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SYMBOLS

thermal diffusity

deceleration

mean deceleration; see Fig. 13

maximum deceleration (ft/sec?)

brake force distribution constant; see Eq. 2-9

brake chamber area

master cylinder area

wheel cylinder area

a constant depending on characteristics of friction surfaces
a brake force distribution constant; see Eq. 2-9

brake factor, defined as the ratio of drag force on the drum
friction surface to the actuating force of one shoe
horsepower rating of the braking system

vacuum assist characteristics, defined by the ratio of pushrod
force upon the master cylinder piston to the pedal force multi-
plied by the pedal lever ratio

specific heat

braking efficiency

total energy (ft/1b)

braking efficiency, specified minimum value

braking efficiency as determined by the front axle

braking efficiency as determined by the rear axle

fade coefficient

pedal force

brake force per axle (air brake system)

brake force per axle (hydraulic brake system)

brake force on front axle

vertical force on front axle

spring force at extended length

gravitational constant

convective heat transfer coefficient; variable dependent upon
vehicle speed

number of braked axles

energy conversion factor, 778 ft-1b/Btu

thermal conductivity

thermal conductivities of the moving and stationary friction
surfaces, respectively

spring rate (1b/in.)

K-factor

iength parameter; see Fig. 1l

effective cam radius

nydraulic ratio between master cylinder and wheel cylinder
pedal lever ratio

effective slack adjuster length
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number of brakes

number of brake shoes

number of snubs in 720 sec

line pressure

brakeline pressure

mean pressure between brake shoe and drum

pushout pressure

mean lining pressure

nominal pressure on the friction surface

yield strength in compression

heat received by one hot spot

heat flux into drum (Btu/ft2-sec)

horsepower per unit area of lining (hp/ft2)

drum radius (effective drum or disk radius)

effective tire radius

brake sensitivity

distance travelled during the test

actual stopping distance (ft)

stopping distance (ft) corrected to 60 mph initial speed
calculated time (sec) that brakes are applied in a single snub
at the velocity and deceleration employed in the test
average drift time (sec) when decelerating from 50 to 15 mph
application time (sec)

buildup time (sec)

brake torque

velocity (ft/sec)

initial velocity (mph)

relative velocity

actual test velocity (mph)

vehicle weight (1b)

caged length of spring

length of spring when spring brakes are set

a factor between 2 and 6 relating hot-spot size and sliding
distance

incremental stopping distance (wheels unlocked)

change in temperature

brake sensitivity

mechanical efficiency

cylinder efficiency

nmechanical efficiency between brake chamber and shoe actuation
lever efficiency

temperature

initial brake temperature

friction surface temperature

relative load ratio; see Fig. 7

coefficient of friction

value of lining friction coefficient at high values of sliding
velocity
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Mx

ML
MLy

HLh

coefficient of friction at tire-road interface
longitudinal coefficient of friction at tire-road interface
Jlateral friction coefficient at tire-road interface

coefficient of friction of lining

lining coefficient of friction at arbitrarily specified "faded"
condition

lining coefficient of friction, nonfaded condition

mean pressure times lining friction coefficient (1b/in.2)
value of lining friction coefficient at high relative velocity
lever ratio between brake chamber and brake shoe

density

heat absorbed by the drum divided by total thermal braking
energy

brake force on front axle/total brake force

brake force on rear axle/total brake force

brake force on trailer axle/total brake force

brake force distribution, defined as brake force between tire
and roadway generated at the rear axle divided by total brake
force

height of center of gravity divided by the wheel base

static rear axle load divided by the total vehicle weight
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1, INTRODUCTION

This report presents findings, conclusions, and recommendations derived
by the Highway Safety Research Institute (HSRI) of The University of Michigan
in a research program for the National Highway Traffic Safety Administration
(NHTSA) entitled, "Bus, Truck, Tractor-Trailer Braking System Performance,"
The broad objectives of this program are the formulation of technliques and
the production of data designed to aid NHTSA in fulfilling its mandate to
issue reasonable and desirable safety standards,

1,1 STATEMENT OF THE PROBLEM

The complex relationship between current braking capabilities of commer-
cial vehicles and the frequency of accidents with these vehicles due to de-
ficiencies in braking performance is neither completely understood nor sta-
tistically documented., There is, nevertheless, ample intuitive basis to
hypothesize that such a relationship exists, and further, that there are
certain specific vehicle braking performance characteristics which, during
elther the normal driving process or emergency situations, causes the poten-
tial for loss of control to rise above a threshold beyond which even the skill
and experience of the professional driver are of little avail, It 1s known
that the braking performance of buses, trucks, and tractor-trailers varies
significantly over a wide range, and is, on the average, less than that for
passenger cars, and certainly less than the maximum performance achievable,
Thus, it can be argued that this performance differential, if great enough,
can constitute a significant safety hazard since all vehicle types are sub-
jected to the same traffic and physical environments, The performance demands
of these environments and the integration of vehicle types within the envi-
ronments indicate a need for uniform and higher braking performence levels to
be achieved by commercial vehicles, The study described hereln addresses this
need by focusing on the establishment of braking system performence require-
ments for buses, trucks, and tractor-trailers,

1.2 OBJECTIVES

The specific objectives of this study are threefold:

(1) To determine, by means of vehicle testing, the range of braking
performance currently exhibited by buses, trucks, and tractor-trailers,

(2) To establish the maximum braking performance capabilities of these
vehicles based on full utilization of the technology related to brake system
design.

(3) To recommend a rational braking performence standard based upon a
comparative analysis of (a) current braking performance, (b) the maximum
performance achlevable by full exploitation of existing technology, and (c)
performance as constrained by a host of assoclated factors.,

1.3 SUMMARY OF TASKS
In order to meet the objectives of this program, four major experimental



and analytical tasks were carried out.

1.3.1 LITERATURE REVIEW. The foreign and domestic literature was sur-
veyed with the objective of finding information pertinent to: accurate anal-
yses of braking systems, experimental test procedures, and means of measuring
and evaluating the braking performance of buses, trucks, and tractor-trailers.
Factors considered important in the review were brake system design, braking
performance, brake usage, brake testing, brake failure, and performence
standards,

1,3,2 VEHICLE-BRAKE SYSTEM PERFORMANCE TESTS., In order to determine the
braking performance capabilities of vehicles equipped with standard braking
systems, three integral trucks, three buses, and four tractor-traller combi-
nations were subjected to a series of effectiveness, fade and recovery, and
brake rating tests, So that the improvement in performance through use of
more effective brakes and advanced braking systems could be determined, three
additional vehicles were tested, namely:

(1) An integral truck equipped with disk brakes and a full power hy-

draulic brake actuation system,

(2) A tractor-trailer equipped with proportioning valves, adaptive

braking system,* and trailer brake synchronization device,

(3) A tractor-trailer equipped with a wheel antilock system, **

The disk brake truck was subjected to effectiveness, fade and recovery,
and brake rating tests, while the two tractor-trailer vehicles were tested
primarily for effectiveness and minimum stopping capability,

1.5.3 ANALYTICAL PROGRAM. The analytical study was directed toward
establishing mathematical and computation procedures for predicting braking
pérformance based upon vehicle and breaking system design factors., Analysis
of the performance of several of the test vehicles demonstrated the feasi-
bility of meking accurate predictions of brake effectiveness, braking effi-
ciency, pedal force gain, and thermal response, Dynamic modeling and simula-
tion were employed to determine the extent to which vehicle braking perfor-
mance can be improved with increased effectiveness, refinements in brake torque
distribution, and load- and deceleration-sensitive proportioning systems,

1.3,4 RECOMMENDATIONS FOR A SAFETY STANDARD. Based upon the results of
the three aforementioned tasks, performance requirements are suggested which
would effectively upgrade the braking performance of these vehicles to a level
approaching that of passenger cars., Procedures and tests for ensuring com-
pliance with the requirements are also suggested.

The interrelation of the tasks and important subtasks is shown in block
diagram form in Fig. 1,

*Designation used throughout the report for the system developed by
Bendix-Westinghouse.

*¥Degignation used throughout the report for the system developed by
Eaton, Yale, and Towne,



Test Planning
and
Selection of
Vehicles
(Task 2)

.

Literature
Survey
(Task 1)

Vehicle
Testing—
Baseline
Vehicles
(Task 2)

Development
of

Analytical
Techniques
(Task 3)

Development
of Dynamic
Simulation
Models
(Task 3)

Vehicle
Testing—
Advanced
Systems
(Task 2)

-

Analysis
of Test

Vehicles
(Task 3)

Simulation
Analysis

of Advanced
Systems
(Task 3)

Evaluation
of Analytical
and Test
Results
(Task 4)

Recommended
raking
erformance
tandard

(Task 4)

—

FIGURE 1. INTERRELATIONSHIP OF PROJECT

1,4 CONCLUSIONS AND RECOMMENDATIONS

TASKS AND SUBTASKS

The results of the analytical and testing work accomplished for this
study indicate that the maximum braking performance that can be achleved by
a vehicle on a given test surface is limited by five factors:

(1) The frictional forces available at the tire-road interface

(2) The effectiveness of the vehicle's brakes, that is, the maximum

torque capacity of the brakes

(3) The braking efficiency of the vehicle, that is, how well the brake

torque is balanced axle to axle such that the tire-road frictional
forces are best utilized

(4) The ability of the driver to modulate the pedal force such that

maximum deceleration and minimum stopping distance are achieved
without loss of directional control and stability

(5) The time response of the brake system to an applied pedal force

The results of this study also incidate that three major steps will have
to be taken to significantly upgrade the maximum brsking performance of com-

mercial vehicles,
The basic braking systems of the majority of these vehicles will
have to be improved by use of more effective brakes, better balance, and faster

First.

system response on alr-braked vehicles,

Second,

The traction characteristics of tires used on the majority of

medium and heavy commercial vehicles will have to be improved so that the



advantage of improved brake effectiveness can be fully utilized at the tire-
road interface.

