

is almost entirely generated at the tire-road interface. 

Given adequate torque from the installed brakes, the maximum 

braking force available is limited by tire characteristics, 



the instantaneous loading of each tire, and the condition 

of the road surface (slippery or dry). In turn, the load- 

ing of each tire depends upon the deceleration of the vehi- 

cle, suspension properties, and the arrangement and size 

of the load carried by the vehicle. Not only the charac- 

teristics of the brakes themselves, but many other vehicle 

properties must be considered in striving for improved 

stopping distance. 

The design of braking systems for commercial vehicles 

is complicated by the wide range of operating conditions en- 

countered in service. Ideally, efficient utilization of 

the available tire-road friction is obtained by proportion- 

ing the braking effort at each axle in accordance with the 

instantaneous vertical load carried by each axle. However, 

due to the goods-carrying function of most commercial vehi- 

cles, the load carried by the ivarious tires differs greatly 

between the fully-laden and the empty state of the vehicle. 

Further difficulty in suitably proportioning the braking 

effort derives from the desire to stop efficiently both on 

good, dry roads at relatively high rates of deceleration with 

an attendant large aft-to-fore load transfer, as well as on 

wet, slippery roads allowing only low deceleration with 

little load transfer. The problems of designing for changes 

in vertical load and tire-road friction are sufficiently de- 

manding that so-called "advanced braking systems," such as 

antilock systems and variable proportioning schemes, have 

been tried in various parts of the world. 



The braking regulations proposed and eventually enacted 

in the United States led to the adoption of antilock systems 

by American vehicle manufacturers. The antilock systems were 

intended to provide good stopping performance under all oper- 

ating conditions. In addition, the prevention of wheel lockup, 

the main function of antilock systems, was expected to improve 

directional stability and controllability during braking. 

However, even though the suppliers of antilock systems gen- 

erated high hopes within industry and government for improved 

braking performance, the experience of the last few years has 

demonstrated unforeseen difficulties in reliably achieving 

the short stopping distances believed to be possible. 

An improved understanding of some of the problems in- 

volved in antilock braking has been obtained by an analysis 

of the vehicle as a dynamic system. [41 The methodology 

developed for analyzing vehicle dynamics and predicting brak- 

ing performance necessarily involved incorporating detailed 

knowledge of the performance of the components of the vehicle 

(including the antilock system) into a computerized mathe- 

matical model of the vehicle system. 

The research approach used in developing computer tools 

for predicting how trucks and tractor-semitrailer vehicles 

respond to steering and braking inputs forms the basis for 

the methodology described in this monograph. Three research 

tasks were addressed in developing the desired methodology. 

The first task consisted of generating mathematical descrip- 

tions of the physics involved in motortruck systems and 



programming the  r e s u l t i n g  equations i n t o  computer simulations 

of heavy vehicles .  The second t a sk  involved crea t ing  labora- 

t o r y  devices and t e s t  methods f o r  measuring t h e  proper t ies  of 

t h e  components used i n  modern t rucks.  In t h e  t h i r d  t a sk ,  com- 

parisons between t e s t  r e s u l t s  f o r  the  complete t ruck and ca l -  

cu la t ions  of performance were made t o  assure t h a t  the  developed 

simulations were va l id .  within t h i s  general framework, the  

research proceeded from a bas ic  vehic le  model t o  addressing 

the  problems associated with complex motortruck systems. 

Figure 1 i l l u s t r a t e s  t h e  i n t e r a c t i v e  nature of the  th ree  

tasks ,  described above, and the  l lclosed-loopsl~ i n  the  diagram 

emphasize the  i t e r a t i v e  form of the  methodology. In  essence, 

the  overa l l  t a s k  has been t o  p e r f e c t  the  s t a t e  of the  a r t  i n  

predic t ing  the  braking performance of motortrucks i n  order 

t o  make the  engineering design and t e s t  process as  e f f i c i e n t  

as  possible .  

In  summary, t h i s  r epor t  descr ibes  a "simulation method- 

ology'l which has been developed t o  a i d  i n  addressing the  tech- 

n i c a l  i ssues  facing engineers responsible f o r  vehicle  braking 

performance. Key elements of t h i s  methodology a re  (1) new de- 

v ices  and t e s t  procedures f o r  measuring the  mechanical proper- 

t i e s  of the  components of the  motortruck ( s p e c i f i c a l l y ,  t i r e s ,  

brakes, suspensions, and ant i lock  systems) and ( 2 )  computer 

simulation programs fo r  analyzing the  braking performance of 

t o t a l  vehic le  systems. The mater ial  presented here inaf te r  

discusses  computer t o o l s ,  t e s t i n g  equipment, and bases f o r  

engineering judgment not  ava i lab le  t e n  years ago. 





CHAPTER 2 

THE FORM OF A COMPUTER SIPIULATION FOR ANALYZING 

THE PROPERTIES OF THE DECELERATING 
COMMERCIAL VEHICLE 

A mathematical model is a logically reasonable starting 

point for a systematic approach to analyzing the braking per- 

formance of a commercial vehicle. The process of modeling 

a vehicle system may be characterized as attempting to de- 

scribe the system in quantitative terms using the methods of 

physics, mathematics, and engineering technology. A care- 

fully conceived model is an expression of what is known and 

understood about the pertinent properties of the vehicle. 

In this sense a model serves as a summary of the state of 

the art in a particular area of vehicle technology. 

The process of developing a model for analyzing the per- 

formance of a system usually illuminates gaps in existing 

knowledge. At the beginning of this research the need for a 

better understanding of tire shear-force characteristics, 

brake-system operation, and tandem-axle dynamics was appar- 

ent. As the modeling progressed, requirements developed for 

obtaining detailed data describing the mechanical properties 

of the vehicle and its componeiats. The needed data for exer- 

cising the model did not exist at the beginning of this work 

and, furthermore, devices for measuring inertial parameters, 

tire shear-force  characteristic:^, and suspension properties 

of heavy trucks were not available. 

- '7 - 



As noted elsewhere, 15]  a common pattern of activities 

in vehicle dynamics studies consists of deriving complex 

models, implementing the models using computer simulation, 

and then searching for parametric values to insert into the 

equations constituting the model. Often, to the surprise 

of the model developer, the search for parametric data proves 

to be the most difficult, costly, and time-consuming part of 

the vehicle dynamics study. The study of commercial vehicle 

dynamics is no exception to this pattern; the development of 

devices for measuring the mechanical properties of heavy- 

vehicle components may be the most valuable contribution of 

this research. Nevertheless, a description here of the 

mathematical model employed will provide a foundation for 

later discussions of test equipment and analytic procedures. 

Because of the complexity and difficulty of solving the 

system of relationships describing the vehicle, the mathema- 

tical model (in the form of equations and tabular functions) 

is implemented in a computer simulation, thereby permitting 

analyses of vehicle response to be performed. The computer 

simulation is an analytic tool; it is used to compute the 

response of the vehicle--that is, the output of the vehicle 

system--for a prescribed time-history of braking inputs. 

The simulation does not solve synthesis problems directly. 

Rather, the synthesis or design of vehicles must be approached 

by l f t r ial-change-retr ial l f  techniques analogous to the methods 

used in modifying actual vehicles and then testing them to 

evaluate new designs or the use of new components. 



The simulation process might be thought of as  experi- 

menting with models. During tlne model development a c t i v i t y ,  

t h e  simulation can be exercised t o  challenge preconceived 

ideas  concerning the  vehic le  slystem. Once da ta  from compo- 

nent  t e s t s  a re  avai lab le ,  the  new information can be incor- 

porated i n  the  simulation ( a s  previously indicated i n  

Figure 1) t o  improve the  descr ip t ion  of the  v e h i c l e ' s  com- 

ponents. Similar ly,  the  model can be ref ined  and the  simu- 

l a t i o n  improved as  a b e t t e r  understanding of the  vehic le  

system is obtained through comparisons between measured and 

ca lcula ted  r e s u l t s  f o r  vehicles  whose mechanical proper t ies  

have been ca re fu l ly  determined. After  experimenting with 

t h e  model t o  bu i ld  confidence i n  t h e  v a l i d i t y  of the  r e s u l t s  

and t o  understand the  l imi ta t ions  of the  model, the  simula- 

t i o n  can be used t o  p r e d i c t  what would happen i n  a par t icu-  

l a r  braking s i t u a t i o n  i f  a base l ine  vehicle  were t o  be 

changed i n  a spec i f i ed  manner. 

The model, whose form w i l l  be described next ,  has under- 

gone the  development and experimentation process j u s t  de- 

scr ibed.  [ 61  In  addi t ion,  it has been used i n  s tud ies  dealing 

with the  performance of vehicles  equipped with ant i lock  

braking systems. 1 7 ,  Compute]: codes corresponding t o  t h i s  

general  type of model have bee11 del ivered t o  motor vehic le  

manufacturers, agencies of the  f ede ra l  government, and other  

research groups. However, t h e  simulation should be viewed 

as  a f l e x i b l e  e n t i t y  i n  which changes i n  t h e  model a re  s t i l l  

being made a s  new i n s i g h t s  a re  gained and new components 

o r  systems a re  introduced. 



2.1 Overview of the Mathematical Model 

The system to be described and the mathematical model to 

be discussed are portrayed in general in Figure 2. In the 

system diagram of Figure 2, the vehicle is represented as an 

assembly of interconnected subsystems that respond to braking 

commands from the driver. To initiate a stop, the truck 

driver moves the treadle valve to allow compressed air to 

flow into the brake chambers, thereby raising the chamber 

pressures, moving the actuation mechanisms, and causing each 

brake to produce torque as the shoes are forced against the 

drum. In'service, the driver may alter braking commands 

based on perceived vehicle motion. However, the driver s 

actions in closing the control loop are not the focus of this 

study. Rather, open-loop braking commands are used as inputs 

to the analysis. The analysis then predicts how the subsys- 

tems interact in decelerating the vehicle. 

To represent the effect of moving the treadle valve, 

the model employs a predetermined function of time corres- 

ponding.to the air pressure that would be measured at the 

treadle valve during a braking maneuver. In the model the 

air delivery system responds to treadle pressure. The in- 

stantaneous pressure at the treadle valve is used to compute 

the pressure at each brake chamber unless the action of an 

antilock system or some sort of automatic proportioning de- 

vice intervenes. 
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Figure 2. System Diagram For A Braking Commercial Vehicle 



The brakes a re  represented as  devices whose torque char- 

a c t e r i s t i c s  a re  pr imari ly  a function of brake-chamber pres- 

sure ,  but  these torque c h a r a c t e r i s t i c s  a re  modified during 

a s top  by changes i n  the  r o t a t i o n a l  speed of the  brake drum 

and the  temperature of the  brake shoes and drum a t  t h e i r  i n t e r -  

face.  The temperature d i s t r i b u t i o n  i n  the  brake i s  a l t e r e d  

through t h e  process of converting mechanical power ( t h e  prod- 

u c t  of brake torque and wheel speed) i n t o  hea t  flow. In the  

simulation an idea l ized  thermal model computes the  instan-  

taneous temperature a t  the  rubbing surface of t h e  drum. 

Hence, the  model includes what might.be c a l l e d  an "in-stop 

fade and recovery cyclel1 ( see  Figure 2 ) .  

The r o t a t i o n a l  speed of each wheel ( o r  dual wheel) de- 

pends upon the  applied brake torque and the  moment of the  

braking force ac t ing  a t  t h e  t i re - road  in te r face .  The equa- 

t ions  of motion f o r  each wheel a re  included i n  t h e  model 

and they a re  solved f o r  wheel speed i n  the  simulation. 

The force-producing proper t ies  of the  t i r e s  a re  in f lu -  

enced by wheel speed, forward ve loc i ty ,  road c h a r a c t e r i s t i c s ,  

and the  v e r t i c a l  motions of t h e  wheel centers .  A s  i l l u s -  

t r a t e d  i n  Figure 2 ,  near ly every motion of the  vehicle  sys- 

tem has an e f f e c t  on the  braking force produced by the  t i r e s .  

Clearly,  the  accurate predic t ion  of stopping dis tance 

requires  an accurate representa t ion  of the  shear force 

proper t ies  of the  i n s t a l l e d  t i r e s  on t h e  road surface i n  

question. The pneumatic t i r e ,  however, i s  a complicated 

s t r u c t u r e  whose shear force c h a r a c t e r i s t i c s  a re  not r ead i ly  



modeled from (1) detailed theoretical principles, (2) known 

properties of the tire's composite materials, and (3) the 

texture, composition, and contamination of the road surface. 

(In fact, tire models of greater complexity than the entire 

vehicle model described here have been developed. [9,101 

Obviously, tire models for commlercial vehicles--with from 

10 tires for a straight truck to 18 tires for a typical 

tractor-semitrailer to 42 tires for a Michigan double tank- 

er--must be carefully selected. Instead of utilizing pri- 

marily theoretical models, semi-empirical models or tables 

of directly measured tire data are implemented in the simu- 

lation. 

Besides being influenced by nearly all vehicle motions, 

the tire forces are obviously the primary causes for changes 

in vehicle motion. Vehicle motion is analyzed in the model 

by treating the main masses of the vehicle as a system of in- 

terconnected rigid bodies, with the tires providing external 

forces. The tire forces act on the so-called 'Iunsprung 

masses1I consisting of axles and their associated wheels, 

brakes, and mounting hardware. The unsprung masses are con- 

nected to the ''sprung masses11 through suspension springs, 

dampers (if used), and constraining links. In articulated 

vehicles, the main masses are connected by hitches such as 

the typical fifth wheel employed in tractor-semitrailer 

rigs. The dynamic motions of the system of rigid bodies 

selected for modeling a commercial vehicle are computed by 

numerically integrating conventional equations of motion 



that have been formulated using principles of Newtonian 

mechanics. 

The motions of the sprung and unsprung masses could be 

computed in a straightforward manner if it were not for the 

properties of the tandem suspensions and the llspringslf used 

in many commercial vehicle suspensions. In the model special 

attention is given to the effect of brake torque on the in- 

teraxle load transfer taking place in tandem suspensions. 

The IfspringsH commonly employed in commercial vehicles are 

actually complicated force-producing mechanisms containing 

varying amounts of energy loss (nonlinear damping or hys- 

teresis) in a deflection cycle. The models of both tandem 

suspensions and commercial vehicle springs are examples of 

representations of vehicle components that have been refined 

as new knowledge has been acquired from component and vehicle 

tests. 

Although the scope of this monograph does not include 

directional response, it should be emphasized that braking 

has an important influence on directional control and stabil- 

ity. Furthermore, computer simulations for making detailed 

studies of vehicle response to braking and/or steering inputs 

have been developed as companion efforts to the braking 

research described herein. [Ill 

It is generally well known and frequently observed that 

disastrous skids and spins may occur when wheels lock up on 

highway vehicles. For example, if the steered wheels lock 

up while the other wheels continue to roll, the vehicle tends 



to proceed straight ahead without steering control. When 

wheels other than the front wheels lock up, an assortment of 

jackknifing and trailer-swinging phenomena may occur due to 

the articulation joints in comrnercial vehicles. Obviously, 

an important safety consideration in the development of brak- 

ing systems is an attempt to arrange the proportioning of 

braking effort at each axle so as to achieve high utilization 

of the available tire-road friction prior to locking any 

wheels. Historically, braking requirements or specifications 

have been stated in terms of the deceleration (or stopping 

distance) achievable prior to wheel lock in order to give 

proper consideration to the influence of braking on direc- 

tional control and stability. 

In attempts to shorten wheels-unlocked stopping distan- 

ces, special brake control devices such as antilock systems 

and load-sensing proportioning valves have been installed on 

commercial vehicles. l By their very nature, these control 

devices make vehicle performance extremely sensitive to their 

inputs and outputs. 