Third, Advanced brake control systems will have to be employed to allow
rapid brake applications without instigating vehicle instability, whether the
vehicle be loaded or empty, and whether operating on a dry or slippery surface,

A number of design alternatives exist for achieving these objectives:

(1) The effectiveness and fade resistance of the braking systems on
medium and heavy trucks can be improved significantly by use of
disk brakes, powered either by a vacuum assist unit or a full power
hydraulic system,

(2) The effectiveness of the braking systems of tractors can be improved
by use of large brakes on the front axle of tractors with tandem
rear axles (a design configuration in which front brakes are gen-
erally absent) and by use of larger brakes on the front axle of twc-
axle tractors.

(3) The braking efficiency of many trucks and tractor-trailers can be
improved by careful distribution of braking effort among the axles
of the vehicle.

(L) The brake response time of air-braked systems can be improved sig-
nificantly through use of larger hoses, improved connectors and
fittings, quick release valves, relay valves on tractors, and trailer
breke synchronization,

(5) Braking performance can be improved significantly on trucks, buses,
and tractor-trailers through use of the advanced brake control
systems, which were evaluated by test and/or simulation in this
program, These systems, ranked in order of potential for improving
braking performance, are:

(a) adaptive braking or antilock system
(b) dynamic load-sensitive proportioning system
(c) static load-sensitive proportioning system

In meking specific recommendations for a standard, careful consideration
has been given to the necessity to upgrade commercial vehicle braking per-
formance as quickly as possible to acceptable levels. Taking intc account the
system design problems which will result from increased performance require-
ments, and the state of development of advanced systems, it 1s recommended
that rules be promulgated which require upgrading the performance of trucks,
buses, and tractor-trailers in three discrete steps, separated by appropriate
periods of time, As a first step, it i1s recommended that the rules require
immediate action to upgrade braking performance to a level achievable by
current design practice; that is, to the best performance already demonstrated
by those tested vehicles which were equipped with standard braking systems.
For the second step, it is recommended that the rules require performarce be
improved to the limit of the tire-road interface tractive capabilities of
truck tires now available, with due regard to realistic braking efficiencies,
The second step may require use of load-sensitive proportioning systems on
certain vehicles, and therefore sufficient lead time should be allowed for
further development and testing of these devices, After an appropriate pericd



to allow for development and testing of a reliable antilock system, the
development of truck tires with better tractive characteristics, and the
necessary design modifications of vehicle brake, suspension, and structural
systems, 1t is recommended as a third step that performance equal to or ap-
proaching that of passenger cars be required along with use of an antilock
system to insure vehicle stability over a wide range of vehicle loadings and
road surface conditions. Summaries of the suggested performance requirements
for each step are given as follows:

Step 1:

.Meximum deceleration capability: 16 ft/sec®*

Minimum braking efficiency: 65% for surfaces having peak truck tire-
road friction coefficients between 0.2 and 0.8

«Thermal capacity: same as requirements of SAE J786 fade and recovery
test except that 15 ft/sec2 deceleration is required for fade snubs
-Deceleration/pedal force gain: within limits such that the driver can
modulate pedal force to prevent wheel lockup on a wide range of surfaces.,
+Air brake response time: application, 0.25 sec tractor, 0.35 sec trailer;
release, 0,50 tractor, 0,70 trailer
+Special systems required: none

Step 2:

“Maximum deceleration capability: 20 ft/sece*

-Minimum braking efficiency: 759 for surfaces (as in Step 1)

.Thermal capacity: test upgraded to correspond with heaviest duty
cycles experienced in class of service
«Air brake response time: application, 0.25 sec, tractor, 0.30 sec
trailer; release, 0.30 tractor, 0.4O trailer
-Special systems required: static load proportioning (if necessary)

Step 3:

*Maximum deceleration capability: 2k ft/sec2 with upgraded tires such
that peak tire-road surface coefficient is at least 0.85 on a typical
dry asphalt or concrete surface

*Minimum braking efficiency: 35% for surfaces having peak truck tire-
road friction ccefficient between 0,2 and 0.9

* Special systems required: antilock system

* Improved tires also required

Test procedures similar to those used in the test program are recommended

for determining brake effectiveness, fade resistance, deceleration/pedal force
gain characteristics, and static response time of air brake systems. If stop-
ping distance tests are required, they should be made in conjunction with the
effectiveness tests to ensure maximum unlocked wheel decelerations are achieved.
Compliance with braking efficiency requirements can be affected by requiring
calculations based upon vehicle and brake system design data and validating

the calculations by effectiveness tests on high-coefficient and low-coefficient
surfaces.

*¥It is presumed that this deceleration would be measured on a surface
having a peak truck tire-road friction coefficient of at least 0.75.



Testing of tractor-trailer combinations presents a special challenge.
Becuase of brake balance problems, a tractor which may perform very well with
one trailer may perform poorly with another. Conversely, a trailer whose
brakes were tested on a brake dynamometer and deemed adequate may perform well
with one tractor but perform poorly with another. Also a tractor could perform
well as a loaded straight truck, but poorly in combination with a trailer.

For this reason it is recommended that tractors be certified to pull only those
trailers for which design calculation and test have demonstrated adequate com-
bined performance.

1.5 REPORT ORGANIZATION

The work performed in each of the four tasks mentioned in Section 1.3
is described in Sections 2 through 6 of this report., Section 2 constitutes
the Literature Review, This review is not only a catalogue of the technical
literature surveyed during the course of this study, but a critical discus-
sion of each aspect of the analysis, testing, design, and performance of
braking systems found to be pertinent to the work at hand. The results and
conclusions of this review were used extensively in formulating the test
program and in planning and executing the analytical phases of the study.

Section 3 is devoted to the Test Program. In this section the criteria
for (and the method of) selection of the test vehicles are set forth, test
requirements are cited, and test results given,

Section 4 describes the Analytical Program. Analysis of the breking per-
formance of several of the test vehicles has demonstrated the feasibility of
making accurate predictions of braking performance based upon vehicle and
brake-system design data., Thermal analyses are also described, as are the
results of the dynamic modeling and simulation activities undertaken in this
study.

In Section 5, the Analytical Results and Experimental Findings are eval-
uated, leading to Section 6 which presents recommendations for a braking per-
formance standard for trucks, buses, and tractor-trailers.,

There are seven appendices to this report. Appendix A lists Data and
Specifications for the test vehicles. Appendix B documents test procedures
employed for the vehicles equipped with standard brakes and for those with
improved brakes and/or advanced brake control systems. The tire-road inter-
face tests, made on the surface upon which the braking performance tests were
conducted, are described in Appendix C, where the findings are presented,
Appendix D describes the hybrid computer simulation model used in the analyt-
ical phase of this study, and Appendix E lists and describes the digital
computer program used for making calculations of braking performance, Appen-
dix F details the formulation of the three measures used to rate potential
vehicle performance in the survey conducted for purposes of selecting the
test vehicles, Appendix G describes the trailer brake synchronization system,



2, LITERATURE REVIEW

2,1 INTRCDUCTION

2.1.1 SCOPE OF SURVEY. This review contains a summary of domestic and
foreign literature dealing with braking of commercial vehicles. The litera-
ture was searched with the objective of finding information pertinent to ac-
curate analyses of braking systems, experimental test procedures, and im-
proved means of measuring the performance of braking systems. Important fac-
tors in the review are brake system design, braking performance, brake usage,
brake testing, brake failure, and performance standards.

The review is divided into several sections, corresponding to these fac-
tors. In Section 2.2 (The Decelerating Vehicle) the braking performance of
integral trucks and articulated vehicles with fixed brake force distributions,
preportional braking systems, and wheel antilock systems are discussed. In
Section 2.3 (Brake System Elements) the actual hardware and operation of dif-
ferent braking systems are described. Literature found on the mechanical and
thermal analysis of brakes is discussed in Section 2.L4 (Analysis of the Fric-
tion Brake). In Section 2.5 (System Design Considerations), equations and
procedures for the design of braking systems and braking system components
are presented. Important factors to be considered in brake testing are dis-
cussed in Section 2.6 (Braking Test Procedures). Motor truck braking perfor-
mance standards existing in the U.S. and in foreign countries are discussed
in Section 2.7 (Performance Standards).

2.1.2 METHODOLOGY. In conducting this survey, we first reviewed the
technical literature available in the HSRI library. (Included in the HSRI
material were three previously published literature reviews on brakes.) En-
gineering and technical indices and abstracts were surveyed. Finally, refer-
ences listed in pertinent publications were cross-checked and examined. A
total of 800 papers were processed—including German, Russian, French, Japa-
nese, and English publications. More than 300 documents were examined in de-
tail and are included in this review.

2.1.3 TERMINCLOGY. The terminology established by the Society of Auto-
motive Engineers (SAE) for the automotive braking system and brake operation
(1,2)* is used throughout this report. To minimize the confusion resulting
from a multiplicity of symbols, all equations were rewritten using symbols
commonly used in U,S. publicaticns at the present time. The symbols are de-
fined in the text when first introduced and are summarized at the beginning
of this report.