The use of automatic devices for controlling braking re- 

quires that certain details of the vehicle system be modeled 

very precisely. For example, with regard to antilock systems, 

the model contains a flexible rnethod for including (1) control 

laws and logical rules typifying the operational properties of 

currently available control unl-ts, (2) dynamic properties of 

the wheel-speed sensors employed in the control system, and 

(3) characteristics of the pressure modulators used to change 



brake-chamber pressure in accordance with commands from the 

control units. In addition, as already mentioned, the model 

contains means for determining instantaneous wheel speed. 

Accurate representation of wheel speed (that is, the variable 

that the control system senses) is a necessity if control 

actions are to be predicted realistically. Furthermore, any 

property of the brake causing delays in responding to braking 

commands should be represented, because these delays may up- 

set the desired performance of the system. In this research, 

findings obtained from a process of comparing calculated with 

measured wheel-speed and brake-torque signals indicated the 

need for including in the model (1) hysteresis in the brake 

mechanism, (2) side-to-side torque'imbalance in the brakes 

installed on each axle, and (3) time lags in the increase 

of brake torque due to delays in refilling the brake cham- 

bers if the chamber pressure drops below the pushout pres- 

sure of the brake. El31 7 ,  61 

2 . 2  Detailed Descriptions of the Operation of 
Subsystems of the Vehicle Model 

The previous section provided an overall description of 

how the vehicle has been modeled as a system. It also pre- 

sented some of the rationale used in determining what would 

be included in the model. This section presents models of 

specific aspects of the performance of individual components 

or subsystems of commercial vehicles. Emphasis is placed 

on describing features that are unique to the components of 

heavy vehicles. 



Specialized devices used i n  measuring component charac- 

t e r i s t i c s  w i l l  be described i n  Chapter 3 .  

The d e t a i l s  of implementing t h e  subsystem models i n t o  a 

computer simulation a re  presented with only enough informa- 

t i o n  t o  provide a general  understanding. Detailed descrip- 

t i o n s  of t h i s  type of simulation and i t s  use a re  presented 

i n  reference [ 6 ] .  

A i r  Delivery System 

An important operat ional  c h a r a c t e r i s t i c  of the  a i r  de- 

l i v e r y  system is the  length of time between the  appl ica t ion  

of pressure a t  the  t r e a d l e  valve and the  achievement of a 

corresponding pressure i n  each of t h e  brake chambers. This 

response time depends upon the  IfplumbingN of t h e  a i r  system, 

which i s  a f a i r l y  complicated arrangement of a i r  l i n e s ,  con- 

nec tors ,  r e l a y  valves,  check valves,  and o ther  spec ia l ized  

devices.  The response times depend upon the  lengths of t h e  

a i r  l i n e s ,  the  s i z e s  of the  o r i f i c e s ,  and the  volumes t o  be 

f i l l e d .  A s  with most vehicle  components, a very complicated 

model could be constructed t o  study the  operation of the  a i r  

system i n  d e t a i l .  Rather than developing a de ta i l ed  model 

with the  burden of represent ing a wide v a r i e t y  of a i r  system 

components, judgment and experience ind ica te  t h a t  the  input/ 

output c h a r a c t e r i s t i c s  of the  a i r  de l ivery  system can be 

s a t i s f a c t o r i l y  represented using a r e l a t i v e l y  simple model. 

In t h e  simple model, t he  response times of the  brakes 

a re  determined by two parameters per  ax le ,  namely, a time 



delay, Tdl and a rise time, Tr. Using these parameters, the 

air transmission process for both of the brakes installed on 

a particular axle is modeled as a pure time delay followed by 

a linear first-order system. In mathematical terms, the 

model is expressed by the following pair of equations: 

where 

t = time, 

Td is the time delay parameter, 

Pt(. ) is the function selected to describe the treadle 

pressure during a braking maneuver of interest, and 

Ptd(t) is an auxiliary variable used in the model (this 

variable is the delayed version of Pt) 

and 

Clearly this model represents the operation of the air sys- 

tem and not the hardware used in it. It is a semi-empirical 

model in which the parameters to be used must be determined 

experimentally (or possibly analytically if a detailed model 

of the air delivery system were to be developed). 

A qualitative idea of the agreement between measured 

and simulated responses of a typical air system may be ob- 

tained by examining Figures 3a and 3b. (In this case, the 

simulated response could be improved if necessary by adjust- 

ing the value of Tr chosen for the tractor's rear axle.) 



Equation 2 could be solved by an appropriate numerical 

integration method. A convenient method is to consider the 

continuous input signal, Ptd(t), as adequately represented by 

a staircase function with a ste:p occurring at each time step 

of the digital computer, as shown in Figure 4. Then equa- 

tions 1 and 2 can be solved analytically prior to programming 

the simulation. In this approach, the value of pressure at 

axle A at the time ti, that is, Pa(ti), is calculated using 

(1) Pa(til) (the value of Pa at the last time step) as the 

initial condition and (2) the stair-step approximation to 

the delayed version of the treadle pressure as the forcing 

function: 

where  i i s  t h e  i n d e x  o f  t h e  ith t i m e  s t e p  and  A t  i s  t h e  
i n t e g r a t i o n  s t e p  s i z e  

As illustrated in Figure 4, the approximating stair-step 

function leads the continuous signal in time; however, the 

time step is very small in the simulation and, accordingly, 

the difference between the signals is unimportant in prac- 

tical calculations. Furthermore, in practice, the value of 

Td is chosen to get a good fit to the test data, using equa- 

tion 3. 

Hence, equation 3 becomes, in effect, an empirical digi- 

tal model of the functional characteristics of the air deliv- 

ery system. 
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This discussion pe r t a ins  t o  the  torque-producing char- 

a c t e r i s t i c s  of commercial vehic le  brakes. Methods f o r  ca l -  

cu la t ing  temperatures within the  brake w i l l  be presented 

l a t e r .  

The brake has been a very d i f f i c u l t  component t o  model 

accurately.  F i r s t ,  t he  f r i c t i o n a l  proper t ies  of l in ings  vary 

considerably from one sample t o  t h e  next f o r  the  same kind of 

l in ing .  [ I4 ]  For c e r t a i n  types of brake mechanisms t h e  torque- 

to-actuat ion pressure gain i s  high and q u i t e  s e n s i t i v e  t o  

l i n i n g  f r i c t i o n ,  thereby accentuating t h e  influence of va r i -  

a b i l i t y  i n  l i n i n g  proper t ies .  Secondly, the  torque charac- 

t e r i s t i c s  of commercial vehic le  brakes a r e  highly dependent 

upon t h e i r  p a s t  usage, t h a t  i s ,  t h e i r  "work h i s to ry . "  Stan- 

dard t e s t  procedures c a l l  f o r  exerc is ing  a brake through 

many burnishing appl ica t ions  i n  order t o  a r r i v e  a t  a well- 

conditioned s t a t e  which can be achieved repeatedly.  However, 

even a burnished brake may change i t s  c h a r a c t e r i s t i c s  with 

f u r t h e r  use o r  t e s t i n g .  F ina l ly  brake torque i s  influenced 

by mounting conditions and brake adjustment. [15] The n e t  

e f f e c t  of these  f ac to r s  is  t o  cause uncertainty concerning 

t h e  braking performance of a vlehicle equipped with a par t icu-  

l a r  kind of  brake. 

For research purposes, measurements of t h e  brake torques 

and brake-chamber pressures  oclzurring during stopping t e s t s  

a re  of ten  needed t o  obta in  s u i t a b l e  information f o r  a de ta i l ed  

analys is  of vehic le  performance i n  a p a r t i c u l a r  s top.  



The variability in brake characteristics might seem to 

limit the utility of computer predictions. However, this vari- 

ability pervades test results (both brake alone and total 

vehicle). It makes the design of efficient proportioning or 

brake control systems subject to error. This variability of 

currently available brakes needs to be taken into account in 

evaluating braking systems and predicting how they will per- 

form. Accordingly, a computer simulation can be a valuable 

tool for studying the influence of variations in brake charac- 

teristics on vehicle stopping performance. 

Two basic types of approaches have been used to simulate 

brakes. In one approach, a model of the brake and its actua- 

tion mechanism is formulated using the geometry of the brake 

layout and a value of lining-to-drum friction. Since there 

are various brake types (for example, S cam and dual-wedge 

brakes), different mathematical models are required for each 

type of brake being simulated. In the other approach, brake 

torque is calculated by using tables or empirical functions 

derived to match test data. Both the physical model and the 

empirical representation are useful approaches--the physical 

model for cases in which test data are not available, and the 

empirical representation when they are. 

Using the physical modeling approach, the torque "at- 

temptedt1 by a brake is calculated by an expression of the 

following form: 



where 

Ti i s  the  torque attempted by the  ith brake ( s ince  the  
brake i s  a  f r i c t i o n  device, the  torque produced 
under locked wheel coinditions i s  j u s t  enough t o  keep 
the  wheel locked regardless  of the  a i r  pressure so 
long as  the  pressure is l a rge  enough t o  produce the  
needed torque) ;  

PBi i s  the  brake chamber pressure minus the  pushout 
pressure;  Qi i s  a  brake system gain fac to r  depend- 
ing upon drum radius ,  brake chamber area ,  and actu- 
a t i o n  mechanism proper t ies ;  and 

BEi is  the  brake f a c t o r ,  defined as  the  r a t i o  of drum 
drag t o  the  ac tua t ing  force applied t o  the  brake 
shoes. 

The gain f a c t o r  Qi depends upon the  type of actuat ion mecha- 

nism employed. The gain f a c t o r  f o r  "S-cam brakes" i s  a  func- 

t i o n  of the  cam radius and the  length of the  s lack  adjus ter  

arm; f o r  "wedge brakes" the  gain f a c t o r  depends upon the  

wedge angle. The brake f a c t o r  i s  influenced by the  geometry 

of the  brake layout ,  how the  slnoes a re  pivoted o r  mounted, 

and t h e  c o e f f i c i e n t  of f r i c t i o n  between the  l i n i n g  and the  

drum. Speci f ic  equations f o r  commonly used types of brakes 

a re  given i n  reference [6]. The physical  modeling approach 

has not  been r e l i e d  upon exclusively i n  vehicle  simulation 

exercises  because useful  b rake- t e s t  data  a re  general ly  avai l -  

able ,  owing t o  the  requirements f o r  dynamometer t e s t s  i n  

EMVSS 1 2 1 .  

In  a s implif ied analys is ,  t he  brake may be represented 

as  a  tabulated function of torque versus chamber pressure.  



However, t e s t  r e s u l t s  i nd ica t e  t h a t  brake torque i s  a func- 

t i o n  chamber pressure ,  s l i d i n g  ve loc i ty ,  i n t e r f a c e  temper- 

a t u r e ,  and possibly o the r  var iab les .  Furthermore, t h e  va r i -  

a b i l i t y  i n  brake t e s t  r e s u l t s ,  a s  a l ready mentioned, confounds 

the  problem of determining appropria te  empirical  funct ions  f o r  

represent ing the  brakes. Semi-empirical models, based on an 

understanding of the  mechanics, thermodynamics, and chemistry 

of t he  braking process,  have not  been developed. The cu r ren t  

s ta te -of - the-ar t  is  e i t h e r  t o  apply l lcor rec t ion  factorsl1 t o  

a simple torque versus pressure  r e l a t ionsh ip [61  o r  t o  der ive  

a multinominal f i t  t o  t e s t  r e s u l t s  using regression tech- 

niques. [161 

A type of cor rec t ion  f a c t o r  t h a t  has been used with 

moderate success i n  t h e  s t u d i e s  underlying t h i s  monograph 

based on a ca l cu la t ion  of i n t e r f a c e  temperature, 8. In  t h i s  

case a so-cal led "fade f a c t o r ,  l1 Q f ,  i s  used t o  determine the  

inf luence of lining-drum i n t e r f a c e  temperature on brake 

torque. commonly used f o r  computing 

temperature on brake torque i s  a s  follows: 

the  inf luence 

where 

T i s  the  brake torque; 

Ti i s  c a l l e d  the  Itunfaded brake torque" and corresponds 

t o  the  torque which would have been obtained with- 

ou t  any I t  fadett  ; 

8 ( t )  i s  the  ca lcu la ted  temperature; 



B f  i s  the  fade fac to r ;  and 

t i s  time. 

The unfaded torque Ti can be computed e i t h e r  from equa- 

t i o n  4 o r  from t a b l e s  (Ti versus pressure)  se lec ted  t o  pro- 

duce a good match between the  brake torque T and avai lab le  

t e s t  da ta .  

Experience has shown t h a t  f o r  typ ica l  i n e r t i a  dynamom- 

e t e r  data  of the  form i l l u s t r a t e d  i n  Figure 5,  [61 the  fade 

fac to r  approach may work well when s u i t a b l e  values of Ti and 

Of  can be found f o r  i n i t i a l  v e l o c i t i e s  and i n e r t i a l  loads 

corresponding approximately t o  conditions of i n t e r e s t  i n  pre- 

d i c t i n g  vehicle  performance. As can be seen by examining the  

torque data  and the  computed-temperature curve presented i n  

Figure 5 ,  the  torque decreases a s  the  temperature increases ,  

and then t h e  torque increases  i3s t h e  temperature decreases a t  

the  end of the  s top.  These t rends a re  typ ica l  of brakes with 

l i n i n g s  t h a t  decrease i n  f r i c t i o n a l  po ten t i a l  as  temperature 

increases .  Nonetheless, c e r t a i n  l in ings  may exh ib i t  the  oppo- 

s i t e  t rends a t  normal operating temperatures. Accordingly, 

the  fade fac to r  approach w i l l  no t  always work unless the  form 

of equation 5 i s  adjusted t o  account f o r  the  idiosyncrasies  

of the  p a r t i c u l a r  l in ings  under study. 

Obviously, the  d a t a - f i t t i n g  procedures j u s t  described 

a re  not  s t raightforward and e f f i c i e n t  t o  use,  nor a re  they 

s c i e n t i f i c a l l y  and a e s t h e t i c a l l y  sa t i s fy ing .  Their main 

v i r t u e  i s  t h a t  they have been rnade t o  work as  a matter of 

necessi ty .  
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Figure 5 Data from a ~pin-down dynamometer test. 



Accordingly, recent research efforts have addressed the 

development of an improved method for processing data from 

tests of commercial vehicle brakes. [16] In these efforts an 

tteffectivenesstf function relating torque to actuation effort, 

velocity, temperature, and work history is sought. 

At this time an appropria1;e method for including work 

history in a functional relationship for effectiveness is 

not known. Instead, effectiveness data gathered at various 

stages of a specified test program (for example, a postbur- 

nish effectiveness and a final effectiveness from the se- 

quence of tests called for in IWSS 121) can be used to char- 

acterize the performance of the brake as it experiences a 

well-defined work history. 

In work performed recentlly, [I6] effectiveness functions 

for S-cam and dual-wedge brakes have been derived from test 

data. For an S-cam brake, the effectiveness, e, is calcu- 

lated as 

where 

T is the brake torque, 

F~~ is the force produced by the air chamber (i.e., 
chamber pressure times the effective area of 
the diaphragm in the brake chamber), 

1 is the length of the slack adjuster arm (FAC is 
the torque applied to the cam used to force 
the brake shoes against the drum), and 



Sc is the torque required to overcome the return 
springs. 

For a dual-wedge brake 

where 
denotes the force produced by the two air 

chambers, 

s" denotes the force required to overcome the return 
springs, and 

a denotes the included angle of the wedge. 

The effectiveness function is determined from data ob- 

tained during brake applications over appropriate ranges 

temperatures, sliding speeds, and actuation forces. During 

a single stop (dynamometer test), effectiveness can be calcu- 

lated as a function of time, with each instant in time cor- 

responding to a set of values for temperature, sliding speed, 

and actuation force. Figure 6 illustrates the procedure used 

for calculating effectiveness from dynamometer data. (Clear- 

ly, time histories of the variables involved in the test are 

needed because temperature, sliding speed, and torque are 

changing continuously during a brake application at constant 

chamber pressure.) 

Note that a calculated temperature is used in determin- 

ing the effectiveness function. The reasons for this are: 



V = Sliding velocity ( V = w r wh~ere w = drum rotational 
speed and r is thedrum radius) 

8,= Initial brake temperature 
9( t )  = Calculated interface temperature 

T(t)  
e(t)=( F,, (f)*L -) - Sc 

I 

F i g u r e  6 .  Flow diagram f o r  c a l c u l a t i n g  v a l u e s  of effectiveness 
from dynamometer d a t a .  
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(1) the  i n t e r f a c e  temperature i s  extremely d i f f i c u l t  t o  mea- 

sure ,  ( 2 )  measured temperatures can vary g r e a t l y  from s top  

t o  s top  even when s tops  a r e  made from seemingly i d e n t i c a l  

condi t ions,  and ( 3 )  temperatures can vary markedly across 

t h e  width of t h e  l i n i n g .  The measured temperature of t h e  

drum a t  the  time the  brake i s  first applied is used as  an 

i n i t i a l  condi t ion f o r  the  ca lcu la t ion .  The r a t e  a t  which 

hea t  i s  generated ( i . e . ,  t h e  hea t  flow i n t o  the  brake) i s  

proport ional  t o  the  product of brake torque and r o t a t i o n a l  

speed (both measured q u a n t i t i e s ) .  The temperature, calcu- 

l a t e d  from t h e  i n i t i a l  drum temperature and the  hea t  flow 

i n t o  t h e  drum, represents  the  average temperature across t h e  

width of t h e  l in ing .  

The ef fec t iveness  da ta  obtained from the  process i l l u s -  

t r a t e d  i n  Figure 6 could be implemented i n  a computer simu- 

l a t i o n  i n  t abu la r  form. In t h e  pas t ,  however, it has been 

f r u s t r a t i n g  t o  t r y  t o  cons t ruc t  meaningful t a b l e s  because of 

v a r i a b i l i t y  i n  t h e  t e s t  da ta ,  a lack of data  r e p e a t a b i l i t y  

due t o  work h i s t o r y  e f f e c t s ,  and inadequate temperature in-  

formation. Although some of these  p a s t  d i f f i c u l t i e s  have 

been reduced o r  a l l e v i a t e d  a s  a b e t t e r  understanding of t h e  

brake has been acquired, the  cu r ren t  approach is t o  develop 

a mathematical equation descr ibing t h e  da ta .  

The ef fec t iveness  da ta  a re  f i t t e d  by a least-squares 

procedure using a multinominal of the  following form 



where nil  n and nk a re  picked so t h a t  the  data  a re  ade- 
j  

quately described with the  s implest  equation. Two numerics, 
2 t he  coe f f i c i en t  of determination, r , and the  standard e r r o r ,  

'el a re  computed using a s t a t i s t i c a l  ana lys is  package. These 

numerics a re  useful  i n  se lec t ing  appropriate values f o r  nit 
2 n and nk. The value of r represents  the  f r ac t ion  of the  

j 
behavior ( v a r i a t i o n )  of the  data  which the  curve f i t  de- 

sc r ibes ,  and the  standard e r r o r  can be used t o  estimate the  

range of torques a brake might produce under iden t i ca l  oper- 

a t i n g  conditions.  [16 Hence, the  least-squares procedure 

provides a numerical indica t ion  of the  qua l i ty  of the  f i t  

and the  uncertainty i n  t h e  brake torque. 

The use of the  approach j u s t  described f o r  f i t t i n g  

dynamometer data  i s  only pract i -cal  i f  automatic data-handling 

c a p a b i l i t i e s  a re  added t o  ex i s t ing  brake dynamometers. The 

need t o  process g r e a t  quan t i t i e s  of time-history information 

necess i t a t e s  the  use of computerized data-processing methods. 

Fortunately,  a t  l e a s t  one brake manufacturer i s  planning t o  

s t o r e  dynamometer data  i n  d i g i t a l  f i l e s .  Given d i g i t i z e d  

t ime-history information, the  c:alculations needed t o  make a 

"curve-f i t"  model of the  brake can be performed i n  a s t r a igh t -  

forward manner using the  techniques and programs developed i n  



this research effort. Whether empirical models determined by 

regression techniques become a practical means for represent- 

ing brakes in vehicle simulations depends upon the development 

of a suitable base of dynamometer data for, at least, the 

standard types of brakes employed on commercial vehicles. 

In addition to effectiveness matters, hysteresis and 

side-to-side imbalance should be modeled for use in studies 

including automatic control devices such as antilock systems. 

Due to hysteresis a reduction in brake-chamber pressure 

is not accompanied by as large a reduction in brake torque 

as would be expected from data gathered during tests made 

with increasing pressure. The forms of typical pressure- 

torque cycles observed in brake and vehicle tests are illus- 

trated in Figure 7. A representation of hysteresis suitable 

for simulating the types of results shown in Figure 7 is in- 

cluded in the mathematical model described in [6, pp. 78-83]. 

In a straight-line braking model, side-to-side brake im- 

balance is considered because of its influence on brake sys- 

tem operation, not because of its influence on directional 

response. In the straight-line braking case, it is assumed 

that the driver steers to correct for any yaw movement created 

by brake imbalance. Brake imbalance influences the operation 

of currently available antilock systems because these systems 

use a Ifworst wheel" strategy to control the air pressure to 

both brakes on an axle. The Ifworst wheel1I is defined as the 

wheel closest to lockup, and,the rotational speed and decel- 

eration of this wheel determine when brake pressure will be 





decreased t o  prevent wheel lock. However, i f  t he  brake asso- 

c i a t e d  with the  other  wheel ( t h e  "bes t  wheeli1) i s  consider- 

ably l e s s  e f f e c t i v e  than the  worst wheel's brake, then t h e  

b e s t  wheel may not  be producing anywhere near i t s  maximum 

braking force when i t s  brake pressure i s  decreased. In  t h i s  

way brake imbalance can s i g n i f i c a n t l y  reduce the  e f f i c i ency  

of an t i lock  braking. 

The model described i n  [6] contains a means f o r  study- 

ing t h e  influence of brake imbalance. In  [6] both brakes 

on an axle  a re  assumed t o  be of t h e  same type with a speci-  

f i e d  basel ine torque, but  an imbalance parameter designates 

the  percentage deviat ion above the  basel ine torque f o r  one 

of t h e  brakes and below t h e  base l ine  torque f o r  t h e  other .  

To summarize the  discussion of brake modeling the  fo l -  

lowing observations a re  i n  order:  (1) Brake modeling i s  a 

highly empirical  a r t ,  ( 2 )  Experience has shown t h e  need f o r  

developing a method f o r  deal ing with the  v a r i a b i l i t y  of brake 

da ta ,  and ( 3 )  Brake c h a r a c t e r i s t i c s  (imperfections) such as  

hys te res i s  and imbalance can degrade the  performance of an t i -  

lock systems. I t  i s  no wonder t h a t  acceptable ant i lock  sys- 

tems have been d i f f i c u l t  t o  design, given t h a t  t h e  changeable 

performance of a bas ic  device i n  t h e  system ( t h a t  i s ,  t he  

brake) i s  no t  w e l l  understood. 

Brake Temperature 

A model of t h e  hea t  flow processes taking place i n  t h e  

brake drum has been included i n  braking analyses. The purpose 



of the heat-flow model is to provide a means of calculating 

temperature changes during a stop and thereby to allow study 

of the phenomenon referred to as "in-stop fade and recovery.It 

Empirical methods for treating in-stop fade and recovery con- 

stituted the primary emphasis of the previous discussion on 

the representation of brake torque as a function of actuation 

effort (pressure), sliding speed, and interface temperature. 

In the research studies pe:rformed in support of brake 

system development, two types of temperature analysis have 

been used. For use in simulation studies, classical heat 

flow equations have been applied to a simplified model of the 

drum. [ 6 1  For use in analyzing and processing brake data, a 

finite-element model of the drun has been developed. [16] Both 

models have worked successfully in their intended applications. 

The reasons for the different models seem to be a matter 

of the investigators' preferences and experience. Neverthe- 

less, since both models now exist in practical form, they 

could be compared with respect to their cost and ease of use, 

range of applicability, etc. TI:, date, a detailed comparison 

has not been made, probably because the study of brake temper- 

ature is of modest significance in relation to the overall 

vehicle-modeling task. However, both models are of interest 

in their own right and they wi1.l be described. 

In a systems sense, the input to the drum is the heat 

flow generated by the braking p:rocess. The time history of 

the heat being put into a unit area of the rubbing surface 

of the drum is defined by: 



BTw f = -  
A 

where 

B i s  the  f r a c t i o n  of the  generated heat  en ter ing  the  
drum ( B  = 0.95  f o r  brakes having organic l in ings  and 
cas t - i ron  drums), 

T i s  the  instantaneous torque, 

w i s  the  instantaneous wheel speed (drum speed) ,  and 

A i s  the  swept area.  

The i n i t i a l  temperature of the  drum and the  r a t e  of hea t  input ,  

f ,  a re  the  s t a r t i n g  poin ts  f o r  both temperature models of the  

drum. The desired output from these  models i s  the  i n t e r f a c e  

temperature a t  the  ins ide  (rubbing) surface of t h e  drum. 

For use i n  a vehicle  simulation, the  ca lcula t ion  of the  

temperature a t  the  drum-lining in te r face  i s  f a c i l i t a t e d  by 

developing an idea l ized  model i n  which the  drum i s  t r e a t e d  

as  a f l a t  s t r i p .  The conceptual notions involved i n  t rans-  

forming the  drum i n t o  a f l a t  s t r i p  a re  i l l u s t r a t e d  i n  Figure 

8 .  Speci f ica l ly ,  t h e  following assumptions a re  made: 

(1) Since brake drums have r a d i i  which a re  l a rge  

compared with the  drum thickness ,  the  drum 

may be modeled as  a f l a t  s t r i p .  

( 2 )  Since no appreciable hea t  l o s s  occurs during 

a s ing le  brake appl ica t ion ,  the  outer  drum 

surface i s  assumed t o  be insula ted .  



( 3 )  The r a t e  of energy input  per  u n i t  a rea  a t  

t h e  drum-lining i n t e r f a c e  i s  cons tan t  over 

t h e  rubbing area  of t h e  drum. 

(4) A cons tan t  proportion, of t h e  hea t  generated 

a t  t h e  drum-lining in . te r face  i s  assumed t o  

flow i n t o  t h e  drum. 

Under these  four assumptions, which have been previously 

used i n  t h e  ana lys i s  of t h e  temperature i n  brake drums, [171 

t h e  hea t  flow equation is :  

under boundary condi t ions  

and i n i t i a l  temperature p r o f i l e  8 (x ,  0 )  = e0(x)  

where 

8 = drum temperature, 

t = time, 

x = dis tance  ( x  = 0 a t  drum-lining i n t e r f a c e ,  x = L a t  

t h e  outs ide  of t h e  drum), 

cl = conduct ivi ty  of t h e  drum, and 

k = d i f f u s i v i t y  of t h e  drum. 
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Figure 8. Schematic diagram-brake drum and lining. 



Equation 1 0  i s  solved a n a l y t i c a l l y  using well-known ( a l b e i t  

e l egan t )  techniques involving separat ion of va r i ab les ,  eigen 

values and funct ions,  Fourier s e r i e s ,  and in teg ra t ion  by p a r t s .  

This process leads t o  a  s e t  of ordinary d i f f e r e n t i a l  equations 

t o  be solved f o r  the  c o e f f i c i e i ~ t s  i n  the  Fourier s e r i e s  repre- 

sent ing  the  so lu t ion  t o  t h e  heat  flow problem. 

These d i f f e r e n t i a l  equations could be solved d i r e c t l y  

by numerical in t eg ra t ion ,  but  i n  t h e  i n t e r e s t  of reducing 

computational c o s t s ,  spec ia l  numerical so lu t ion  techniques 

have been developed. These techniques a r e  based on ideas 

s imi la r  t o  those used i n  the  simulation of the  a i r  de l ivery  

system. The input  (hea t  flow) i s  approximated by a  s t a i r -  

s t e p  representa t ion ,  with s t eps  corresponding t o  the  time 

s t eps  of t h e  d i g i t a l  simulation. Spec i f i ca l ly ,  f o r  a  s ing le  

time s t e p  s t a r t i n g  a t  time to and l a s t i n g  A t  seconds, the  

temperature a t  t h e  drum-lining i n t e r f a c e  a t  the  end of the  

time s t e p  (i . e . ,  a t  t = to + A t )  i s  given by t h e  following 

equation: 



- n.rr where x - - 
n L 

Ao(t) = Ao(to) + &- f (to) At, and 
aL 

i n  which 

For use i n  p r a c t i c a l  ca lcu la t ions ,  equation 13, a s  shown i n  

reference [6 ] ,  can be reduced t o  t h e  following form f o r  the  

temperature a t  t h e  drum-lining in te r face :  

Only t h e  f i r s t  t h ree  terms of the  summation i n  equation 13 

a re  needed i n  equation 14 t o  obtain numerical r e s u l t s  v i r t u -  

a l l y  i d e n t i c a l  t o  exact  so lu t ions  [6] .  Accordingly, the  in-  

t e r f a c e  temperature may be found with s u f f i c i e n t  accuracy f o r  

simulation purposes by updating t o ,  f ( t o ) ,  A o ( t o ) ,  and A n ( t o )  

( n  = 1 ,  2 ,  3 )  a t  the  end of each s t e p  and then reapplying 

equation 14 i n  t h e  next time s tep .  

In  c o n t r a s t  t o  t h e  f l a t - p l a t e  idea l i za t ion ,  t h e  f i n i t e  

element approach uses the  geometry of the  drum i n  formulating 

t h e  model. Figure 9 from [16] i l l u s t r a t e s  the  f i n i t e  element 

nodes used i n  t h e  analys is  of a t y p i c a l  16+11 x 7" brake drum. 

In t h i s  ana lys is  hea t  i s  assumed t o  flow i n  the  r a d i a l  and 

a x i a l  d i r ec t ions  bu t  not  i n  the  circumferent ial  d i r ec t ion .  





Heat flow i n t o  the  mounting f langes i s  ignored. The hea t  

flow input  per  u n i t  area is assumed t o  be uniform over the  

rubbing surface ("hot  spots1' a r e  neglec ted) .  The thermal 

conduct ivi ty  and d i f f u s i v i t y  of t h e  drum mater ial  a re  used 

t o  determine the  r e s i s t ance  t o  hea t  flow between nodes and 

t h e  thermal capaci ty  of each f i n i t e  element. The thermal 

model includes convective hea t  t r a n s f e r  a t  the  periphery of 

the  drum. Using these  assumptions, reasonable agreement be- 

tween ca lcula ted  and measured temperatures has been obtained 

( see  [16],  pp. 39 and 4 0 ) .  

The f ini te-element  model i s  more general than t h e  f l a t -  

p l a t e  model because convective hea t  t r a n s f e r  i s  allowed, there-  

by making the  study of fade during mountain descents ( o r  re- 

peated snubs) poss ib le  with t h e  f ini te-element  model. ( I n c i -  

den ta l ly ,  ca lcula t ions  using t h i s  model show t h a t  convective 

hea t  t r a n s f e r  a t  the  periphery of the  drum i s  unimportant i n  

a s i n g l e  s top and, therefore ,  t h e  assumption of an insula ted  

outs ide  boundary i n  the  f l a t - p l a t e  model w i l l  not  lead t o  

inaccurate  temperature predic t ions  during a s i n g l e  rapid  s t o p . )  

Wheel Dynamics 

The bas ic  form of t h e  equation of motion used t o  descr ibe 

t h e  r o t a t i o n a l  dynamics of each wheel i s  



where I is the polar moment of: inertia of the rotating parts, 

; is the wheel angular acceleration, 
T is the applied brake t.orque, 

Fx is the longitudinal force at the tire-road inter- 
face (Fx < 0 for braking), 

and R is the effective tire radius (the distance from the 
wheel center to the ground). 