2.2 THE DECELERATING VEHICLE

2.2.1 BRAKE FCRCE MODULATION. During braking, the kinetic energy of
the vehicle is converted into thermal energy at the friction surfaces of the
brake and at the tire-roadway interface. In the braking process, the brakes

*References referred to in text by numbers in parentheses are listed
numerically in References, following Appendix G, Volume II.



generate a retarding torque as a function of the applied pedal force. The
pedal force/braking torque characteristics are determined by the mechanical/
hydraulic or mechanical/pneumatic parameters of the braking system whereas the
actual deceleration of the vehicle is determined by the braking torques, the
tire-roadway friction coefficient, and the normal force between tire and road-
way. The normal forces change with the dynamic load transfer from the rear
axle(s) to the front axle. For vehicles equipped with tandem axles, load
transfer occurs on individual axles of the tandem suspension (3-5).

Control of the braking process through the pedal force depends on the
static and dynamic characteristics of the entire braking system. For a hy-
draulic braking system without power assist, the necessary work input (in. -1b)
at the master cylinder (in terms of the hydraulic pressure multiplied by the
displaced fluid volume) is directly related to the required work output at the
individual brakes. The work output is determined by the product of hydraulic
pressure and the displacement of the wheel-cylinder piston. The minimum pis-
ton displacement is dependent upon brake type, brake size, compression of the
lining material, and lining wear as well as drum expansion due to thermal or
mechanical deformation (6). The work output of a compressed-air brake system
is limited by reservoir pressure and volume of the reservoir (7).

The fundamental expression relating deceleration and pedal force for a
hydraulically actuated drum braking system with identical brakes at each
wheel is given by (6,€):

- 5‘ .-§.£OBF' ] -
B S Wipag R He (2-1)
where
ay = deceleration

BF = brake factor defined as the ratio of drag force on the drum
friction surface over the actuating force of one shoe
= pedal force
g = gravitational constant
by = hydraulic ratio between master cylinder and wheel cylinder
= pedal lever ratio
ng = number of brakes
= number of brake shoes
r = drum radius
R = effective tire radius
n = total efficiency
p = total gain lr x I = pedal travel divided by actuating travel
of one brake shoe
W = vehicle weight
For example, Eguation 2-1 reduces to

—-— -g.' .£0 L] [ ] -
aX—O.5wFPRBqu (2-2)

for a two-axle vehicle equipped with four brakes.
It is clear that the gain p=and hence both the pedal travel and the



shoe Ji¢placement-=is as important as fovce Fp, in determining decelerations
(9). Relationships similar to Equation 2-1 can be derived for other types of
brake systems.

For hydraulic braking systems with vacuum assist, the work input at the
master cylinder is equal to the work done at the pedal plus the work per-
formed by the booster (10). Depending upon the booster characteristics, the
pedal fcrce serves te a greater or lesser extent as an element for control-
ling the braking process rather than as a work-producing element. Consequent-
ly, in the case of a booster failure, due to the increase in required pedal
force levels the decelerations obtainable are considerably less than those
achievable under normal operating conditions, as is illustrated in Fig. 2
(11-13).

The fundamental principle utilized in pneumatic braking systems is
pressure equalization between two volumes: the volume of the reservoir and
the sum of all brake chamber and connecting pipe volumes (7,12,2L4). (See
Fig. %.) The energy stored in the compressed air of the reservoir is trans-
mitted to the brakes through the brake lines. The brake valve enables the
driver to apply and release the brakes gradually. In the case of a reservoir
failure, no braking action is possible unless an emergency system is pro-
vided. A detailed discussion on the design and evaluation of hydrauliz and
air brake systems is given in Section 2.5 (System Design Considerations).

2.2.2 TIRE-ROADWAY FRICTION. The friction between tire and roadway
determines to a large extent the braking capability of a vehicle. It can be
defined in terms of the coefficient of friction py, which is equal to the
ratio of the tangential force transmitted by the tire to the normal load car-
ried by the tire (15). The coefficient of friction depends uvon the tread
material and the geometry of the tread in addition to the surface geometry of
the roadway, the nature and thickness of any film (water, mud, oil, etc.)
present in the contact area, the sliding velocity, and operating temperature
(10,16-26).

A typical curve indicating the manner in which friction coefficient
varies with longitudinal slip of the tire is given in Fig. 4. (Longitudinal
slip is defined as the ratio of the difference between the actual speed of
the vehicle and the equivalent ground speed of the tire to the speed of the
vehicle.) Available data indicate that the peak of the friction curve gen-
erally lies between 5 and 25% slip for most tires and test conditions (24,27).
Antiskid devices try to make use of this behavior of the tire. Note that the
friction of a given tire-roadway combination is frequently specified by a
peak and locked-wheel coefficient of friction (10,18).

As can be seen from Fig. 4, adaptive brake force modulation, i.e., a
wheel antilock system, will not bring about a substantial improvement in
friction utilization or stopping distance on dry surfaces because the ratio
of the friction coefficient peak/slide is nearly unity. A considerable de-
crease in stopping distance can be expected, however, with brake force modu-
lation on wet surfaces (18,27,28). Figure L also illustrates that the effec-
tive lateral friction coefficient of a free-rolling wheel is significantly
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reduced at large values of longitudinal slip (1f,29,30).

The measured friction coefficient of a public road varies both season-
ally (31-33) and from lane to lane (3L4) on the highway. These measurements
of road friction can be accomplished in several ways (35-37). Three methods
have been widely used: skid trailer (36), vehicle stopping distance measure-
ments (3€), and portable testers (39). Skid trailers can be used to measure
veak and sliding friction coefficients (40,41). Comparisons between the
British Portable Tester and automobile stopping distance measurements (L42)
show gcod correlation (L43) of the results when patterned tires are used. In
all skid resistance measurements, conditions must be carefully controlled in
order to obtain consistent results (LL). On treating the braking process as
a static phenomenon, the braking efficiency is derived in the following man-
ner. The coefficient of friction between the tires and the rcad necessary t:z
prevent the lockup of wheels on the front axle is given by:

C Fer (1 - 0)-(a fe)W
x FZ,Fldyn -yt X(ax/g)]w

i

where
FX,F = brake force on front axle
FZ,FIdyn = vertical ferce on front axle
= static rear axle load divided by tctal vehicle weight

¢ = brake force between tire and roadway generated at the
rear axle, divided by total brake force
X = height of center of gravity divided by wheel base

The braking efficiency, as determined from the forces acting on the
front wheels, can by computed from

a /
E=/_Xﬁ =_*];:L_ (2-4)
F u 1 -0 -pux

\XF X

Similarly, the braking efficiency, as determined from *he forces acting on
the rear wheels, can be computed from

a /e
E = = (2-5)
R H LR |
X R X

2.2.3 BRAKING EFFICIENCY. Friction utilization or braking efficiency
E is defined as the ratio of the maximum, wheels-unlocked deceleration ax/g
to the coefficient of friction u, existing between tire and roadwsy. Thus,
braking efficiency can be expressed as

axéi

B o= (2-3)

Py

12



In general, E will be different for the individual axles over a wide range of
loading and driving conditions due to dynamic weight transfer (45-51) and, in
the case of articulated vehicles, due to forces transmitted through the king-
pin of the trailer (3,52).

2.2.3.1 Integral Trucks with Fixed Brake Force Distribution. Braking
efficiency is directly influenced by the distribution of brake force braking
effort among the axles. Accordingly, commercial vehicles with a large weight
difference, loaded and empty, tend to have reduced braking efficiencies at
driving conditions departing from the design point. A fixed brake force
distribution is usually selected for integral trucks such that the braking
process gives reasonably satisfactory results for the load condition and de-
celeration level that occur most frequently.

Braking efficiency E of the integral motor truck is determined by the
center of gravity location, the brake force distribution, and the tire-road-
way friction coefficient (45,46,50). The brake force distribution ¢ is typi-
cally not constant during the braking process. At low decelerations, ¢ will
depend upon the difference in pushout pressures on front and rear axle, where-
as at higherdecelerations, ¢ may be affected by fade (3). For a truck with
typical values for y, x, and ¢, Equations 2-4 and 2-5 produce the result shown
in Fig. 5. DNote that for the loaded condition, the limiting value of braking
efficiency is determined by the front axle, while for the empty condition,
the front axle limits up to a p of 0.68, at which point the rear axle becomes
the limiting factor.

The stopping distance that can be achieved prior to wheel lockup is di-
rectly related to braking efficiency (46,50,51). For a braking efficiency
of one, that is, a deceleration in g units equal to the existing friction co-
efficient, the stopping distance of the vehicle is the minimum achievable. If
it is assumed that the deceleration ax/g and the friction coefficient p, re-
main constant during the braking process, the incremental stopping distance
AD (wheels unlocked), resulting from a braking efficiency less than unity, is
given by the expression

2/ u
V= -
D= o <;X/g £> (2-6)

where V = initial speed of the vehicle. On using Equation 2-3, the expression
given in Equation 2-6 becomes

AD _1-E
Dpin - E 100 [#] (2-7)

1]

where

o

D - - s . .
min qux minimum stopping distance
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The increase in stopping distance as calculated from Equation 2-7 for a typ-
ical truck is also shown in Fig. 5.