The angular acceleration, ; as expressed in equation 15, is 
integrated with respect to time to obtain the wheel speed 

(rotational velocity), w . 
Equation 15 contains only the basic factors determining 

wheel speed. For drive axles connected by transmission com- 

ponents, the equations for the speed of the associated wheels 

are coupled to each other through the shared inertia of the 

rotating parts in the transmission (and by engine character- 

istics unless the engine is declutched). In addition, equa- 

tion 15 omits small terms due t:o rolling resistance moments 

and the angular acceleration of the unsprung mass to which 

the wheel is attached. In some detailed studies the influ- 

ence of the omitted terms could be of interest; however, they 

are ordinarily neglected unless specifically asked for. 

The direct solution of equation 15 by numerical integra- 

tion can be costly because of t:he high frequencies involved 

due to the "stiffness1' of the tire in producing longitudinal 

force. To alleviate this cost burden, equation 15 can be 

solved numerically using a linearized version of the func- 

tional characteristics representing the tire. [I81 



Experimental r e s u l t s  show t h a t  t i r e  braking force F, 

depends pr imari ly  upon wheel speed, v e r t i c a l  load, and forward 

ve loc i ty .  Since v e r t i c a l  load and forward ve loc i ty  a re  chang- 

ing r e l a t i v e l y  slowly compared t o  wheel speed, the  braking 

force during a time s t e p  may be approximated as  follows: 

d noting that - ( w  - wo)  = o dt 

Equation 1 6  can be solved a n a l y t i c a l l y  t o  obtain the  follow- 

ing numerical expression f o r  the  wheel speed a t  the  end of 

the  ith time s t e p  based on t h e  wheel speed a t  the  beginning 

of the  time s tep:  

where At is the length of the time step, 

aFx -T - R (Fx - 7j-) w 
and F = ( 

W aFx I 
R- aw evaluated at ti - 

A more sophis t ica ted  version of equation 1 7 ,  using longitu- 

d ina l  s l i p  s ,  (where s = 1 - Rw/V) r a the r  than wheel speed 



4 has been used i n  both truck[16] and passenger c a r  simula- 

t ions  [ l g l  with considerable savings i n  computational cos t s  

compared t o  d i r e c t  numerical in t eg ra t ion  of the  equations of 

motion. 

Ti res  

The t i r e  performs many functions.  I t  supports a load, 

envelops bumps, and generates braking force.  

For braking s tud ies  t h e  development of a method f o r  

represent ing the  longi tudinal  force proper t ies  of t i r e s  i s  

c l e a r l y  most important. P r io r  t o  the  a v a i l a b i l i t y  of data  

from an over-the-road t ruck- t i r e  dynamometer, a semi-empirical 

model was developed and used. The semi-empirical model con- 

sists of a phenomenological descr ip t ion  of t h e  def lec t ion  and 

shear force c h a r a c t e r i s t i c s  of the  t i r e .  Empirical data  o r  

estimated t i r e  shear-force cha1:acteristics a re  needed t o  

evaluate the  parameters used i n  t h i s  type of model. The 

values of the  parameters a r e  se lec ted  so t h a t  the  forces 

predicted by the  model match t e s t  r e s u l t s  o r  a desired 

s e t  of t i r e  proper t ies .  

In t h i s  type of model2 a q u a s i s t a t i c  analysis  of the  

r o t a t i n g  t i r e  i s  made. The t r ead  i s  envisioned as  a continuum 

of e l a s t i c  elements which touch the  ground i n  the  contact  

patch. Even though the  wheel i s  ro ta t ing ,  some t r ead  element 

i s  assumed t o  be def lec ted  by a determinable amount a t  each 

poin t  i n  the  contact  patch. The following sketches (Figures 



10 and 11) and the subsequent analysis are intended to clarify 

the form of the tire model. 

As shown in Figure 10, tread elements are assumed to be- 

come elongated longitudinally as they pass through the contact 

patch. For an arbitrary element at a distance x from the 

front of the contact patch (see Figure ll), the deflection 6 

of that element may be determined from the longitudinal slip, 

using the following reasoning. For an element entering the 

contact patch ~t, seconds ago, the carcass end of the element 

has traveled a distance equal to RuP~,. The road-contact 

end of this element has travelled a distance equal to V A ~ ~  

if this end of the element adheres to the road. (The case 

of sliding friction between tire elements and the road will 

be treated later.) Hence, the deflection of the element at 

point x in the carcass is given by: 

6 (x) = (V - Rw) Atx 

By noting that x = RwA tx, it is possible to express 

the deflection as a function of slip; 

6 (x) - -- - (V - Rw) Atx - V - - Rw 
x RwAtX Rw (1 

Rw or, since s = (1 - 

XS 6 (x) = - 1- s 



Fz , Vertical Load 

Tread 
Elements 

, Angular Velocity 

c V ,  Forward 
Velocity 

- Fx , Braking Force 

Figure  10. Sketch of  an i d e a l i z e d  t i re .  

Figure  11. The l o n g i t u d i n a l  d e f l e c t i o n  6 of a  t r e a d  element 
a t  l o c a t i o n  x i n  t h e  c o n t a c t  pa tch .  



Figure 12 i l l u s t r a t e s  t h e  predicted form of the  de f l ec t ion  

p a t t e r n  along the  length of the  contact  patch f o r  a  s i t u a t i o n  

i n  which no elements a re  s l i d i n g  with respect  t o  the  road. 

For s impl ic i ty ,  l a t e r a l  va r i a t ions  over the  width, w, of 

the  contac t  patch a re  neglected and t h e  def lec t ion  p a t t e r n  i n  

Figure 1 2  may be thought of a s  an average over the  l a t e r a l  

d i r ec t ion .  

To compute the  t o t a l  shear force due t o  the  de f l ec t ion  

pa t t e rn ,  the  t i r e  i s  assumed t o  be character ized by a  s t i f f -  

ness per u n i t  area of the  contact  patch. This s t i f f n e s s  

parameter, K,, w i l l  be replaced by an empir ical ly  determined 

longi tudinal  s t i f f n e s s  parameter, Cs, i n  the  f i n a l  form of 

the  brake-force model. Nevertheless, K, serves a s  a  means 

f o r  converting def lec t ion  i n t o  shear force; s p e c i f i c a l l y ,  

the  following i n t e g r a l  def ines  the  braking force,  F,, when no 

s l i d i n g  occurs: 
L 

F = I 6 (x)kXwdx 
X x= 0 

o r ,  s u b s t i t u t i n g  f o r  6 ( x )  from 18 and 

evaluat ing the  i n t e g r a l  above, 

2 
k L w  
X The quant i ty  7 i n  equation 1 9  is equal t o  the  

2Fx 
--I and it i s  defined as  t h e  longi tudinal  s t i f f -  
as  s=o 
ness parameter, Cs. Furthermore, Cs may be evaluated 

empirically from the  s lope of t e s t  data  f o r  Fx versus s 

without knowing K, o r  t h e  dimensions of the  contact  patch. 





Sliding starts to occur in the contact patch at the point 

where the frictional potential per unit area can not support 

any more deflection. That is, sliding starts when 

V F Z  
k x s  
X S - = -  

A 1-s 

where p is the tire-road friction coefficient, 

A is the area of the contact patch (A = Lw), 

F, is the vertical load (A uniform pres- 
sure distribution of magnitude F,/A is 
assumed in developing the simplest model.), 

and xs is the value of x at which sliding starts. 

Figure 13 illustrates the estimated form of a deflection pat- 

tern with sliding at the rear of the contact patch. 

For the deflection pattern shown in Figure 13 the longi- 

tudinal shear force, Ex, is given by .- n 
S l L F Z  w ( L  - xs) 

Fx = i 6 ( x )  kxwdx + - 
x= 0 

A 

It is convenient to re-express 21 in terms of Cs, the 

longitudinal stiffness , and xs/L, the fraction of the contact 

patch which is not sliding. From equation 20 





and, using equations 22 and 21 

In numerical computations xS/L is evaluated from equation 

22 if s >O. If xs/L is greater than 1.0, then no sliding takes 

place in the contact patch and Fx is calculated from equation 

19. If xS/L is less than 1.0, then Fx is evaluated using 

equation 23. Note that for a locked wheel (i.e., s = 1.0), 

all of the contact patch is sliding (xS/L = 0), and Fx is 

determined by tire-road friction (i . e. , Fx = 1-1 FZ ) . 
If the friction coefficient p is treated as a constant, 

then the model will predict that the maximum braking force 

occurs at locked wheel conditions. However, in  practice,^ 

is not constant and the braking force reaches a maximum at 

some intermediate value of slip, usually around s = 0.2. Ex- 

periments with pieces of tire tread indicate that above a 

very low velocity, tire-road friction tends to decrease with 

sliding velocity. A simple method for including this pheno- 

menon in the model is to make l.~ a function of sliding velocity, 

where p is the maximum value of friction at low 
0 

velocity, 

fa is a parameter chosen to represent the 

decrease in friction with sliding velocity, 

and Vs is the sliding velocity of a tread element 

with respect to the ground (i.e., Vs = V . s) 



Clearly,  equations 19, 22, 23, and 24 represent  a very s i m -  

p l i f i e d  model of highly complicated e l a s t i c  and f r i c t i o n a l  

processes between t h e  t i r e ,  which i s  a complex s t r u c t u r e ,  and 

t h e  road, which may have random c h a r a c t e r i s t i c s  due t o  d i r t ,  

l i q u i d  contamination, var iable  composition, and nonuniform 

tex tu re  from one contact  patch area t o  another. Nevertheless, 

t h i s  model has proven t o  be qu i t e  accurate f o r  simulating 

passenger c a r  t i r e s  and, when combined with l a t e r a l  s l i p  ( s l i p  

angle)  e f f e c t s ,  it has been very useful  i n  studying combined 

braking and s t e e r i n g  maneuvers. [21 1 

The semi-empirical model has been l e s s  successful i n  re-  

present ing t ruck  t i r e s  than i n  represent ing passenger ca r  

t i r e s .  Figure 14 i l l u s t r a t e s  the  type of d i f f i c u l t y  t h a t  can 

occur i f  a s impl i f ied  model of the  f r i c t i o n  process i s  used 

i n  t r e a t i n g  t ruck  t i r e s .  In Figure 14 the  s o l i d  l i n e  indi-  

ca tes  t h a t  the  model does a very good job of f i t t i n g  t e s t  

da ta  obtained a t  40 mph. However, i f  the  values of and 

f a  employed f o r  matching the  40 mph data  a re  used t o  p red ic t  

longi tudinal  force a t  30 o r  55 mph, the  match between r e s u l t s  

predicted by t h e  model and data  measured f o r  a p a r t i c u l a r  t i r e  

on a good, dry road can be i n  subs tan t i a l  disagreement a t  

high values of s l i p  a s  shown i n  Figure 14. 

In addi t ion,  the  f r i c t i o n  between t i r e  and road has been 

found t o  be s i g n i f i c a n t l y  dependent upon v e r t i c a l  load. [22 1 

Accordingly, an improved semi-empirical model requires  a 

b e t t e r  understanding and representat ion of the  f r i c t i o n a l  

processes between the  t i r e  and pavement than t h a t  expressed 

by equation 24. 





For braking s tud ies  of paicticular vehic les ,  the  current  

t rend has been t o  use measured t i r e  data  r a the r  than a semi- 

empirical model. In some cases ,  spec ia l  t i r e  t e s t s  on a spe- 

c i f i c  surface a re  performed using the  mobile dynamometer de- 

scr ibed i n  Chapter 3. In  other  s tud ies ,  measured data  from 

(1) t e s t  programs devoted t o  studying t i r e  proper t ies  [22, 231 

o r  ( 2 )  previous vehicle  dynamic s tudies[241 a re  employed. 

Typically,  measured t i r e  data  a re  entered i n t o  simulations 

using t abu la r  functions of longi tudinal  force a t  three  velo- 

c i t i e s  and three  v e r t i c a l  loads f o r  f i v e  values of s l i p .  

( O f  course, more data  poin ts  could be used t o  provide g rea te r  

f i d e l i t y .  ) 

The choice of using a model o r  t e s t  da ta  f o r  representing 

t i r e s  i s  an example of a c l a s s i c a l  s i t u a t i o n  t h a t  of ten  occurs 

i n  simulation s tud ies .  A model provides more ins igh t  i n t o  the  

bas ic  phenomenon than t h a t  provided by t ab les  of data .  If  the  

model i s  not  overly complex, it requires  a l imi ted  number of 

parameters, thereby f a c i l i t a t i n g  parameter-sensi t ivi ty  s tudies .  

On t h e  other  hand, empirical data  ( i f  ca re fu l ly  obtained under 

cont ro l led  condi t ions)  accurately describe a p a r t i c u l a r  t i r e -  

road combination of i n t e r e s t .  Emphasis on demonstrating com- 

p l iance  with vehicle  performance standards makes imperative 

t h e  use of an accurate representat ion of the  t i r e s  t o  be in-  

s t a l l e d  on a p a r t i c u l a r  vehicle .  To provide f l e x i b i l i t y ,  the  

simulation described i n  [6 ]  has options f o r  se lec t ing  e i t h e r  

a semi-empirical t i r e  model o r  t a b l e s  of user-entered t i r e  

data .  



In addition to the longitudinal force characteristics 

of the tires, the vertical force versus deflection character- 

istics of the tires are included in the model. In the simu- 

lation the locations and velocities of the wheel centers are 

computed, and these quantities are used to determine the ver- 

tical forces between the tire and the road and the Itequal but 

oppositeI1 forces accelerating the unsprung masses. The vertical 

force versus deflection property of the tire is represented 

by a spring constant measured under rolling conditions. A 

small amount of viscous damping (approximately 35 lbs sec/in 

for a 10 x 20 truck tire) is included, thereby providing a 

relatively small, dissipative force opposing wheel-hop motions. 

This small amount of tire damping is included to prevent the 

prediction of transient wheel hop oscillations in response to 

rapid changes in vertical motion. Experimental results from 

tire tests under conditions of varying vertical load as well 

as the examination of vehicle test data from antilock braking 

studies indicate that a certain amount of damping is present 

in the tire. (The mechanism by which the energy is dissipated 

in the vertical motion of a rolling tire is not entirely clear, 

but somehow it does not appear to make a substantial contribu- 

tion to the rolling resistance of the tire.) 

This discussion of tire representation has emphasized a 

largely empirical approach in determining longitudinal and 

vertical force characteristics of truck tires. The develop- 

ment of suitable tire-testing devices makes this a viable 



approach to use in simulation studies of heavy-vehicle brak- 

ing. The development of vehicle simulations including detailed 

tire models based upon fundamental principles will require 

(1) advanced methods for analyzing the structure of tires, 

(2) a comprehensive and possibj!~ new theory of tire-road fric- 

tion, and (3) powerful computers with low computational costs. 

In the near future, an empirical approach to tire representa- 

tion appears to be the most rel!iable and practical approach 

to pursue. 

Vehicle Dynamics (~ncluding Suspension Properties) 

The vehicle is modeled as a system of rigid bodies con- 

sisting of sprung and unsprung masses. The equations of mo- 

tion for these bodies may be derived using basic principles 

of dynamics once the degrees of freedom to be included in 

the model are determined. Well-known numerical integration 

algorithms are used in the simulation to solve the equations 

describing the motions of the rigid bodies constituting the 

vehicle model. 

The modeling and simulation of the rigid body motions 

are relatively straightforward tasks. The difficult and 

unique parts of the simulation concern the representation 

of vehicle components. Accordi.ngly, after discussing the 

degrees of freedom included in the model, certain details of 

representing commercial vehicle suspensions are described in 

this section. 



The degrees of freedom considered are: 

longitudinal motion of the entire vehicle 

pitch and bounce of each sprung mass 

vertical motion of the front axle (and any 
other single-axle suspension) 

two degrees of freedom for the vertical and 
pitch motions of each set of tandem axles 

rotational degrees of freedom for each wheel 
set (the rotational degrees of freedom for 
the wheels were discussed in the section on 
wheel dynamics). 

For a tractor-semitrailer vehicle with tandem suspensions on 

both the tractor and the semitrailer, 20 degrees of freedom 

(including 10 wheel rotational degrees of freedom) are ordin- 

arily included in the model. 

Two methods for representing the coupling provided by 

the fifth wheel hitch have been used. In both methods, the 

fifth wheel is assumed to be (1) rigid in the longitudinal 

direction and (2) unable to transmit pitch moments between 

the tractor and the semitrailer. In one method, the fifth 

wheel is represented as a spring and damper in the vertical 

direction. In the other method, the vertical connection is 

treated as a rigid connection, thereby eliminating a degree 

of freedom. Similar results have been obtained using either 

approach, [61  and the choice of method appears to depend 

upon the ease of implementation. 

Several degrees of freedom which are important in cer- 

tain specialized studies have not been included. For the 



study of braking-induced axle-tramp, r e l a t i v e  longi tudinal  

motions between the  sprung and unsprung masses and axle  wrap- 

up a re  needed. [251 Since most cur rent ly  avai lab le  suspension 

systems include mechanisms f o r  preventing axle  hop o r  tramp 

during braking, the  longi tudinal  and wrap-up degrees of f ree-  

dom a re  not  included i n  the  model. In addi t ion,  i f  t he  model 

were t o  be extended f o r  use i n  s tud ies  of r i d e  motions, a 

representat ion of the  f i rs t  frame-beaming mode would be re-  

quired t o  p red ic t  accelerat ions i n  the  7 t o  10 Hz range. 

Nonetheless, the  degrees of freedom included i n  the  model 

have proven t o  be adequate f o r  braking s tud ies .  

The parameters needed f o r  descr ibing the  sprung masses 

a re  items such as  standard dimensions, weights, and moments 

of i n e r t i a .  Due t o  the  v a r i e t y  of commercial vehicle  config- 

ura t ions  i n  use, separate  computer codes have been wr i t ten  

f o r  s t r a i g h t  t rucks,  t r ac to r - semi t ra i l e r s ,  and doubles com- 

binat ions.  [61  Figure 15 from [6 ]  i l l u s t r a t e s  a typica l  

s e t  of geometric and i n e r t i a l  parameters needed f o r  simula- 

t i n g  the  sprung masses of a t r ac to r - semi t ra i l e r  vehicle .  The 

symbols used i n  Figure 15 a re  defined i n  Table 1. 

The only unusual items contained i n  Figure 15 a r e  the 

llsuspension reference points.I1 In the  model, t he  i n t e r n a l  

v e r t i c a l  and longi tudinal  forces  between the  sprung and un- 

sprung masses a c t  a t  the  susperlsion reference poin ts .  The 

use of suspension reference poin ts  allows the  sprung mass 

model t o  be used with a v a r i e t y  of suspension models i n  the  

simulation. 





SP rung 
Mass : 

TABLE 1 

TRACTOR-TRAILER SPRUNG-MASS DATA 

Horizonta l  Dis tance from Tr>actor C G  t o  Reference 
Po in t  of T r a c t o r  Fron t  Sulspension (IN) 35.90 

Hor izon ta l  Dis tance from T r a c t o r  CG t o  Reference 
Po in t  of T r a c t o r  Rear Suslpension (IN) 106.10 

Hor izon ta l  Dis tance from T r a i l e r  CG t o  5 t h  Wheel (IN) 222.00 

Hor izon ta l  Dis tance from Triailer  CG t o  Reference 
Po in t  of T r a i l e r  Suspension (IN) 144.00 

Hor izon ta l  Dis tance from 5 t h  Wheel t o  Reference 
P o i n t  of T r a c t o r  Rear Susl~ension (IN) 0.0 

V e r t i c a l  Dis tance from 5 t h  Wheel Connection Down 
t o  T r a c t o r  CG (IN) -4.50 

S t a t i c  V e r t i c a l  Dis tance ,  T r a c t o r  CG t o  T r a c t o r  
Fron t  Axle (IN) 33.30 

S t a t i c  V e r t i c a l  Dis tance ,  T r a i l e r  CG t o  T r a i l e r  
Axle(s)  (IN) 49.50 

T r a c t o r  Po la r  Moment (IN-LB-SEC%*2) 53374.00 

T r a i l e r  Po la r  Moment of I n e r t i a  (IN-LB-SECw2) 607200.00 

Weight of Payload ( l b s )  0.0 

Sprung Weight of T r a c t o r  (111s) 9245.00 

Sprung Weight of T r a i l e r  (lbs) 8120.00 

Weight of Payload ( l b s )  

Po la r  Moment of I n e r t i a  of I'ayload 

Hor izon ta l  Dis tance from Center of Rear 
Suspension t o  Payload CG 

V e r t i c a l  Dis tance from Grourtd t o  Payload CG 



The simulation contains subprograms for treating several 

types of commonly employed tandem suspensions such as walking 

beam, air, and four-spring suspensions with various load lev- 

eler and torque rod arrangements. Options for choosing the 

desired types of suspensions for a particular vehicle are 

available in the input data for the simulation. r61  To 

accomplish the interaction of a variety of suspension sub- 

programs with the sprung mass program, each suspension sub- 

program computes resultant longitudinal and vertical forces 

acting on the sprung mass at the suspension reference point 

plus a pitch moment. The suspension reference point concept 

allows a variety of suspensions to be included as options in 

the simulation without rewriting the computer code. Further- 

more, additional suspension subprograms can be readily incor- 

porated into the simulation. 

In tandem suspensions, the load-leveling mechanism, used 

to equalize the loads carried by each axle, may react to brake 

torque. For example, brake torque tends to increase the load 

on the foremost axle of a walking-beam (Hendrixson) suspension; 

while for other designs such as the four-spring suspension, 

the application of brake torque tends to increase the load on 

the rearmost axle. These interaxle load-transfer characteris- 

tics are of importance in braking studies because they deter- 

mine which wheels will lock up first. Although the influence 

of locking wheels on one axle of a tandem pair does not pre- 

sent the same magnitude of directional stability problem as 

locking all wheels on a given suspension, braking standards 



t y p i c a l l y  specify stopping dis tances or  decelerat ions without 

locking both wheels on any axle .  Accordingly, a useful  model 

should p r e d i c t  i n t e r a x l e  load t r a n s f e r .  

Two approaches have been used i n  modeling suspensions so 

as  t o  include in te rax le  load t r a n s f e r  i n  the  simulation. The 

i n i t i a l  approach consis ted of developing models of the  suspen- 

s ions from free-body diagrams, using bas ic  dimensional para- 

meters and assumptions about f ~ c i c t i o n a l  connections a t  various 

s l i p p e r s  and o ther  s l i d i n g  contacts .  16] More recent ly ,  I 2 6  1 

i n t e r a x l e  load t r a n s f e r  has been represented by a parameter 

c a l l e d  "percentff  which determines the  percentage of the  brake 

torque t h a t  i s  reacted on the  sprung mass, t h e  remainder of 

t h e  brake torque ac t ing  on the  unsprung masses t o  a l t e r  the  

load c a r r i e d  by the  individual  axles  of a tandem p a i r .  In 

the  more recent  approach, t h e  p o l a r i t y  of the  percent parame- 

t e r  i s  used t o  determine whether the  load on the  foremost or  

the  rearmost ax le  w i l l  be increased. Using the  Ifpercentif 

concept, separate  models f o r  various types of suspensions a re  

not  required.  

In the  l a s t  few months, a laboratory device s u i t a b l e  f o r  

measuring tandem suspension proper t ies  has been completed. 

The da ta  from t h i s  device can he used t o  determine a value 

of percent f o r  p a r t i c u l a r  suspensions. Before the  a v a i l a b i l i -  

t y  of t h i s  t e s t  equipment, spec ia l  vehicle  t e s t s  were used 

t o  est imate percent.  



Undoubtedly, studies using the new suspension measure- 

ment device will lead to a better understanding of the proper- 

ties of commercial vehicle suspensions. For example, prelimi- 

nary test results indicate the need for extending the models 

of four-spring suspensions to include the influence of frame- 

rail pitch angle on the loads carried by each axle. The 

process of measuring components, discovering new effects, and 

revising the models has occurred for every vehicle component, 

and the suspensions are proving to be no exception. 

Laboratory tests show that the leaf springs used in 

commercial vehicle suspensions are actually complicated force- 

producing mechanisms. Illustrative test results for a walking- 

beam suspension are presented in Figure 16. The hysteresis 

loops in the data indicate that the leaf springs provide a 

considerable amount of damping (energy loss per cycle). This 

damping has a significant influence on the pitching and bounc- 

ing motions which take place during severe braking, especial- 

ly if the brake torque is modulated by the driver or an anti- 

lock system. 

The internal friction mechanisms which account for energy 

dissipation in leaf springs are difficult to model directly. 

For use in digital simulations, a mathematical technique for 

representing spring data has been developed. In this technique 

the spring is characterized by two envelopes, one for compres- 

sion of the spring and the other for extension of the spring. 

The force versus deflection characteristics for deflection 

cycles between the envelopes are represented by exponential 



Figure 16.  Leaf spr ing  test r e s u l t s .  
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functions.  To be more e x p l i c i t ,  t h e  force a t  time ti+l i s  

a function of (1) whether the  de f l ec t ion  a t  time ti+l is l a r g e r  

than the  def lec t ion  a t  time ti, ( 2 )  the  force a t  time ti, 

and ( 3 )  t h e  value of t h e  appropriate envelope function a t  

time ti+l. In mathematical terms, i f  

where 6 i s  the  compression of the  spr ing  ( i n  the  d i g i t a l  ca l -  

cu la t ion  procedure, a  time s t e p  of length A t  occurs between ti 

and ti+l ) , then 

where 

F is the  spr ing force,  

F U ( * )  is  a  t a b l e  represent ing the  upper envelope 

of the  spr ing  force da ta ,  

A 6  = 6 (ti+l) - 6 (ti) , and 

KU 
= a spr ing  parameter descr ibing t h e  exponential 

increase i n  spr ing  force toward the  upper 

envelope. 

then 



where 

Y e ( . )  is a table representing the lower envelope, 

and 

K describes the exponential decrease toward the 
R 
lower envelope. 

(It is worth noting that equations 25 and 26 simply represent 

the step-function response of a first-order system. The tech- 

nique of imbedding this type of: calculation within the digital 

computation procedure has been used before in connection with 

the air system and wheel rotational dynamics. In this case, 

the independent variable is the! deflection, 6 , rather than 

time, even though 6 is a function of time. ) 

The use of equations 25 and 26 provides an accurate de- 

scription of the force characteristics of leaf springs. This 

type of representation has been employed in the simulation 

of severe pitching and bouncing motions excited by antilock 

braking. [81  These techniques should be useful for predicting 

and explaining some of the ride vibrations experienced by 

heavy trucks, although they have not previously been ap- 

plied in that context. Clearly., the leaf-spring considera- 

tions just discussed are an example of a situation in which 

the state of the simulation art. depends upon the state of the 

art of parameter measurement. 

Automatic Braking Control (Antilock Systems) 

The vehicle model and computer simulation were developed 

during the period of time in wh.ich vehicle manufacturers were 

equipping their products with antilock systems in order to 



comply with government safety standards. In 1977 and 1978, 

nearly all newly produced commercial vehicles were equipped 

with antilock braking systems. Accordingly, a meaningful 

simulation during that time had to include models of appro- 

priate antilock systems. 

Various component manufacturers (primarily companies 

supplying brakes) developed antilock systems for commercial 

vehicles. These systems have differences in control logic 

and pressure modulation characteristics. To represent the 

operational characteristics of these diverse systems, a gen- 

eral-purpose model was developed. 

The basic elements of antilock braking systems are il- 

lustrated in Figure 17. Separate models have been developed 

for representing the functions of the wheel sensors, control 

logic, and pressure modulators included in current systems. 

In the simulation, the wheel-speed signal, U, from the 

wheel dynamics sections of the main program is the input to 

the wheel-speed sensor, which produces a delayed version of 

the wheel-speed signal, wd. The wheel-speed signal is ap- 

proximately differentiated to provide a measure of the 

angular acceleration of the wheel, kd. These signals (wd 

and id) are inputs to the control logic section of the anti- 
lock system. 

In some antilock systems other vehicle motion signals 

are transduced and used in controlling wheel speed. For 

example, one system employs a measured value of vehicle 

deceleration in its control laws. In addition, a feedback 
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signal from the pressure modulator may be input to the control 

logic module if needed for representing a particular design. 

The control logic module sends an on/off signal to the sole- 

noid in the pressure modulator. (If more than one solenoid is 

employed, the appropriate number of on/off signals is gener- 

ated.) The pressure modulator returns pressure commands to 

the brake model in the main simulation. 

Although there are fundamental differences in the con- 

trol laws and pressure modulation methods used in various 

systems, all of the currently available systems use measured 

wheel speed as the primary variable for controlling braking. 

The main effect of the wheel sensor is similar to a phase 

shift between the actual wheel rate and the measured wheel 

rate. This phase shift is adequately represented by a trans- 

fer function of the form ( l / ( r u p + l ) )  where ru is the time 

constant of the first-order system and p is an operator de- 

noting differentiation with respect to time. 

To obtain an estimate of the angular acceleration of 

the wheel, further electronic processing of the measured 

wheel speed, %, is performed. The transfer function (p/ ( ~ ~ ~ p t l )  ) 

approximates the relationship between % and i. These 
relationships are summarized in Figure 18. 

Several factors contributed to the decision to adopt a 

generalized approach for representing the control laws, logic, 

and modulation properties of antilock systems. First, a vari- 

ety of differing systems is commercially available. Second, 

descriptions of these systems suitable for including in vehicle 



Figu re  18.  Wheel s enso r  module. 



simulations are not easily obtained. And, finally, the origi- 

nal systems were subject to modification or major change as 

improved versions and new designs were developed. Consequently, 

the simulation model may be viewed as a tool for designing 

antilock systems. Nevertheless, the model has not been used 

to design a system; it has been used to develop functional 

representations of existing systems. 

The "modeltt of the control module consists of (1) a 

"dictionary" of variables that can be used in representing 

various systems, (2) general algebraic expressions (inequali- 

ties) that can be programmed to represent a particular sys- 

tem, (3) logical operators that generate signals based on 

the status of the programmed inequalities, (4) adaptive co- 

efficients for adjusting the values of the parameters in the 

inequalities, and (5) an assortment of schemes for represent- 

ing time-ramps and sequential logic. 

Figure 19 contains some examples of the types of quanti- 

ties which might be used in the control logic. Pertinent 

values from the time histories of wheel speed, acceleration, 

and brake line pressure are indicated in the figure. Signals 

corresponding to the timing of certain events are illustra- 

ted by the quantities, TON2 and TONI. The dictionary contains 

a listing of approximately 60 pertinent variables and quanti- 

ties providing the user of the simulation a means for pro- 

gramming the control relationships representing a specific 

type of antilock system. See reference [6] (pp. 108-175 

and Appendix E) for detailed information on the general- 





purpose model. An example of a set of control laws derived 

from laboratory tests of a particular system is given in 

Chapter 3. 

Some of the early antilock systems used relatively 

simple valves for modulating pressure. In these systems the 

brake pressure increased at nearly an exponential rate with 

a time constant typical of a first-order system. The pres- 

sure (when I1dumpedlt to prevent wheel lock) decreased at a 

much faster rate than it increased. Other systems were based 

on (1) more complicated valves, (2) means for modulating the 

action of the solenoid, or (3) more than one solenoid in the 

pressure modulator. Pneumatic logic was employed in later 

systems. 