If it were required that the efficiency E never be less than a specified
value Eyip irrespective of roadway and loading conditions, a very tight bound
is placed on the distributions of brake force ¢ that will satisfy this re-
quiremernt. If the requirement for Em n is set too high, it will not be possi-
ble to achieve it with a fixed brake force distribution. The existence of a
fixed value of ¢ that provides E > Emin can be checked through the following

inequality (50)
L _
E 'ﬂ S ¢ S l—f"w. ) “ﬂ (2_8)
min min

Application of this inequality to the wet and dry roadway (0.2 <u< 0.8) and
over the full range of ¥ and y defines an envelope for values of ¢ that yield
E>E . (50).

Experimental work has been reported by Alexander (53) comparing differ-
ent fixed brake force distributions and load conditions for passenger cars.

In tests of cars with three different brake force distributions, he showed
that only one distribution resulted in minimum stopping distance.

The relationships discussed above (Equations 2-L, 2-5, and 2-8) are also
applicable to integral trucks equipped with tandem-axle suspensions. Tandem-
axle suspensions are designed to distribute the static load among both axles
independent of irregularities in the road surface. They can be classified in-
to three basic groups (according to their attachment to the truck frame) as is
indicated in Fig. 6: (a) walking beam suspension, (b) two-elliptic leaf
spring suspension, and (c) multiple leaf-multiple rod suspension. [The histo-
ry of tandem suspensions has been reviewed by Hendrickson (54).] 1In gereral,
the reaction moments during braking cause a change in load distribution among
both axles of the tandem suspension. During braking, the forward axle of a
walking beam or multiple leaf-multiple rod suspension will be subjected to an
increase in load, while the forward axle of a two-elliptic leaf spring sus-
pension will experience a decrease in axle load from their respective static
load values (3%-5,55). Since load transfer among axles of a tandem suspension
can lead to premature wheel lockup, tandem-axle geometry and the brake force
distribution among individuael axles of a tandem suspension have a pronounced
effect upon peak, wheels-unlocked deceleration performance.

2.2.5.2. Articulated Vehicles with Fixed Brake Force Distribution. The
sum of the dynamic axle loads of each unit of a truck-trailer combination is
equal to the weight of the particular unit, assuming no forces are transmit-
ted by the hitch. In the case of a tractor-semitrailer, the axle loads of the
tractor are influenced by the loading and brake forces of the trailer. The
equations expressing weight transfer, brake forces and decelerations achiev-
able without wheel lockup for a tractor-semitrailer are consequently more com-
plicated than those for the integral truck and the truck-trailer combination
(3,55-61). Experimental work in Europe has indicated that the locking of

L -y -
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individual axles influences the stability of the combination in accordance
with theoretical predictions (62-€4). It has been observed that the tractor-
trailer combination is stable with a locked front axle, unstable with the
trailer axle locked (producing "trailer swing"), and violently unstable with
the tractor axle locked (producing "jackknifing"). The potential for jack-
knifing is greatest at the beginning of a severe braking process due to the
large longitudinal forces that are created at the kingpin if the application
and buildup time of the brake force on the trailer is greater tharn for the
tractor (52,57,61,62).

Prevention of wheel lockup appears to be the greatest deterrent to artic-
ulated vehicle instability. Assuming that wheel lockup does occur, urndesired
articulation and directional response can be minimized by having the front
wheels lock up first, then the trailer wheels, and then the tractor rear
wheels. The often observed practice in the U.S. of disconnecting or removing
the front brakes of a tandem-axle tractor is, however, in conflict with the
above observation (65). Eliminating the front brakes without changing the
baseline distribution of the combination has, generally, an unfavorable in-
fluence on the braeking performance of the vehicle combination (3).

Several means for determining the optimum fixed brake force distributions
on a tractor-semitrailer have been suggested. They consist of either comput-
ing the decelerations achievable for a given tire-roadway friction coefficient
for several assumed brake force distributions or computing the brake force
distribution as a function of vehicle data and the desired range of braking
efficiencies (%,58,59). Given the brake force produced by a trailer, brake
force distribution on the tractor that will yield a minimum stopping distance
can be computed from data defining the geometry and loading of the combination
(3). A static analysis yields that

A
¢1R = E-i—ﬁ - ulR'B (2‘9)
where
A = Mfl + (1 - 2)(1 - \|12)y + Q(ZQY + Z]_)
B o=Nyq + (1 -2z - (1-N)(xo - 20)y

Ejg = braking efficiency produced by tractor rear axle

Hig = coefficient of friction between tractor rear axle and roadway
Wy FzR

o S

(See Fig. 7 for other symbols)

Since in most cases the constants A and B in Equation 2-G are different
for the empty and loaded vehicle, Equation 2-9 will usually yield two dif-
ferent values for ¢ip. For most cases, the tractor rear axle brake force
distribution ¢1R should not exceed 50% (63). A relatively small value of
%R and hence a moderate utilization by the tractor rear axle of road friction
in the longitudinal direction, means that increased lateral forces are avail-
able from the tires for maintenance of directional stability. This result is
important since the danger of jackknifing is directly related to the lateral
forces that can be produced at the tractor rear axle (61,62).

Brake forces should be distributed on a truck-trailer combination such

A =
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that the longitudinal forces at the hitch point are approximately equal to
zero during braking. This practice is especially important on combinations

in which large differences exist between the loaded and unloaded driving con-
dition (66-68). Time differences in the application of brakes on the individ-
ual axles is also an important factor (56,69). On a semitrailer, for example,
if brake torque builds up on the tractor rear axle much faster than on the
trailer axle, the combination may jackknife, especially on slippery roadways.
This phenomenon can occur very quickly, with the result that the driver loses
steering control because he cannot correct for the jackknife in the short time
available (70).

It should be noted that dynamic load transfer between the forward and
rearward axle of a tandem axle suspension has been neglected in deriving
Equation 2-9. This assumption is valid only for tandem axle designs with
equalization levers resulting in an approximately constant load distribution.
For axles without equalization, however, the reaction moments during braking
cause a change in load distribution among the individual axles (3,4-6,76), In
this instance, the braking efficiencies of each axle have to be computed in-
dividually.

2.2.3.% Variable Brake Force Distribution. If the deceleration levels
achieved prior to wheel lock, as limited by a fixed distribution of brake
force, are considered to be insufficient, a variable distribution of brake
force can be employed. In the latter instance, the brake forces are pro-
portioned so that they more closely approximate the ideal brake force distri-
bution over a wide range of driving conditions. The ideal brake forces are
related to the vertical loads on the axles produced by the dynamic weight
transfer during the braking process (3,8,45,46,50,53,71-75). A braking ef-
ficiency curve typically produced by a braking system with a variable distri-
bution of brake force is shown in Fig. 8. It is clear that the system as de-
signed produces better braking efficiencies on road surfaces with higher co-
efficients of friction. The braking efficiency curve in Fig. € also demon-
strates that the designer wanted to avoid lockup of the rear wheels at the
higher coefficients of road friction.

For design purposes, it proves to be more convenient to compare the
"ideal" pressures (either hydraulic or pneumatic) desired at the wheel cylin-
ders or brake chambers to the pressures actually delivered to the wheel cylin-
ders by the braking system. "Ideal" pressures are those that correspond to
the ideal braking forces, i.e., they are dependent upon the dynamic weight
transfer (46,50,72,76). Ideal and actual pressures, corresponding to the ex-
ample used for computing Fig. &, are shown in Fig. 9.

Proportioning valves have been designed that modulate line pressure as a
function of the static or dynamic axle loads (72,74-P3). In the case of stat-
ic modulation, the valve setting is not affected by suspension movement during
the braking process. For dynamic modulation, the proportioning system must,
however, be made sensitive to deceleration. For example, suspension deflec-
tion during braking has been used to modulate individual brake line pressures.
With this type of proportioning, suspension and road noise must be filtered
out while still retaining an adequate signal.
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The ideal brake forces for a tractor-semitrailer in the loaded and empty
driving condition are shown in Fig. 10. These curves show that the ideal
brake force on the front axle varies little with change in vehicle loading,
whereas the ideal brake force on the rear axle of the tractor and on the
trailer axle is heavily influenced by the loading condition (3,4,56). Stud-
ies have shown that the following procedure is convenient for implementing
variable brake torque distribution in an articulated vehicle (79):

(1) The front axle brake force of the tractor is designed to be propor-

tional to brake line pressure.

(2) The brake force at the rear axle of the tractor is determined by a
load sensitive proportioning valve. Depending on the design of the
valve, the brake torque on the tractor rear axle may vary, for ex-
ample, from 50 to 120% of the front axle brake torque of the tractor.

(3) It is convenient and sufficient to control the brake force of the
trailer axle by a manually positioned limiting valve which has set-
tings for the empty, half-loaded, and loaded conditions resulting
in different limiting brake torques on the trailer axle (56,66,0-
83).

When brake proportioning schemes are employed, it becomes necessary to
examine the variability in performance that may result from using different
trailers with the same tractor. Calculations of braking efficiency should be
made by computing the coefficient of friction required by each axle to achieve
a given deceleration without wheel locking. In order to calculate friction
utilization, the effective axle loads have to be determined. For tractor-
semitrailer and truck-trailer combinations, the equations relating decelera-
tion achievable and tire-roadway friction have the same appearance as those
derived for braking systems with fixed distribution of brake torque. For ve-
hicles with proportioning systems, the brake force distribution is determined
by the static loads on the tractor rear axle and trailer axle (3,66,¢2,83) or
by the dynamic axle loads (8C,01) during braking.