The features of the various types of pressure modulators 

have been included in the general-purpose model using the 

same techniques as those employed in representing the control 

laws. The user of the simulation can select parameters repre- 

senting (1) time lags between the time an I1ONl1 or "OFF1' is gen- 

erated and when the pressure begins to change, (2) programmable 

exponential and/or linear pressure rise-and-fall characteris- 

tics, and (3) relatively complex pressure-modulator activity, 

including designs involving pneumatic logic or pulse-width 

modulation. 

Clearly, the inclusion of antilock systems increased 

the difficulty and complexity of the simulation task. More 

importantly, the timing of various events took on signifi- 

cance in controlling braking effort. Time lags on the order 

of one or two hundredths of a second became important in pre- 

dicting vehicle braking performance. 



Footnotes to Chapter 2 

'~ecent court rulings l3 have resulted in the withdrawal 
of government regulations requiring the use of antilock systems 
to meet the requirements of the rules until the reliability 

- - 
of the antilock system is demonstrated. C12 1 

 he mathematical form of the semi-empirical model 
developed for generating braking force as a function of ver- 
tical load, longitudinal slip, and forward velocity is simi- 
lar to semi-empirical models developed for analyzing lateral 
force except that longitudinal slip is used in place of the 

- 

slip angle of the tire. [20]  



CHAPTER 3 

DEVICES FOR MEASURING THE PROPERTIES 
OF VEHICLE COMPONENTS 

The discussion of the computerized model presented in 

Chapter 2 indicates that specialized devices have been 

developed for measuring the mechanical properties of the 

brakes, tires, suspensions, and antilock systems used on 

heavy vehicles. The computerized model cannot be success- 

fully employed in simulating a particular vehicle unless 

the pertinent mechanical properties of that vehicle are 

accurately represented. Obviously, development of a useful 

simulation methodology requires the development of practical 

means for acquiring the needed parametric data. 

Moreover, many vehicle problems can be diagnosed and cor- 

rected on the basis of parametric or component measurements 

alone. Given knowledge of how particular components perform 

and how these components contribute to overall stopping per- 

formance, the direction for improvement in component design 

may be apparent without performing simulation exercises. 

Under the circumstances just described, simulation can be 

used to make quantitative estimates of the improvement in 

stopping performance obtainable through proposed changes in 

the mechanical properties of the vehicle. In this way, em- 

pirical data on vehicle components and systems provide the 



foundation for evaluating future improvements in vehicle 

performance. 

3.1 A Device for Measuring the Brakinq Traction of 
Truck and Bus Tires 

An over-the-road dynamomet~er for measuring the shear 

force properties of truck tires has been developed at HSRI. ~ 2 7 1  

As illustrated in Figure 20, this device consists of a tractor 

pulling a unique semitrailer co:nstructed from pipe and plate 

sections. The test wheel used .in making longitudinal force 

measurements is situated on the centerline of the trailer, 

approximately at the l~ngitudin~sl location of the center of 

gravity of the trailer. 

Figure 21 shows the arrangement of (1) the parallel arm 

suspension employed to keep the test tire vertical, (2) the 

load cell utilized for measuring longitudinal force, vertical 

load, and braking torque, and (3) the air spring used for 

applying vertical load. The pa~rallelogram linkage suspension 

provides kinematic isolation between (a) the vertical load and 

braking torque applied to the test wheel, and (b) the result- 

ing shear forces and moments reacted by the suspension. The 

load cell is a serial element in mounting the wheel. The 

mounting configuration and flexure design of the load cell 

have been given special consideration so that this canti- 

levered multi-component transducer provides universally in- 

terpretable outputs. The air spring, in conjunction with a 

precision regulator, provides a straightforward means for 

selecting vertical load. In addition, the air spring is a 



relatively ltsoft,ll virtually frictionless device that en- 

hances the quality of the vertical load condition by partial- 

ly isolating the vibrations of the foundation vehicle from 

the test wheel. The test fixture, including a 10 x 20 truck 

tire and a 20 x 7.50 disc wheel rim, has a tare weight of 

1850 lbs. This design provides data of more than adequate 

quality while meeting the obvious needs of strength, stiff- 

ness, and economy of construction. 

Additional features of the test trailer include limit 

stops for safety in case of a blowout of the test tire and a 

hydraulic lift system to aid in mounting tires. Nominal 

pitch and bounce trim of the test wheel is maintained through 

the use of self-leveling air suspensions on both the trailer 

and the tractor rear tandem. 

The test trailer can mount any tire in the 20-inch rim 

size or above, which is less than 46 inches in free diameter 

and 18 inches in maximum section width. The trailer can apply 

a maximum load of 20,000 lbs. to the test tire, although brake 

torque limitations prevent the lock-up of tires on high fric- 

tion surfaces at loads exceeding approximately 15,500 lbs. 

For longitudinal force measurements, the tractor is 

strictly a support vehicle. (For lateral force measurements, 

outboard wheels are mounted near the center of the tractor. 

See Figure 20.) The tractor/service vehicle provides the 

following specific capabilities. 



Figure 2 0 .  The HSRI Mobile Truck Tire Dynamometer, consisting 
of service tractor and longitudinal traction 
measurement trailer. 





Basic Tractor Configuration 

(The tractor vehicle was a gift to The University of 

Michigan from the International Harvester Corp.) 

International Harvester Model C04070A (cab-over) tractor 

with 213-inch wheel base and an IH air-tandem rear sus- 

pension. GVW is 50,000 lbs. The engine is a GM diesel 

#8V-71N (338 Hp. at 2400 qpm). The vehicle's transmis- 

sion is a Fuller "Road Ranger" w/overdrive (13 speeds). 

The extra-long truck frame is stiffened with a nestled 

C-beam, consisting of 3 elements,, and is outfitted with 

a Holland extra-heavy-duty fifth-wheel hitch. 

Hydraulic 

Power - 
5 gallons/minute flow rate at 

2000 psi from a pressure-corn- 

p~ensated piston pump 

Hydraulic 

Accumulator - 1 gallon nominal volume 

Pneumatic 

Power - 

Air Storage 

Tank - 
Electrical 

Power - 

Electrical 

Distribution - 

3 dlelivery rate of 40 ft /min 

at 120 psi from a single-stage 

compressor 

6 cubic feet nominal volume 

diesel-driven 30-kilowatt genera- 

tor, supplying 110 VAC, single 

plhase and 208 VAC, three-phase 

power 

all electrical power switching 

is done through a single panel 

p:roviding : 



Water Delivery - 
(for pavement 

wetting) 

1) the selection of either on- 

board power generation or a 

shunt connection to available 

garage power source for setup 

and indoor calibration 

2) main current circuit breakers 

3) motor start circuits 

4) remote generator start circuit 

5) instrument power circuit 

switching 

6) generator voltage monitoring 

200 gallons/minute discharge 

from an impeller-type pump (pro- 

vides .040-inch water film 

thickness over an 18-inch-wide 

swath at a test speed of 60 mph) 

Water Storage Tank - 720-gallon capacity 

In addition to carrying the equipment needed to provide 

the services listed above, the tractor supports a special 

module containing the operator's station (see Figure 20). 

This module contains a data-acquisition laboratory with five 

channels of signal conditioning for strain-gauge transducers, 

two channels of thermocouple conditioning, and five additional 

channels for recording signals from potentiometers or tach- 

ometers (see Figure 22). The test data are recorded in analog 

form on F'M magnetic tape. A six-channel pen-chart recorder is 

used to monitor the data as they are being gathered. 

The data are collected under realistic operating condi- 

tions, simulating an actual time history of wheel lockup. A 

typical test takes less than 1.0 second as illustrated in 

Figure 23. A special circuit controls the lockup cycle and 



re leases  the  brake quickly once lockup has occurred. This 

procedure provides meaningful data  without f l a t - spo t t ing  o r  

overheating t h e  t i r e .  

A t yp ica l  recording of raw data  from a s ing le  lockup 

cycle  i s  presented i n  ~ i g u r e  24. A standard procedure has 

been t o  apply t h e  bas ic  lockup cycle  f i v e  o r  s i x  times i n  

succession a t  each condition of ve loc i ty  and v e r t i c a l  load. 

These data  a re  then d i g i t a l l y  processed and averaged t o  make 

t a b l e s  and graphs of normalized longi tudinal  force (F,/F,) 

versus s l i p .  In  these  da ta ,  s l i p  is  ca lcula ted  from the  wheel 

angular ve loc i ty  s igna l ,  W, usling t h e  following re la t ionship :  

W - W  o i 
Si = ( 

W 
) 100 

0 

where 

'i = longi tudinal  s l i p  f o r  the  ith d i g i t a l  increment 
a f t e r  the  brake torque is applied 

= t h e  wheel speed j u s t  p r i o r  t o  brake appl icat ion 
0 

wl = t he  instantaneous value of wheel speed a t  the  i t h  
1 

increment 

A sample output from t h e  data-processing procedure i s  pre- 

sented i n  Figure 25.  

The longi tudinal  force c h a i a c t e r i s t i c s  of t ruck t i r e s  a re  

dependent upon v e r t i c a l  load arid ve loc i ty  i n  addi t ion t o  longi- 

tudina l  s l i p .  In  order t o  Itmap outi1 a  t i r e ' s  braking t r a c t i o n ,  

r e s u l t s  s imi la r  t o  those i n  F i p r e  25 a re  obtained a t  various 

loads and v e l o c i t i e s .  To descr ibe the  c h a r a c t e r i s t i c s  of a  

p a r t i c u l a r  t i r e ,  data  a t  various loads and v e l o c i t i e s  may be 





1 TIME --L 

Figu re  2 3 .  Approximate time sca:!e of t h e  basic  "lockup cycle."  
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Fx, LONGITUDINAL FORCE 

'7500 Ibs 

- 3 

TORQUE, T 
125,000 in-lbs 
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5 ,VERTICAL LOAD 

WHEEL SPEED, w '75 rodlsec 

7500 lbs 

Figu re  2 4 .  T i m e  h i s t o r i e s  d e s c r i b i n g  a " lockup c y c l e . "  
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A-D Fi le  212 
Average of F i le  212 for 5 Records 

New Fi le 88 Test Sample 360 
Firestone Transport 110 12-20/H Dry Asphalt (S. B.) 
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MUPEAK = 0.72, MULOCK:: 0.50, RATIO=1.43 

F i g u r e  2 5 .  Processed Data, Fx/FZ vs. slip (IWX = F ~ / F = )  



combined t o  make fami l ies  of curves,  a s  i l l u s t r a t e d  i n  Figure 

26. 

To da te ,  numerous s t u d i e s  of t r u c k - t i r e  braking t r a c t i o n  

have been made. [22 ,  23, 24, 27, 28, 291 
Ti res  of di f fer ing 

s i z e s  have been t e s t e d .  Tests  have been performed on a va- 

r i e t y  of road sur faces .  The inf luences  of t i r e  cons t ruc t ion  

( r a d i a l  o r  b i a s  p l y )  and t r e a d  type (highway r i b  o r  l u g )  have 

been examined on wet and dry pavements. Resul ts  from longi-  

t ud ina l  force  t e s t s  have been used i n  comparative s t u d i e s  

supported by both indus t ry  and government. 

In  summary, t he  mobile dynamometer is an e legant  device 

t h a t  i s  ava i l ab le  f o r  making soph i s t i ca t ed  s tud ie s  of t h e  

shear  force  p rope r t i e s  of t ruck  t i r e s .  The machine has t h e  

following c h a r a c t e r i s t i c s  and s p e c i f i c a t i o n s  with  r e spec t  

t o  longi tudina l  force  measurements: 

Ver t i ca l  Load Range : 

1850 l b s  (approximate t a r e  weight) t o  15,500 l b s  (with  

provis ion t o  go t o  20 ,000  l b s )  

Velocity Range: 

3 mph t o  70 mph (maximum speed may be l imi t ed  by t h e  

d i s t ance  provided a t  t h e  t e s t  a r e a )  

Longitudinal Force Range: 

0 t o  20,000 l b s  

S l i p  Range: 

0 t o  100% ( f r e e - r o l l i n g  t o  locked wheel) 





Transducer Accuracy Tolerances: 

Accuracy in Percent 
of Reading Applicable Range 

Longitudinal force - + 2% to 20,OO lbs 

Vertical load - + 1% to 20,000 lbs 

Brake torque - + 1% to 250,000 in/lbs 

Slip Measurement Estimated Maximum Error: 

-less than - + 2% slip at the peak of the -slip curve for 

velocities above 25 mph 

-below 25 mph the maximum error in slip at the peak nor- 

malized force increases from + 2% to approximately 
+ 6.5% at 3 mph - 

Repeatability of Test Results: 

(The standard deviations given here depend on the homo- 

geneity of the test surface in addition to properties of the 

test device and the test procedures. The results quoted 

are from tire tests at three different test areas.) [22 I 

The maximum standard deviation of the maximum normalized 

force: less than 0.02 for peak normalized forces in the range 

from 0.85 to 0.95. 

The maximum standard deviation of the locked-wheel nor- 

malized force: less than 0.02 for locked-wheel (100% slip) 

forces in the range from 0.55 to 0.65. 

3.2 Brake-Testing Devices 

Special load cells called "torque-wheels" have been in- 

stalled on heavy trucks making braking tests. [13] These de- 

vices provide direct measurement of the torque being applied 

to the wheel during test conditions defined by brake-line 



pressure and the rotational velocity of the drum. In using 

a simulation to study and analyze the details of the perfor- 

mance of a particular vehicle in a specific test, the data 

obtained from torque wheels are invaluable in characterizing 

the hysteresis, fade, and effectiveness of individual brakes 

during a given test. However, torque-wheel data are not 

usually available for predictive studies and, furthermore, 

that data may represent the idiosyncrasies of a particular 

brake installation rather than the generic properties of a 

given type of brake. 

Usually, data from tests using an inertia dynamometer [16 1 

are available from the brake ma:nufacturer. Quite often in- 

ertia dynamometer data are presented in the form of the aver- 

age torque for "spin-downt1 stops from specified initial rota- 

tional velocities of the flywhelel. In the past, these data 

have served to define average torque versus pressure charac- 

teristics and to verify that a lbrake can absorb a given amount 

of energy without fading excessively. 

For purposes of conducting simulations of vehicle stop- 

ping performance, the averaged results from inertia dynamometer 

tests hide the instantaneous in.formation desired, but the time 

histories of torque, pressure, isnd wheel speed generated dur- 

ing inertia dynamometer testing can be processed to yield an 

empirical function describing tlne effectiveness of the brake 

(see the discussions associated with Figures 5 and 6 in Chap- 

ter 2). 



The development of efficient, programmable digital equip- 

ment suitable for handling the raw data from inertia dynamome- 

ters makes it reasonable to consider empirically based repre- 

sentations of individual brakes. Although an initial research 

project, directed toward developing an empirical model of the 

brake, has been completed, the proposed methodology has not 

been sufficiently exercised for a variety of different types of 

brakes over wide ranges of operating conditions. Until suffi- 

cient research is performed to develop a generally useful form 

for representing brake data, much of the information included 

in data from inertia dynamometers cannot be used in predicting, 

analyzing, and understanding vehicle braking performance. 

In addition to acquiring and studying brake test results 

from torque wheels and inertia dynamometers, an approximately 

constant-speed brake dynamometer has been developed at HSRI. 130 1 

This device was created through a relatively simple extension 

of the capabilities of the mobile truck-tire dynamometer. 

Specifically, the spindle supporting the test wheel mounted 

on the semitrailer of the mobile dynamometer has been de- 

signed to accommodate the installation of virtually all heavy 

truck air brakes (and some heavy-vehicle hydraulic brakes). C311 

All of the needed instrumentation for measuring torque, 

wheel speed, temperature, and air pressure is available on 

the mobile dynamometer. To prepare for testing a particular 

brake, an adapter (spacer) is fabricated to fit the brake 

into the existing wheel and hub assembly, thereby converting 

the truck-tire dynamometer into a mobile brake dynamometer. 



The mobile brake dynamometer provides a d i f f e r e n t  type 

of t e s t i n g  c a p a b i l i t y  from t h a t  provided by a conventional 

i n e r t i a  dynamometer. F i r s t ,  thle mobile dynamometer can be 

used t o  study t h e  amount of hys t e re s i s  present  when t h e  brake 

pressure  i s  run through a cycle  t y p i c a l  of  an t i lock  braking. 

On an i n e r t i a  dynamometer, wheel speed cannot change r ap id ly  

due t o  t h e  l a r g e  i n e r t i a  of t h e  flywheel. Obviously, t h e  

brake cannot lock up rap id ly .  However, a brake being t e s t e d  

on t h e  mobile dynamometer can lock up o r  approach lockup, and 

h y s t e r e t i c  l ags  between brake torque and brake-line pressure  

can be s tud ied .  [301 For example, t h e  r e s u l t s  presented i n  

Chapter 2 (Figure  7 )  were obtaiined using the  mobile dynamom- 

e t e r .  

The primary opera t iona l  d i f fe rence  between t h e  mobile 

and i n e r t i a  dynamometers i s  t h a t  t h e  mobile dynamometer i s  a 

cons tan t  r o t a t i o n a l  speed device r a t h e r  than a spin-down 

t e s t e r .  I f  t h e  t i r e - road  i n t e r f a c e  can supply t h e  necessary 

force  t o  prevent wheel lock,  wheel speed quickly ad jus t s  t o  

the appl ied brake torque so t h a t  t h e  longi tudina l  s l i p  of 

t h e  t i re  i s  appropria te  f o r  generat ing t h e  force necessary 

f o r  a torque balance on t h e  t e s t  wheel. The t i m e  h i s t o r i e s  

presented i n  Figure 27 i l lus t ra lce  t h e  nature  of the pressure ,  

torque,  and wheel speed ( s p i n  v e l o c i t y )  waveforms obtained 

during a t y p i c a l  t e s t  using t h e  mobile dynamometer. (The 

waveforms shown i n  Figure 27 may be compared with correspond- 

ing  waveforms shown i n  Figure 5 of Chapter 2 t o  provide a 

graphic idea  of t h e  d i f fe rences  between tests performed 

with i n e r t i a  and mobile dynamometers.) A s  ind ica ted  i n  



Figure 2 7 Typical Waveforms from the Mobile Brake ~ y n a m o m e ~ ~ ~  
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Figure 27, wheel speed is near1:y constant after an initial 

transient. Hence, the mobile d:ynamometer can be used in 

studies in which the influences of changes in velocity are 

not present during an individual test. 

The mobile dynamometer has been employed in examining 

the phenomenon of brake fade in heavy vehicles. L3*1 Bur- 

nishing procedures suitable for conditioning brake linings 

and drums have been developed. The machine has been applied 

in studies of the torque effectiveness of dual-wedge and S-cam 

brakes. For example, Figure 28 is a carpet plot showing the 

influence of pressure and test velocity on the maximum torque 

and the torque three seconds after the initiation of braking 

for a standard dual-wedge brake (15 in. diameter, 7 in.-wide 

linings, 12 deg. wedge angles, type-12 air chambers, cast- 

iron drum, ABB-693-551D linings). Although data of the type 

shown in Figure 28 have received a significant amount of 

attention in research on motort~ruck braking, a fundamental 

understanding of the phenomenon of in-stop fade and recovery 

has not been acquired. Apparenltly, the model development 

cycle consisting of component measurement, model refinement, 

and additional computer simulation should be reiterated using 

new hypotheses concerning the important variables involved in 

determining in-stop fade. 

An additional piece of laboratory equipment used in the 

study of the air chambers installed in brake systems is shown 

in Figure 29. This apparatus is used to measure actuation 

force as a function of chamber pressure and push-rod stroke. 



F i g u r e  28 .  Peak and  Faded Torque f o r  a Dual-Wedge Brake. 
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Figure 2 9 .  A i r  Chamber T e s t  ~ a c h i n e .  



The length of the vertical push rod is adjusted to obtain 

different amounts of stroke. As illustrated by the test re- 

sults shown in Figure 30, the actuation force falls off rapid- 

ly at large stroke (above 1.7 in. in this case). Typically, a 

brake using this air chamber would be adjusted for about 1 in. 

of stroke at 100 psi. However, careful attention must be paid 

to the stroke involved in brake testing [I5' 16] (and, of course, 

in vehicle braking). 

The net conclusion to be drawn from this discussion of 

brake-testing devices and from the discussion of brake model- 

ing presented in Chapter 2 is that the data representing brake 

performance should be carefully examined as to accuracy, 

generality, and relevance to the vehicle conditions to be 

studied. Since the performance of a particular brake depends 

upon esoteric factors such as its work history, lining friction 

variability, and installation or maintenance variables (e.g., 

stroke ) , evalutions of predictions vehicle braking perfor- 

mance should be tempered with an appreciation of the influ- 
- 

ence of esoteric factors on the brake data used in the compu- 

terized model. 

3.3 Measurement of the Properties of Air Control Systems 

The measurement of antilock system properties has been 

the emphasis of the air system research performed at HSRI. 

The measurement of antilock system properties is necessary 

because (1) descriptions of antilock systems in terms suit- 

able for computer simulation are not generally available, 





and (2) detailed data concerning the function of particular 

systems are proprietary. 

HSRI employs a unique analog computation technique for 

determining the parameters defining antilock systems. In 

this technique, the air system and antilock modules of a vehi- 

cle are operated in real time using an analog computer model 

of the vehicle. By examining the "braking performancet1 of 

the simulated system, antilock and air system parameters are 

derived. This section discusses details of this method for 

developing a model of a given antilock system. 

Although the logical rules describing how a particular 

system operates are to be measured in the laboratory, it helps 

considerably to have an idea of the basic principles used in 

the system under study. Almost all currently available systems 

generate a special ramp function (or its equivalent) when an 

impending wheel lockup is detected (i.e., when the wheel angu- 

lar acceleration times the tire radius exceeds approximately 

one tlgll of deceleration). The form of this "reference rampt1 

is shown in Figure 31. A new reference ramp is started at 

the initiation of each cycle of antilock braking. The refer- 

ence ramp is used in deciding upon the times to release and 

reapply the brakes during antilock braking. 

Current antilock designs differ primarily in the methods 

of pressure modulation employed. Significantly different 

wheel-speed cycling behavior is obtained from systems using 

single/double solenoid air valves, pneumatic logic, or high- 

frequency pulse rate solenoid modulation. [321 In addition, 

the rate of pressure increase is controlled in some systems. 





The pressure level sought by the modulator is adjusted in 

certain systems. Even though the pressure rise-and-fall 

characteristics are recognizable from measured wave forms, 

it obviously helps to know what features to look for. 

The form of a basic test arrangement, including a truck 

and an analog circuit, is illustrated in the upper part oC 

Figure 32. In this arrangement a frequency-modulated pulse 

train simulating the output of the wheel-speed sensor is 

wired to the input of the antilock control (computer) module. 

A pressure transducer is installed in a brake chamber on the 

axle whose braking is being studied. The output of the pres- 

sure transducer is fed into the analog computer. The analog 

computer simulates the brake, wheel dynamics, tire shear 

force characteristics, the deceleration of the vehicle, and 

the wheel-speed sensor. A variety of vehicles and tire-road 

friction conditions is simulated by changing potentiometer 

settings in the analog computer circuit. 

Time histories of braking conditions during a simulated 

stop are obtained from the analog computer (see Figures 33 

and 34 for examples of measured time histories). Parameters 

and characteristics related to the antilock logic scheme are 

deduced from the measured time histories. A set of rules 

(control laws) for predicting wheel lock and reselection of 

brake pressure is assumed, exercised, and compared with 

laboratory results. The synthesized rules are adjusted until 

reasonable agreement between measured and simulated results 

is obtained. 
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For example, the antilock system used in obtaining the 

results shown in Figures 33 and 34 may be represented by a 

set of control laws of the following form: 

(1) A pressure reduction command is generated if 

w<-a and b V r - u f c O + d > O  

or if w = 0 (wheel lockup) 

where 

a, b, c, and d are positive constants, 
a 

u = wheel acceleration, 

w = wheel speed, 

and Vr= a reference ramp 

( 2 )  A pressure increase command is generated if 

;>e and W - V , + f  > O  

or if ; > g, 

or if t-to > h (the brake has been off too long) 

where 

e, f, g, and h are positive constants, 

t is time, and 

to is the last time a pressure reduction command was 

generated. 

In summary, Figure 32 provides the basis for a concep- 

tual idea of the scheme used for finding a model suitable for 

simulating a particular antilock system. First, the antilock 



hardware is tes ted .  Then, a synthesized model of the  system 

is exercised and adjusted t o  match r e s u l t s  from hardware t e s t s .  

Evidence of the success of t h i s  approach is contained i n  the  

agreement between simulated and measured r e s u l t s  presented i n  

Figures 33 and 34 f o r  l i g h t l y  and heavily loaded axles.  

The procedures j u s t  descrilbed have been ref ined and 

organized i n t o  a more orderly p:rocess. r321 The control  module 

and pressure modulator a re  s e t  up i n  the  laboratory.  A hybrid 

computer system i s  used f o r  making a prescribed s e t  of t e s t s .  

The d i g i t a l  p a r t  of the  hybrid system controls  the  sequence 

of t e s t s  and the  s torage and processing of t e s t  r e s u l t s .  The 

analog computer is  used i n  simulating the  vehicle ( a s  before) .  

The r e s u l t s  of ant i lock system t e s t s  with d i f f e r e n t  axle 

loads,  road surface conditions,  wheel i n e r t i a s ,  and i n i t i a l  

v e l o c i t i e s  a re  analyzed t o  produce switching curves which de- 

f i n e  the  form of the  "reference rampft and the  influence of 

other  var iables  on the  "ON-OFFit cycling of the  ant i lock sys- 

tem. The regression procedures used t o  f i t  t he  t e s t  data  

indica te  t h a t  l i n e a r  functions of i n i t i a l  wheel ve loc i ty ,  

wheel accelerat ion,  and time s ince the  l a s t  change i n  sole- 

noid s t a t e  provide inequa l i t i e s  t h a t  do an excel len t  job of 

matching t e s t  data ,  yielding coeff ic ients  of determination 

grea ter  than 0 .9  and of ten  close t o  0.99. 

3.4 Devices f o r  Measuring Suspension Propert ies  

A t  t he  beginning of t h i s  research, improvised temporary 

setups were devised f o r  measuring heavy-vehicle 



suspension properties. [331  Arrangements of load cells, hy- 

draulic jacks, and supporting structures were used to obtain 

spring rates and coulomb friction levels for single-axle and 

tandem-axle suspensions. Intricate rigs using cables and hydrau- 

lic cylinders were developed for measuring the parameters 

needed for simulating the interaxle load transfer occurring in 

tandem suspensions. [ 34 1 

Based on the experience gained with improvised devices, 

an automated facility was constructed for measuring the pro- 

perties of heavy-vehicle suspensions. Interest in the results 

from the initial facility led to the development of a revised 

and improved parameter-measurement facility. Hence, the cur- 

rent facility is a "third-generation device." 

In general terms, the present facility is capable of 

measuring the compliance, kinematic, and coulomb friction pro- 

perties of heavy-vehicle suspensions and steering systems as 

they react to vertical force, roll moment, lateral force, 

brake force, and aligning moment. [351 The facility can ac- 

cept single-axle and tandem-axle suspensions of all on-high- 

way track widths. The maximum allowable tandem spread is 

70 inches. Suspensions may be tested on either a vehicle 

or an abbreviated frame section. 

The facility shown in Figure 35 comprises (1) a static 

structure for holding the frame rails in a fixed position, (2) 

a table that can be moved vertically and/or rolled through the 

action of four large hydraulic cylinders (mounted in a pit be- 

low the table), (3) four wheel-pad assemblies which (a) apply 





shear forces to the tires, (b) contain load cells for mea- 

suring horizontal and vertical forces,and (c) allow the tires 

to move parallel to the table as needed when the suspension 

deflects, (4) motion transducers for measuring pertinent de- 

flections, and (5) an electronic unit for controlling the 

tests and gathering and storing data. 

With regard to braking-related measurements spring 

characteristics and interaxle load transfer due to brake 

torque), the facility has the following capabilities: 

vertical deflection: 10 inches 

vertical load: 80,000 lbs (20,000 lbs 

per wheel pad) 

longituainal (braking) 24,000 lbs (6,000 lbs 

force: per wheel pad) 

(A complete discussion of the capabilities of this device 

with regard to steering- and braking-related parameters 

occurs in [35]. ) 

Figure 36 contains an illustrative example set of 

spring force data for the four-spring tandem suspension 

shown mounted on the test facility in Figure 35. The area 

enclosed in the small and large hysteresis loops shown in 

Figure 36 is a measure of the energy dissipated in a cycle 

of spring deflection. The average slope of the force-versus- 

deflection characteristics is an indication of the apparent 

spring rate. Note that lfsmallll amplitude cycles have an 

apparent spring rate that is higher than the apparent spring 

rate of a large amplitude cycle. The computer representation 

of this type of spring data was discussed in Chapter 2 in 

connection with Figure 16. 
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The spring data obtained from the suspension test facil- 

ity have been shown to be useful for studying dynamic phenomena 

that occur at much higher frequencies than the capabilities of 

the suspension test facility. (The suspension test facility 

can operate at approximately 2 Hz, but it is intended for mak- 

ing quasi-steady-state measurements.) 

Figure 37 shows a device which was constructed to exercise 

leaf springs at frequencies up to 15 Hz. The air spring (see 

Figure 37) applies a preload to the spring, and the hydraulic 

cylinder exercises the spring about the preloaded condition. 

Figure 38 presents typical test results for one of the 

springs from the four-spring suspension used in the measure- 

ments given in Figure 36. The t'smoothertt curves in Figures 

38a, b, and c were obtained at a cycling frequency of 0.5 Hz. 

They correspond approximately to the small amplitude cycle 

shown in the neighborhood of 7,000 lbs of vertical load in 

Figure 36. The more variable cycles shown in Figure 38 were 

made at 6, 10, and 15 Hz. The superimposed high-frequency 

oscillations on the 15 Hz data are due to resonances in the 

test fixture rather than to spring characteristics. (Note 

that the data presented in Figure 38 include the force due 

to spring rate and nonlinear damping, but do not include the 

force due to the mass of the spring.) [361 The spring charac- 

teristics obtained at 6, 10, and 15 Hz agree rather closely 

with the data obtained at 0.5 Hz. 

In summary, the heavy-vehicle suspension test facility 

provides accurate measurements of the force-versus-deflection 

characteristics of heavy-vehicle springs. These measurements 
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are useful for characterizing spring performance up to at 

least 15 Hz, covering more than the frequencies of interest 

in braking studies and an important band of frequencies for 

ride studies. In addition, since the test facility is ar- 

ranged to apply braking forces to the suspension, sophisti- 

cated studies of interaxle load-transfer can be made readily 

in the laboratory. 

3.5 A Pitch-Plane Inertial Properties Facility 

With respect to braking of highway vehicles, important 

inertial properties are center-of-gravity (c.g.) height and 

pitch moment of inertia. Figure 39 shows a test facility 

specifically developed for measuring the pertinent inertial 

characteristics of trucks, highway tractors, and commercial 

trailers. Using this device, the measurement of the inertial 

properties of vehicles weighing up to 35,000 lbs may be ac- 

complished in approximately four hours. 

The primary features of the facility are (1) relative 

ease in lifting and swinging heavy vehicles, (2) means for 

careful selection of the location of the swing's pivot points 

in order to optimize the accuracy of the measurements, and 

(3) adjustable supports for handling two- and three-axle 

vehicles with differing wheelbases. 