Since braking systems with proportioning are often implemented by meking
the line pressure a nonlinear function of the pedal force rather than a func-
tion of the actual deceleration of the vehicle or a function of the friction
coefficient, it is still possible to lock the wheels, especially on low fric-
tion surfaces. Although proportioning can provide a brake force distribution
to match a wide range of loading and dynamic driving conditions, a practical
system is still subject to some of the basic limitations of systems with fixed
torque distribtuion (75).

2.2.4 WHEEL ANTILOCK SYSTEMS. Wheel antilock systems prevert the wheels
from locking up during braking by adjustirg the braking effort to the traction
force available at the tire-roadway interface. These systems were employed on
aircraft as early as 1952 (1C,84). Shortly thereafter several antilock de-
vices were introduced for use on automobiles (85-91). However, by 1961 ro
satisfactory wheel artilock device was in production for road vehicles in
Europe (L48) or the Urited States. During the last ten years, extensive re-
search and development has been performed on wheel antilock braking systems
for both passenger cars and commercial vehicles (27,2f,92-118).
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When wheel antilock systems are installed in a motor vehicle, the driv-
er operates the brakes as usual under normal conditions. On slippery road-
ways or during severe braking, the device takes over and modulates the brake
force whenever the driver causes the wheels to approach lockup (119). The
angular deceleration of the wheel is frequently used as a control variable as
it becomes very large when wheel lockup is impending and can be measured
rather easily (27). In order to retain directional stability during braking
and achieve minimum stopping distances on wet road surfaces, the wheel de-
celeration control limit is set such as to cause the wheel to operate at slip
values below the peak of the wet u-slip curve (see Fig. 3). Tests using wheel
antilock devices on dry pavement have demonstrated that, in some instances, a
slight increase in stopping distance results, while in other cases a slight
decrease in stopping distance is noted (27,120).

2.2.5 DRIVER-VEHICLE INTERFACE. Modulation of the brake force to
achieve minimum stopping distance and to retain directional stability during
braking must be provided by the operator unless the vehicle is equipped with
a wheel antilock system. Several investigators have examined the problem of
the driver-vehicle interface as it impinges on this modulation task (13,119,
120). Although the ability of the driver to perform as a controller is af-
fected by the design of the cab, a study of ten truck cabs indicated that
only a few were designed with the comfort of the driver in mind (121). Many
cabs were found to be below minimum standards essential to safe and efficient
operations. 1In some cases, the leg movement was hindered during braking by
obstructions.

Important factors in the design of truck cabs are: efficient operation,
visual efficiency, comfort, and safety. For example, controls should be as-
signed to proper body segments. Important and frequently used controls should
be assigned to preferred locations. Controls should be grouped according to
use and function, instruments should be readable from normal position, seats
should be adjustable, etc. (121). A study of the driver's position relative
to the brake pedal indicates that the pedal force will be at a maximum for a
particular angle between leg and thigh (122). A seating design study (123)
has concluded that adequate seat adjustment is needed in addition to a good
spring suspension.

2.5 BRAKE SYSTEM ELEMENTS

2.5.1 MECHANICAL SYSTEMS. In mechanical brake systems, the brake pedal
is connected to the brake assembly by levers and rods or cables. Maintenance
is an important factor in cbtaining a meximum overall mechanical efficiency.
Due to frictional losses, the total braking effect, even in well-maintained
systems, is reduced considerably (10). Rcad tests indicate brake system ef-
ficiencies of approximately 69 for mechanical, 929 for hydraulic, and 739
for pneumatic systems (124). Pure mechanical systems are, therefore, no long-
er used for service brakes. Mechanical systems are used, however, for park-
ing brakes since large displacements are more easily accommodated by hand (12%).
Mechanical systems with automatic adjustment devices generally have time lags
small enough that vehicle braking response is not adversely affected (12h).
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2.3.2 HYDRAULIC SYSTEMS. Hydraulic brake systems without power assist
are commonly used on light-weight trucks. Brake efficiencies are high, as
mentioned above. The foot pedal connects to a single or tandem master cylin-
der. The pedal displacement is transmitted via the hydraulic brake fluid to
the wheel cylinder (10,11,119). Hydraulic brake systems exhibit very little
time lag between pedal displacement and buildup in brake torque (10,110,12L).
However, on adding a hydraulically braked trailer, the time lag between pedal
actuation and brake torque buildup can become significant (124,125). This
time lag can be reduced by decreasing the fluid volume at the wheels through
smaller wheel cylinders and automatic adjusting devices (110).

Since the pedal forces that can be developed by the operator are limited,
additional power scurces are frequently used to generate higher brake forces.
Among such devices are vacuum boosters which utilize the vacuum developed in
the engine manifold. The vacuum assist is either hydraulically (10,11,126)
or mechanically controlled (10,120). For motor vehicles equipped with diesel
engines and for heavy vehicles, a vacuum pump and reservoir become necessary.
Tests on articulated vehicles equipped with vacuum hydraulic brakes have shown
that there may be a time lag of as much as two seconds between pedal operation
and application of the trailer brakes. Improved vacuum systems have been de-
veloped that show little or no time lag (125-127).

Full hydraulic power brakes employ a pump reservoir system in which the
hydraulic fluid is under pressure at all times. Since the system can be
brought into operation by opening a valve, i.e., the hydraulic pressure does
not have to be built up from zero, the time lag will be small (11,128,129)
and the stopping distances are shorter compared to air or vacuum assist brake
systems. Hydraulic power brakes seem particularly suited for vehicle combi-
nations since the length of the brake lines has little effect upon the time
lag (124). The system can be designed easily for dual circuit operation (10).

A large number of heavy commercial vehicles in England and Germany are
equipped with air boost over hydraulic brake systems (130). In this case
compressed air is used to assist in building up large hydraulic pressures
(11,131,132). From a time lag point of view, a hydraulic pump assist is
preferable to a compressed air over hydraulic system (124).

2.5.3 COMPRESSED AIR SYSTEMS. The functions of the major components of
an air brake system (10,133,134) are described briefly below, in order to fa-
miliarize the reader with the terminology.

The function of the air compressor is to build up and maintain the pres-
sure required for the operation of the braking system and additional air-pow-
ered devices. The governor automatically controls the air pressure between
the maximum and minimum pressures desired. The brake valve is the control
unit of the brake system and provides the operator with an easily operated
device to apply or release the brakes. Quick release valves speed the re-
lease of air from the brake chambers. Brake chambers at the wheels utilize
the air pressure to actuate the brakes. Slack adjusters provide a quick and
simple method of automatically adjusting the brakes.

Compressed air brake systems provide large operating forces at the brakes,
and are particularly suited to articulated vehicles because of the ease with
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which brake line ccrnections are made between tractors and trailers (10).
However, air brakes have relatively long response times and high power losses.
With an overall mechanical efficiency cof about 75%, the total power losses in
air systems are greater than those associated with hydraulic systems (12k4).
The time lag can be kept small through adequate pneumatic piping design.

Air pressure systems have been designed for use on light-weight vehicles
(135); however, they have not been used extensively on these vehicles. A
comparison made of different air brake system designs used in the U.S. and
several European countries (136) shows that the design of braking systems of
heavy vehicles operating in the U.S. is almost identical to air brake systems
used in Eurcpe. Only design components such as reservoir sizes, types of
piping, couplings, etc., were examined in this comparison.

Improved control systems for air brakes and dual air brake systems have
been introduced in the last few years (137-140). It appears that an emergen-
cy braking system can be easily incorporated into air brake systems. OCne
such example is the MGM brake (14l). It provides a secondary spring-actuated
braking system capable of stopping and holding the loaded vehicle when the
service brakes fail. Air pressure is used to retract the spring to maintain
the off position of the brake. The parking brake is applied by exhausting
the cylinder and is released by pressurizing the cylinder. When the primary
or service system fails, the MGM brakes automatically apply and generate ap-
proximately 70% of the maximum retardation. In the case of air leakage, the
brake will begin to operate once the system pressure falls below a certain
level. Alfieri (142) discusses the influence of different failure modes of
braking systems of tractor-trailer combinations on the braking behavior of
the combination. Results indicate that in the case of a brake fallure on the
trailer, not too much of the total braking action is lost.

2.%3.4 PRCPORTICNING AND ANTISKID BRAKING SYSTEMS. As mentioned earlier,
brake force proportioning devices are either statically or dynamically load-
sensitive. The static-load-dependent valves are in operation only when the
brakes are not applied, i.e., they are locked in a fixed position at the mo-
ment of brake application (62). Several different devices have beer designed
for use on heavy commercial vehicles (74,79).

Although wheel antilock systems were introduced several years ago (143-
145), and a number of companies are currently developing these systems, there
is limited informative material on these devices (27,28,117,1L6,1k7).

2.3.5 SYSTEMS FOR SUSTAINED BRAKING. Tests have shown that brake lin-
ing wear can be reduced considerably during sustained braking if vehicle re-
tarders (14f,1L9) or exhaust brakes (15C-152) are employed. For commercial
vehicles, savings on brake linings of 20% and 35% are reported when operating
on flat and mountainous roads, respectively (148,155). Another advantage of-
fered by retarders is the increased downhill speed of the vehicle that can be
tolerated without overheating the primary brakes. Retarders also provide a
braking system that is unlikely to lock the wheels (149,154). Some disadvan-
tages are their initial cost, their large weight (14¢), and the fact that they
can be used economically only on the powered unit; if used on trailers, they
require an additional cooling system.




The exhaust brake is simple and inexpensive. Valves close off the ex-
haust manifold and the fuel supply, and the engine operates as a compressor
(150-152,155-159). The brake torque generated depends on the gearing and en-
gine speed. In general, at moderate and high velocities the vrimary braking
system must be applied since the generated brake torgue is only about 7C% of
the motor drive torque (156,158).

In the case of the motor brake, the timing of the camshaft is altered
(154,160,161) such that the compressor action of the engine is increased. The
engine brake torque may be over 100% of the maximum drive toroue of “re en-
gine. TLarge retarding torques, however, can only be achieved by using a low
gear, which in turn results in undesirably low cruising speeds. No effects
upcon erngine wear have been observed (160).

Use of hydraulic retarders is obligatory on heavy commercial vehicles
and buses in Germany. The kinetic energy cof the vehicle is converted into
thermal energy via the mechanism of viscous friction in the re*arder. The
heat is given off tc the atmosphere by a radiator (130,1L4¢,1k9, 15k 16C,162-
164). Hydraulic retarders operate independently of engine, clutch, transmis-
sion, or electrical power supply. They are connected to the drive axle and
represent an almost indestructible braking element when properly cdesigned
(160). When used on a trailer, a separate cooler becomes necessary (1€3,16%5),
Skidding at the wheels is impossible since the retarding toraue becomes zero
when the retarder drive shaft does not rotate. When a retarder is installed
in the powered unit, it prevents cooling cf the engine below normal operating
temperatures on long mountain grades by transferring the thermsl energy gener-
ated through viscous damping in the retarder to the engine cooling system.

The eddy current retarder consists of a metal disk rotating in a mag-
netic field (67,160,166-168). The magnetic field can be altered to obtain a
continuous variation in brake torque. It appears that eddy current retarders
are simpler to construct than hydraulic retarders. Disadvantages, however,
are large weight, dependency upon electric power, cooling fan losses, and
cooling of the engine below normal operating temperatures (1€C).

2.4 ANALYSIS OF THE FRICTION BRAKE

2.4.1 MECHANICAL ANALYSIS. The mechanical performance of a friction
brake can be described by (among other things) the "brake factor" and "brake
sensitivity" (6,9-11,169).

2.4.1.1 Brake Factor. The "brake factor" of a brake is defined as the
ratio of the sum of all tangential forces acting on the friction surface,
i.e., the drag on thedrum, divided by the actuatirg force on a single shoe.
A large number of publications have been addressed to a graphical (10,170) or
analytical (9,169,171-178) determination of the brake factor. In these anal-
yses it is usually assumed that brake drum, shoe, and shoe pivot are rigid and
that the motion of the lining is constrained to the cylindrical shape of the
drum. With these assumptions, the pressure distribution and forces acting on
the brake can be determined (1C,169,170,173,179). For brake shces sliding on
an abutment, a pressure distribution is assumed and the frictional forces are
computed (169,172). Current design practice yields the following brake fac-
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tors (75)(on assuming the coefficient of friction of the lining equal to 0.35):

disk brake 0.7 to C.9
simplex brake (leading/trailing shoe) 2.0 to 2.8
duplex brake (two-leading shoe) 2.5 to 3.5
duo-servo brake 3.0 to 7.0

It should be noted that these analyses determine the brake factor as a
function only of brake geometry and lining friction. They do not take into
account the influence of velocity, mean pressure, temperature, wear, time,
and drum or shoe distortion. Although drum distortions have been both com-
puted analytically (180) and measured (181), the influence of distortion has
yet to be incorporated into the brake factor analysis. These simplifications
can lead to a disparity between the results of analysis and test.

Some improvement in the correlation of test results and theoretical pre-
dictions has been achieved by using experimental results in obtaining a func-
tional relationship [“L = pL(P, 8, V)] between the lining friction coefficient
Wy, mean lining pressure P, temperature 6, and velocity V(110). For constant
temperature and pressure this relationship can be expressed as

-bV

g - nJe o (2-10)

= relative velocity

uzgl = value of friction coefficient at high values of sliding
velocity

Hg = value of static coefficient of friction

b = a constant depending on characteristics of friction surfaces

Given the brake factor BF, the torque generated by a brake is given by

T=BxA xp

XT X (2-11)
we h

where
Ay = wheel cylinder area

BF = brake factor

P, = line pressure

r = effective drum or disk radius
n = mechanical efficiency

A similar relationship can be used to compute the brake torgque for air-actu-
ated brakes.

Limited attention has been given to the analysis of the dynamic behavior
of brakes, due to the complexity of the problem and to the fact that a know-
ledge of the time response of the brake was relatively unimportant until the
advent of antilock braking systems. A few investigations have been carried
out in which the brake is treated as a dynamic system element (109,1CL).

2.4,1.2 Brake Sensitivity. Two definitions are given in the literature
for "brake sensitivity." One expresses the change in brake factor with change
in the friction coefficient of the lining, the other expresses the change of
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brake torque with the friction coefficient of the lining. As early as 1949
(169) the brake sensitivity € was defined as a change in brake factor divided
by a change in the friction coefficient of the lining (6,15,171,175,185,1F0):

d(Br) _ £ (2-12)
d(uL)

For a desigr friction coefficient of Wy = C.35, and a change in My, of
* C.09, the brake factor (and hence the brake torque) and the brake sensitiv-
ities € vary approximately as follows (75):

ABE E
disk brake +14% to -14% 2
simplex brake +26%. to -21% 8
duplex brake +36% to -28% 12
duo-serve brake +51% to -33% el

In the second definition, the brake sensitivity S is related to the
brake torque T and the lining coefficient of friction Ky in the following
manner (187-1£9):

T =5 (2-13)

Note that Equation 2-12 is the slope of the brake factor curve, whereas
S should be regarded as the percentage change in brake torque for 1% change
in by - According to Equation 2-13. S = 1.0 for non-self-energizing disk
brakes, and S > 1 for leading/trailing shoe, two-leading shoe, or duo-servo
brakes. For two-trailing shoe brakes, S < 1.

Duo-servo drum brakes with a high self-energizing effect will always tend
to exhibit a large sensitivity. This property may result in an undesirable
directional response of the vehicle during braking (7€,19C). The term "brake
fade" is alsc used to describe a change in brake factor during the braking
process. In most cases, this phenomenon is reccgnized as a decrease in brake
torque/line pressure gain (2,191,192). However, since the brake factor is a
function only of the geometry and the friction coefficient of the lining,
brake fade is also only a function of these two parameters. Geometry changes
are caused by drum and shoe distorticn due to thermal and mechanical loading.
Changes in the friction coefficient derive from the dependency upon tempera-
ture (heat fading) (19%), velocity (speed fading) (9,15,162,183), pressure,
and the presence of water or oil at the friction interface (194-198).

2.4.2 THERMAL CAPACITY. The thermal energy produced during braking re-
sults from plastic deformations, elastic hysteresis losses, viscous drag, and
phase changes in the materials. About 90% of the plastic deformation energy
is converted into thermal energy. The rest is converted into decaying vibra-
tions at other locations where internal damping produces thermal energy. A
small remainder is converted into kinetic energy of the ambient air, resulting
in noise (15).

As a result of the conversion of energy, a friction force is produced
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between the sliding surfaces. The generation of friction force and thermal
energy is directly related to the area of true contact (15,194,195,19¢). The
work done during sliding consists of plastic work occurring during the defor-
mation of the contact area, shear work, viscous drag work, and elastic nonre-
coverable work (hysteresis losses). Deformations occur not only in the slid-
ing direction but also laterally. Due to the large number of micro asperities
in contact, the lateral forces integrate to zero; however, a corresponding
deformation work (and hence thermal energy production) exists.

A sizeable body of literature is concerned with the thermal analysis of
brakes. Since the torque prcduction of a brake is related to the temperature
at the friction surface (199,200), most theoretical investigations have been
addressed to the determination of the average temperature rise expected dur-
ing a single stop (179,200-217) or during continucus braking (1Lf,160,166,
167,217). These analyses indicate that in the case of a single stop the
friction surface should be as large as possible to reduce the temperature.
However, in continued braking, heat capacity and convective heat-transfer are
essential. Thus, the design parameters important for a single stop differ
from those important to continued braking (216). The theoretical investiga-
tions also indicate that approximately 95% of the heat generated during a
single stop is absorbed by the drum or disk, and 5% by the organic linings or
pads. Sintered-iron linings, on the other hand, transfer a greater portion
cf the generated heat to the brake shoes or pad support as a result cf the
increased thermal conductivity of this friction material (2¢1,210,215,216).

During a single stop, the temperatures achieved in both drum and disk
brakes are approximately the same. During continued braking, however, the
increased convective cooling capacity of the disk brake results in lower av-
erage temperatures (205,214-217). Some difficulties arise in determining
the convective heat transfer coefficient of the drum or disk (217). Although
the heat transfer from a rotating disk has been studied (219,220), the in-
fluence of a caliper located on the disk has not yet been incorporated intc
an analysis.

If a ventilated and solid disk are of equal weight, only a small tempera-
ture difference can be expected during the first few stops. In continued
braking, the ventilated disk will tend to reach approximately 60% of the temp-
erature attained by a solid disk (221,222).