Although it might seem that c.g. height and pitch moment 

of inertia could be calculated from layout drawings and com- 

ponent weights, experience has shown a theoretical approach 





t o  be troublesome, requi r ing  information t h a t  i s  d i f f i c u l t  

t o  obtain .  I f  t h e  vehic le  of i n t e r e s t  ( o r  a  comparable 

veh ic l e )  e x i s t s  i n  hardware ( a s  was the  case when t h e  federa l  

braking standards were i n i t i a t e d ) ,  then d i r e c t  measurement 

of i n e r t i a l  p roper t ies  i s  a  p r a c t i c a l ,  accurate  approach. 

The popular i ty  of t he  experimental approach i s  demonstrated 

by the  f a c t  t h a t  t he  i n e r t i a l  p roper t ies  of more than 50 

heavy vehic les  have been measured using the  pitch-plane 

i n e r t i a l  p roper t ies  f a c i l i t y .  



CHAPTER 4 

PREDICTING BRAKING PERFORMANCE 

This chapter addresses the analysis of braking perfor- 

mance for situations in which measured stopping distance 

might be longer than that anticipated by the vehicle manufac- 

turer. After some preliminary remarks, a specific example, 

involving the antilock braking of a heavily loaded three-axle 

truck, is presented to illustrate the utility of a simulation 

approach in analyzing a difficult problem in understanding 

causes of substandard performance. 

The simulation methodology described in this monograph 

is both comprehensive and complex. The initial use of the 

computerized model can be a major undertaking. After the 

parameters of a baseline vehicle have been measured and the 

simulation has been exercised to provide a detailed under- 

standing of the performance of the selected vehicle, the user 

of the simulation methodology is in a favorable position to 

make comparative studies of various vehicles (or the influ- 

ence of changes in the design of a vehicle). 

Since the methodology may involve a major commitment of 

technical resources, judgment must be exercised regarding 

when it is reasonable to consider using a complex computerized 

model. Two situations in which the application of a complex 

model appears to be justified are (1) when simpler models 



have failed or (2) when new approaches are being tried in a 

complex system in which important interactions are not read- 

ily apparent. 

For example, a manufacturer might consider applying the 

computerized model to the types of vehicles commonly supplied 

to customers. Since the buyer of a commercial vehicle is al- 

lowed a multitude of choices regarding the types of brakes, 

suspensions, tires, etc., the manufacturer could conceivably 

perform simulations to predict the braking performance of any 

combination of components selected by a customer. A pragmatic 

means for evaluting the results predicted in a particular case 

would be to compare them with results for a vehicle which has 

both state-of-the-art braking capability and a wide base of 

customer acceptance. 

From a slightly different point of view, a vehicle manu- 

facturer might wish to evaluate the braking performance of 

current and proposed designs to see if any unanticipated dif- 

ficulties are predicted. In this regard, component suppliers 

might be interested in assessing the influence of changes in 

component properties on the braking performance of particular 

types of vehicles to see what benefits may accrue and to con- 

vince vehicle manufacturers of the viability of a proposed 

change in component performance. 

The analysis of a "problem vehicle" is yet another sit- 

uation in which a manufacturer might want to use the compu- 

terized model. If customer complaints or test results indi- 

cate an undesirable or unacceptable braking situation, a 



combination of simulation and testing can be used to identify 

the cause of the problem. After the problem is defined, the 

simulation can be used to screen proposed solutions if expen- 

sive hardware changes or testing requirements are foreseen. 

Throughout any discussion of simulation activity it is 

well to keep in mind that simulation is experimenting with 

models. The computerized model is no more accurate than the 

parametric data put into it. Even though the model may be 

complex, an important feature of a particular vehicle may not 

be included in the model. The engineer investigating a par- 

ticular phenomenon may need to add to the model in order to 

examine a specific aspect of a given problem. Successful 

application of the simulation methodology requires (1) an 

adequate computerized model, (2) accurate parametric measure- 

ments, and (3) as many carefully controlled vehicle tests as 

time, money, and equipment availability afford. A deficiency 

in any of these three areas may lead to uncertainties concern- 

ing the validity of the conclusions derived from the simula- 

tion activity. 

Often a major effort goes into developing the model, but 

the model developers have little opportunity to exercise their 

model. They are considered to be "tool  builder^.^^ The main 

opportunity for the model developer to try the model is usually 

in a validation activity that is performed to show that the 

model I1works. l1 

As a consequence of the tool-building approach, the simu- 

lation may not be exercised to any great extent. sometimes 



the simulation is not exercised because the solution to a cur- 

rent problem is found through the process of developing the 

model (i.e., carefully defining the system) and/or measuring 

component characteristics. Other times, prospective users do 

not know how to operate the model or evaluate results. In 

any event, a major difficulty seems to lie in communicating 

to users of the simulation what the model builders have done 

and learned. 

Fortunately, the developers of the computerized model 

that was discussed in Chapter 2 have had an opportunity to 

apply their model in the following practical situation. After 

the addition of antilock systems to heavy trucks, vehicle 

manufacturers discovered that certain vehicles required unex- 

pectedly long distances to reach a stop. Given these circum- 

stances, what might have been straightforward computer vali- 

dation activities were transformed into analyses of vehicle 

performance. 

Two vehicle analysis studies have been conducted. The 

first study examined and explained the influence of tire, 

brake, suspension, and antilock system properties on the brak- 

ing performance of a three-axle truck. 17' The second study 

examined factors influencing the efficiency of antilock sys- 

tems. r8 '  13] The following discussion is extracted from the 

second study. 

The analysis concerned a three-axle truck that had been 

tested by White Motors, Inc., at the ~endix Automotive Proving 

Grounds (BAPG). Preliminary calculations predicted an esti- 

mated stopping distance of approximately 250 feet from 60 mph. 



However, vehicle test results varied from 280 to 340 feet for 

repeated 60-mph stops. The majority of the tests produced 

stopping distances between 285 and 310 feet, with an average of 

about 300 feet. The stopping performance of this experimental 

vehicle not only was longer than expected, but also was very 

marginal with respect to the prevailing federal requirement 

of 293 feet in at least one of six tries. The experimental 

vehicle was a straight truck equipped with a beam axle, 

leaf-spring front suspension, rear ltwalking-beamll tandem 

suspension, and an axle-by-axle antilock brake control sys- 

tem. The antilock system employed ltworst-wheellt control for 

each axle and pneumatic logic to control the rate of pressure 

build-up during each cycle. The front axle was equipped with 

dual-wedge brakes, and each rear axle had S-cam brakes. 

The vehicle was heavily loaded to a gross vehicle weight 

of 50,700 lbs with a center of gravity height of 64 in. The 

location and size of the payload were selected to represent 

a ltworst-casell situation for this type of vehicle. 

The test vehicle was extensively instrumented, including 

measurements of (1) wheel speeds for all six wheels, (2) air 

pressures at the front, middle, and rear axles, (3) air pres- 

sure at the treadle valve, and (4) stopping distance, velocity, 

and deceleration. In addition, torque wheels were installed 

to measure brake torque at the front and rearmost wheels on 

the right side of the vehicle, and the vertical deflections 

of the front and rearmost axles were measured with respect 

to the frame rails. 



Following the series of stopping distance tests, the 

vehicle's inertial properties and component characteristics 

were measured at HSRI. The ttsecond-generationn suspension 

measurement facility was used to obtain force-deflection 

characteristics for the front and rear suspensions (see Sec- 

tion 3.4). The antilock systems were tested in the labora- 

tory using the analog computer setup (Section 3.3). 

The mobile dynamometer was employed to make tire force 

measurements on the surface used for the vehicle tests (i.e., 

at BAPG). Tire data were collected at 20,40, and 60 mph at 

three vertical loads (specifically, 0.5, 1.0, and 1.5 times 

rated load). 

The combination of (1) detailed measurements made during 

full-scale vehicle tests, and (2) laboratory measurements of 

component properties provided the foundation for refining the 

computerized model and, ultimately, for using the simulation 

to deduce the mechanisms contributing to increased stopping 

distance. A review of the vehicle and component test results 

suggested the need for refinements in the representation of 

(1) the brake pressure versus torque hysteresis of the rear 

S-cam brakes, (2) air system lags that occur if chamber pres- 

sures fall below pushout pressure, and (3) rear tandem sus- 

pension force-deflection characteristics. 

Examination of the brake-pressure, torque-wheel, and 

wheel-speed data from the vehicle tests revealed a total 

hysteresis of 27,000 in-lb between the boundaries in a torque- 

pressure loop of the form illustrated in the right-hand graph 



of Figure 7 in Chapter 2. In addition, as illustrated in 

Figure 40, a "lag" in the increase in brake torque and a slow 

rise in pressure were observed if the brake pressure fell below 

the pushout pressure. The computerized model was modified to 

more accurately represent the hysteresis-torque relationship 

at low pressure and the air supply transport delay effect. 

Furthermore, the tandem suspension measurements indicated 

a complex relationship between vertical load and suspension 

deflection. The leaf-spring model defined by equations 24 

and 25 was developed to fit these test data. The use of 

the refined spring model was instrumental in explaining and 

examining the pitching and bouncing dynamics of this vehi- 

cle. [8 I 

A previous study['ll demonstrated the importance of im- 

balance between the brakes installed on an axle, and informa- 

tion from lining manufacturers [I4] indicated that significant 

differences in torque capability are likely to occur between 

brakes of the same design. Accordingly, the vehicle test 

data were used to infer the amount of brake imbalance from 

side to side on each axle. 

After gathering parametric data and modifying the com- 

puterized model, several simulation runs were made to deter- 

mine a baseline set of parameters representative of a typical 

stop from 60 mph. Due to the variability between the results 

measured in various tests, a certain amount of judgment was 

exercised in selecting a representative test run to be compared 

with simulation results. The test run selected was for the 
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majority of tests with stopping distances from 285 to 310 feet 

and similar cycling of wheel speed. Figure 41 shows a compari- 

son of the simulated and measured vehicle responses chosen to 

represent the baseline performance of the vehicle. In view 

of the variability of the test results and the known sensiti- 

vity of wheel cycling to small differences in operating con- 

ditions, the level of agreement between measured and simulated 

vehicle response is good. Furthermore, the baseline computer 

representation predicted a stopping distance of 295 feet, 

while the vehicle stopped in 296 feet in the actual test. 

A detailed understanding of the process through which 

rear-brake hysteresis, air-supply delays, and side-to-side 

imbalance combine to produce degraded stopping performance 

was developed during the efforts applied in verifying the 

computerized model. The sequence and timing of events taking 

place during a cycle of antilock braking are illustrated in 

Figure 40. During a pressure application, the I1worst wheel" 

on an axle approaches the speed for maximum tire shear force 

while the other wheel is at a higher speed and less tire force 

because of the side-to-side imbalance in the brakes. When the 

antilock system reduces brake pressure, the worst wheel is 

operating at nearly maximum force. However, hysteresis in 

the brakes prevents the brake torque from rapidly falling 

off when the pressure is first reduced. This delay in the 

reduction of brake torque causes the worst wheel to tend 

toward locking up and thereby causes the antilock system 

to lower the pressure below the pushout pressure of the 
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brake. During this time, the other wheel (the I1bestl1 wheel) 

is approaching free-rolling conditions and is providing 

very little brake torque. Once the brake torque decreases 

to a low level, the worst wheel accelerates back to nearly 

a free-rolling condition, causing the antilock system to re- 

apply air pressure to the brake chamber. However, the pres- 

sure in the brake chamber rises slowly at first due to the 

air volume increase required to push the brake shoes out to 

the drum. For this vehicle the time required to push the 

brake shoes back out resulted in a maximum time lag of approxi- 

mately 40 milliseconds. The net effect of the time lags 

caused by brake hysteresis and air pressure delay is to permit 

the tires to operate at nearly free-rolling (low-braking) condi- 

tions for extended periods of time. 

Subsequent parametric studies indicated that the dynamic 

interaction between hysteresis, side-to-side imbalance, and air 

system transport lags caused significantly diminished braking 

performance. The calculations predicted a 230-foot stopping 

distance for a vehicle equipped with ideal brakes, that is, 

no imbalance, hysteresis, or air system lags. Without hys- 

teresis, the predicted stopping distance was 253 feet, and 

without imbalance the stopping distance was 252 feet. The 

combination of hysteresis and brake imbalance along with the 

air system lag was needed to achieve extraordinary stopping 

distances of approximately 295 feet. 

The adverse effects of rear brake imbalance and hysteresis 

were amply demonstrated using the computerized model. Although 



the discussion presented here has centered on brake system im- 

perfections, the computerized model has been used to study the 

influence of changes in loading, tire characteristics, suspen- 

sion properties, and antilock system logic on the stopping 

performance of the vehicle. [8' In addition to improving 

the brakes, it was found that stopping distance performance 

could be improved by (1) reducing the effectiveness of the 

rear brakes or using load-sensitive proportioning valves, (2) 

modifying the operation of the antilock system, or (3) modi- 

fying the properties of the rear suspension. 

The analysis presented in this chapter illus- 

trates a situation in which a complex model is needed to 

represent detailed mechanisms that combine to degrade stop- 

ping performance during antilock braking. 



CHAPTER 5 

CONCLUDING STATEMENTS 

This monograph has presented a description of a compu- 

terized model designed for predicting the braking performance 

of commercial vehicles. Versions of this computerized model 

have been delivered to administrations of the federal govern- 

ment for their use in studying highway safety. Vehicle 

manufacturers have applied this model in the process of 

developing vehicle designs, including antilock braking 

systems. The originators of the model have made detailed 

studies of the braking performance of heavy trucks equipped 

with antilock systems. The computerized model is an avail- 

able analytical tool with demonstrated capabilities for 

studying braking performance. 

The so-called ltsimulationtt methodology employed in 

improving and refining the computerized model has led to 

major advances in the equipment available for measuring the 

pertinent properties of heavy vehicles. New devices now 

available include (1) a mobile truck-tire and brake 

dynamometer, (2) a tandem and single-axle suspension test 

facility, (3) a laboratory setup for deducing antilock 

system parameters, and (4) a pitch-plane inertial properties 

test facility. All of these devices have been used in 

making extensive studies of the performance of vehicle 
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components having an important influence on braking perfor- 

mance. The use of these devices has led to a better under- 

standing of the shear force properties of truck tires; the 

fade, hysteresis, and variability of brake torque character- 

istics; the force-deflection characteristics of leaf springs, 

including their inherent damping properties; the control 

laws and pressure modulation characteristics of currently 

available antilock systems; and parameters describing the 

mass distribution characteristics of heavy vehicles. 

At present, a major goal is to document the research 

upon which this monograph is based. A series of volumes 

presenting research results for tires, brakes, suspensions, 

antilock systems, and inertial properties will be prepared 

during the coming year. These volumes should enhance the use 

of the computerized model, since a major hurdle obstructing the 

use of the model is the availability of suitable parametric 

information on vehicle and component properties. 

Future studies aimed at improving stopping capability 

would benefit from the development of a better understanding 

of (1) the factors influencing the effectiveness of truck 

brakes, (2) the interaxle load transfer occurring in tandem 

suspensions, (3) the influences of pressure modulation 

characteristics on the performance of antilock systems, and 

(4) the capabilities of brake proportioning devices. The 

simulation methodology for studying the factors listed above 

has been developed, and the necessary elements of this 

methodology are ready to be applied. 



In closing, it should be observed that the braking 

research described herein has been incorporated to a large 

extent into similar research on combined braking and steering 

maneuvers. The combined braking and steering problem is 

clearly much more complicated than the problem of straight- 

line braking. Future progress in analyzing vehicle perfor- 

mance in braking in a turn or in accident-avoidance maneuvers 

involving braking and turning depends upon developing (I) 

means for measuring the combined lateral and longitudinal 

force-producing properties of truck tires and (2) models of 

the steering system, including the influences of braking 

torques and forces as well as side forces and aligning 

moments on front-wheel angle. The simulation methodology 

used for developing an understanding of braking phenomena 

appears to be an appropriate approach for unraveling the 

complex interactions occurring during combined braking and 

turning maneuvers. 
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