The effects of radiation are neglected in most applications, since radia-
tion contributes only about 5 to 10% to the heat transfer from the drum or
disk (200)., However, for brakes that attain high temperatures, as can be ex-
pected in applications using sintered-iron plug linings (216), thermal radia-
tion may contribute substantially to the heat transfer. Dorner made a ther-
mal analysis of brakes which included the heat transfer to the wheel cylinder
and the bearings (217).

Brake dynamometer tests have shown that for continued braking the drum
temperatures at the center of the friction path are initially 100° to 150°F
higher than at the edges (22%). At about 500°F to 60C°F the temperatures in
the center and at the edges of the friction path reached approximately the
same value. Similar conditions were observed for single brake applications.
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A dynamometer evaluation of three different drum alloys indicates that a cast
iron drum achieved higher temperatures than bimetallic or chromium copper
drums (224)., Phase changes of the drum material into martensite indicated
that the surface temperature (hot spot) reached 1300°F or higher. A compari-
son of rotor alloys for automotive disk brakes has resulted in similar find-
ings (225).

Experimental results also indicate that localized interface temperatures
are much higher than are determined with conventional thermocouples (22k).
Conventional thermocouples cannot respond to rapid changes in temperature,
since their relatively large mass provides a sink for conducting heat away
from the point at which temperature is measured. With a specially designed
thermocouple having fast response, peak temperatures of 1705°F were measured
on a disk brake pad (226).

If the actual contact region is assumed to be a square, the expected hot
spot temperature rise can be computed as (195):

_ _WgV 1
T K+ K, (2-14)

no
~
I

length of one side
thermal conductivities of the moving and stationary friction
surfaces, respectively (Fig. 11)
= load
coefficient of friction
= sliding velocity
J = 778 ft-1b/Btu

Fazekas, on the other hand, has derived the following approximate ex-

pression for determining hot spot temperatures (212):
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where

q = heat received by ocne hot spot

V = sliding velocity

k = conductivity

¢ = specific heat of the rotor material

pg = density

a = thermal diffusivity

B = a factor between 2 and 6 relating hot spot size and sliding
distance

Pn = nominal pressure on the friction surface

P = yield strength in compression of the softer material
High rgtes of heat generation have resulted in thermal cracks oriented
at right angles to the friction path whereas low rates of heat generation
have resulted in cracks oriented randomly over the drum or disk friction

31



FIGURE 11. SLIDING CONTACT SCHEMATIC
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surface (227-229). Thermal cracking occurs when the temperature gradient be-
tween the friction surface and the interior of the rotor is sufficiently
large. This phenomenon is generally termed "heat checking" (10).

Surface cracking appears (227) to be closely related to:

(a) Initial hot spots on the braking surface

(b) Localized interference with heat transfer, caused, for example, by

subsurface porosity

(¢) Nonuniform temperature distribution

(d) Distortion of rotor during braking
Hot spot temperature ranges have been experimentally verified by examining
the change in matrix structure of the drum or disk material (224,229,23%0).

The heat flux entering the rotor during braking results in an unsteady, non-
uniform distribution of temperature. For single short-duration stops, a
large temperature gradient will initially exist over a relatively thin region
of the material.

Thermal expansion in the friction interface is inhibited by the colder
material surrounding the interface. Consequently, high compressive stresses
result which, in the case of large temperature gradients, exceed the yield
strength of the material, causing plastic deformation. After temperature
equalization during the braking process or after cooling, the original length
cannot be attained, resulting in residual tensile stresses within the gener-
ally highly loaded friction surface. Repeated brake application results in a
continuous change between tensile and compressive stresses, or a "fatigue
loading." Additional stresses can occur due to volume changes resulting from
phase changes, internal oxidation, etc. The thermal fatigue eventually be-
comes visible in the form of heat cracks oriented at right angles to the brake
lining path. These cracks are the result of a combination of material proper-
ties and loading conditions (227,228,230,231). Several investigators have
computed the thermal stresses attained in cylinders or disks during heating or
cooling (232-235), and more specifically in brake drums during braking (212,
236). In a low-heat-flux duration test (downhill braking or constant-velocity,
low-energy-rate testing), randomly oriented fine hairline cracks are observed.
These cracks, described as crazing, are similar to patterns formed on alter-
nately heated and cooled bars (227). The differences observed in the thermal
crack patterns suggest taking a cautious approach in replacing brake snub
testing by continuous horsepower tests. In general, heat checking is less
likely to occur in materials having:

(a) higher yield strength at elevated temperatures
smgller E-modulus

smaller thermal expansion coefficient

greater thermal conductivity

greater composition stability (i.e., no carbide decay)
less tendency to interral oxidation

increased phase change temperatures

) smaller wall thickness of the rotor (228,237)

The effects of drum or disk surface condition upon the deceleration ca-
pability have been investigated (238,. Cracked and hot-spotted drum or disk
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surfaces decreased the stopping ability of two vehicles whereas the stopping
ability of another vehicle was increased. Scored rotor surfaces decreased
the deceleration capability of all vehicles tested.

2.4,3 PERFORMANCE COMPARISONS. Drum brakes can be grouped according
to (a) the configuration of the brake shoe—i.e., duo-servo, duplex (two
leading shoes), and simplex (one leading-one trailing shoe); (b) the manner
in which brake torque is transmitted to the back plate by vivot or sliding
(parallel or inclined) abutments; and (c) the manner in which the brakes are
actuated (Fig. 12).

Duo-servo brakes show the highest brake factor and hence the highest
brake torque/line pressure gain (169,221). However, the high sensitivity is
a disadvantage. A vehicle equipped with high gain duo-servo brakes may eas-
ily undergo a change in brake force distribution front-to-rear or side-to-
side during the braking process (160). Also, the lining on the secondary
shoe wears more rapidly than on the primary shoe. This latter problem is
often resolved by using different friction materials on the primary and sec-
ondary shoes (10).

Duplex brakes exhibit a moderate brake factor as well as a moderate
brake sensitivity., Their main disadvantage lies in the fact that if the di-
rection of rotation is reversed the brake factor decreases by as much as 70%
due to a change from a two-leading shoe to a two-trailing shoe configuration
(11,221).

Simplex brakes exhibit the lowest brake factor and sensitivity. Since
approximately 70% of the brake torque is generated on the leading shoe, the
lining of the leading shoe will wear more rapidly than the trailing shoe.

The wear along a lining should ideally be uniform (169). A shoe held
by an abutment will wear more uniformly than a pivoted shoe. An inclined
abutment will result 1in a more uniform wear than a parallel abutment (10,15).

The wear life theoretically predicted for S-cam (239) and wedge-actuated
drum brakes (179) agrees with experimental results. The wedge brake appears
to cause lesser drum wear than occurs with the S-cam brake (240,241).

Experiments with disk brakes on commercial vehicles were carried out in
Europe as early as 1957 (242,243), Measurements of braking performance
achieved by trucks equipped with disk brakes were published in the United
States in 1969 (129). The measured decelerations, 26 to 32 ft/sec, have been
exceptionally high compared with decelerations (19 to 20 ft/sec) achieved
with vehicles equipped with drum brakes. The constant sensitivity resulting
from the linear relationship between the brake factor and the friction coef-
ficient of the lining is one of the main advantages of disk brakes over self-
energizing drum brakes. For a constant friction coefficient, the brake factor
is 1little affected by thermal expansion of the caliper or disk. 1In the case
of drum brakes, however, the effective drum radius will increase more than
the radius of the brake shoe during severe braking due to the smaller thermal
conductivity of the brake linings. This phenomenon results in a change in
the pressure distribution between lining and drum, and can cause a reduction
in the brake factor up to 20%. During the cooling period, the drum will at-
tain lower temperatures than the brake shoe, causing the effective drum
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radius to be smaller. A high pressure between lining and drum may occur at
both ends of the lining and cause an increase (up to 4L0%) in the design brake
factor for normal operating conditions (6,2Lk4).

The greatest disadvantage of disk brakes is their low brake factor. On
the average, the brake factor of disk brakes is only about 25% of that for a
two-leading shoe drum brake (6,f,185). This deficiency can be resolved, how-
ever, by use of power assist.

The pedal travel required to sustain a certain deceleration will gen-
erally be greater for drum brakes than disk brakes, due to greater thermal
expansion of the drum (6). An expansion of the disk in the transverse di-
rection resulting from high temperatures does not cause a loss in pedal trav-
el (202). However, experiments indicate that under certain conditions pedal
travel may increase less for drum brakes than for disk brakes, due to dif-
ferent lining stiffness characteristics. Mueller reports that a soft pad
material may result in a considerable pedal travel increase (191).

Self-energizing disk brakes of the ball and ramp type were used in 1939
in heavy military vehicles in Germany (2LL4). Depending on the degree of self-
energizing, such brakes are more or less sensitive to changes in lining fric-
tion. Thus, one of the main advantages of disk brakes, namely low and con-
stant sensitivity, is lost (169,201,245).

2.5 SYSTEM DESIGN CONSIDERATICNS

2.5.1 HYDRAULIC BRAKING SYSTEMS, The important parameters describing
the braking performance of a two-axle vehicle have been given in Equation
2-2, repeated below for convenience:

a_ = 0.5 £ T g B o (2-2)
It is clear that the parameters r/R, BF, and p must be made as large as pos-
sible (6,49) in order that a vehicle with a weight W achieve high decelera-
tions with small or moderate pedal forces. However, the ratio r/R is limited
by the size of the tire and rim. The trend to small travel of the foot pedal
and the requirement for providing a minimum travel of the brake shoe tends to
decrease p. The only alternative remaining is to increase the brake factor.
This goal can be accomplished by either increasing the friction coefficient
of the lining, or using two-leading shoe brakes, or duo-servo brakes, all of
which steps increase the braking performance, but at the sacrifice of stabil-
ity. With the introduction of disk brakes having a lower brake factor

(BF = QHL) the total gain p had to be increased by a factor of about four in
order to achieve a satisfactory relationship between deceleration and pedal
force (6).

On considering the brake shoe displacement required to cover lining com-
pression, lining wear, and drum or caliper expansion, a lower 1limit on shoe
actuation can be established (6,11,165). Since the pedal travel is limited
by ergonomic considerations, a weight restriction on vehicles with unassisted
brake systems can be derived (246,247).

2.5.2 PNEUMATIC BRAKE SYSTEMS. It is common practice in the U.S. to
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use a K-factor to characterize the retarding force of each brake instead of
the brake factor defined earlier. The K-factor is defined as the ratio of
retarding force to rated axle load, as achieved at a reservoir pressure of
60 psi (2L48-250). Use of a K-factor of 0.6 constitutes common design prac-
tice in the U.S. 1In some cases the K-factor has been raised to 0.7 in order
to obtain acceptable performance on city buses (249).

Studies have shown that it is desirable that the brakes on the rear ax-
le of the trailer be applied first in order to avoid large kingpin or hitch
forces (52,250,251). With an increase in the length of combination vehicles,
dynamic considerations arise which usually are neglected in the analysis of
shorter vehicle combinations (1&,69). A detailed investigation of the dy-
namic behavior of air brake systems indicates (119) that the time required
to overcome clearance between the brake shoes and drum becomes greater with
increased line pressure and decreased brake chamber piston travel; the time
required to build up the brake torque also decreases with increasing line
pressure, increasing reservoir pressure, decreased piston travel, and de-
creased line length. For example, increasing the line length between the
brake valve and the brake chamber from 6.5 to 35 ft increases the application
time only a little, while the buildup time is nearly doubled (124). The ap-
plication time is defined as the time elapsed between the instant of first
foot-pedal movement and the instant the brake shoes are put against the drum.
The buildup time is defined as the time elapsed between the instant the brake
shoes are contacting the drum and the instant maximum deceleration is obtained.
The optimum result should therefore be obtained with minimum volume and max-
imum line pressure. Experiments have also shown that considerable time de-
lays are associated with the control and flow processes in the brake valve
(124).

Experiments with scaled physical models (69,70) indicate that braking
lags may be considered as composed of three parts, each influenced by dif-
ferent factors. 1In the first part, a time lag derives from the speed with
which the pressure wave travels through a brake line of given length. The
second part of the time lag derives from the mction of brake chamber pistons
required to overcome slack. This portion of the time lag is proportional to
the volume of the brake chambers  The third part of the lag consists of the
time required for the line pressure to reach 90% of the reservoir pressure.
This lag is proportional to both the total volume and the flow resistance of
the brake system (69). In a related study (12), a dynamic analysis and simu-
lation was performed for pneumatic braking systems on railways. The results
indicate behavior similar to that experienced with the brake systems on motor
trucks.

2.5.3 COMPONENT DESIGN CONSIDERATIONS. Factors considered important in
the design of a friction brake are: force levels on specific parts of the
brake, operating temperatures, convective heat transfer characteristics, ef-
fect of thermal deformation on brake chamber piston travel, and shielding
against dirt and water contamination (175,227). The maximum temperature al-
lowable in a brake is limited by the structural integrity of the lining mater-
ial (171,206), while high temperature gradients result in large thermal
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stresses in the drum or disk (212,236). Expressions for calculating the re-
quired friction area for a specified temperature rise on the interface have
been derived. For a well ventilated drum and a surface temperature increase
of (T - Ty) the minimum rubbing path area of the rear drum (ft2) is given by
(210):

A _ 0.296° 0 (1 - 9)W
min (TS - T5)

(2-16)

where
T. = temperature of friction surface, °F

Ti = initial brake temperature, °F

o = heat absorbed by the drum divided by total thermal braking
energy

W = vehicle weight, 1b

¢ = brake force distribution = brake force of the rear axle divi-

ded by total brake force

However, since the temperature is a dependent variable, depending upon
kinetic energy, brake geometry, etc., a method has been developed by which it
becomes possible to determine the required friction area frcm the independent
variables such as vehicle speed and weight (206). In this method, the brake
rating is calculated in terms of either the horsepower per unit area of brake
lining or the swept surface area. According to Newcomb, typical power ratings
for drum brakes based on the lining area are 0.5 hp/in.é for ncrmal operation
and 0.25 hp/in.2 for heavy duty operation (206). In 1956, Girling found that
if a brake is designed with an upper limit of 2.5 hp absorption per square
inch of lining, fade will usually not be a problem (252). For disk brakes,
power ratings range from 3.5 to 10 hp/in.° (210,253,254).

The horsepower rating method is equivalent to allowing a limiting heat-
flux at the interface of drum and lining. The interface temperature, which
is related to the integrity of the lining material, and the temperature gra-
dient, which is related to thermal stresses, are not determined by the heat-
flux alone. They are determined by a complete solution of the thermal prob-
lem with its corresponding boundary conditions (255). The horsepower rating
method can give useful results in terms of the required swept area. The
choice of rating values, however, is not well defined, especially for repeated
braking (206).

Design alterations, such as ventilation openings in the wheels, usually
do not result in appreciable reduction in temperature levels (256). Experi-
ments with dust shields have shown that at low speeds the cooling rates dif-
fer little for shielded and unshielded disks. At higher velocities, however,
the cooling rates were increased by as much as 30% by elimination of the dust
shield.

The wear of a brake lining can be related to the mean mechanical pres-
sure between lining and drum. German regulations specify that the product of
mean pressure and lining friction ccefficient is not to exceed N lb/in.2
(257). Methods for predicting wear life in good agreement with experimental
results have been developed (258), It is important to realize that the value
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of the friction coefficient between brake lining and drum or disk is a func-
tion of both friction partners, and not of the lining alone (2i7). Conse-
quently, an improvement in brake performance, stability, wear, life, etc.,
has to take the lining as well as the drum material into consideration. Sev-
eral comparative studies of different alloys for automotive brake drums have
been carried out (22°,259), as well as investigations on the failure of cast
iron drums (229).

Also of importance to the design of braking systems are the performance
characteristics of hydraulic brake fluids. They are affected by the boiling
point, water avidity, freezing point, viscosity, and corrosive action on rub-
ber parts (260-265)., For air brake systems it is necessary to consider the
possible freezing of the water condensate in the system when operating at low
ambient temperatures.

2.6 BRAKING TEST PROCEDURES

The deceleration capability of a vehicle may be determined indirectly by
measuring initial velocity and stopping distance, or directly through meas-
uring the actual deceleration during braking (18,185,266-26°),

2.6.1 MEASUREMENT OF MEAN DECELERATION. The mean deceleration, as de-
termined from velocity and stopping distance, yields a direct evaluation of
the braking process with respect to the shortest stopping distance. Decelera-
tion as a function of time can be plotted as shown in Fig. 13 (16,53,2066,267,
269,270). Mean deceleration 8y (qy) €81 be computed from the initial velocity
vy (mph), the maximum deceleration a (ft/sec?), the application time
t, (sec), and the buildup time tb sec? by the expression (185,269):

a'x(max)

1.3%365 a (

x(max
1+ 7, )(

The stopping distance may be measured experimentally by (a) integration
of the velocity signal from a fifth wheel, (b) a revolution counter attached
to the fifth wheel, or (c) direct distance measurement employing an explo-
sively-fired chalk pellet. The time lag associated with the latter method
has to be considered in determining the actual stopping distance of the ve-
hicle (271).

The stopping distance is greatly affected by the driver and is difficult
to measure accurately at all speeds. It seems advisable to evaluate the per-
formance of a vehicular brake system in terms of the retarding force actually
produced as measured by the deceleration of the vehicle (51).

2,6,2 INSTANTANEOUS DECELERATION. An instantaneous value of decelera-
tion can be obtained either by differentiating the velocity signal from a
fifth wheel or by direct measurement with a decelerometer. Decelerometers
mounted in the vehicle are sensitive to vibrations, pitch motion, and road
inclination, unless a stabilized platform is provided. The application and
buildup time as well as the maximum deceleration can be obtained from actual
time histories (267). Consequently, this test method also allows the evalua-

(ft/secg) ) (2-17)

ax(av)

t, o+ tb/2)
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tior of the braking process with respect to the shortest stopping distance.

2.6.3 TEST PROCEDURES AND VEHICLE USE. Test procedures should be di-
rected at determining if the stopping capability of the vehicle as determined
by breke torque levels, brake response, and brake force distribution designed
into the vehicle is satisfactcry when the vehicle is subjected to the most
severe duty cycles encountered in normal service. Brake usage on commercial
vehicles has been studied by several investigators (10,259,272,273). Euro-
pean studies on an Alpine route indicate that vehicles experience maximum de-
celerations as high as 0.1k g, but that heavy vehicles descend the grades at
nearly uniform velocity (273). For this route the average work done by the
brakes was 41% of the total energy dissipated with the remainder of the work
done by engine retardation. The results of brake usage investigations on
heavy trucks seem to correlate well with earlier results obtained for pas-
senger cars (119,268). Other investigations show that on flat roads only a
few decelerations exceed 0.35 g. A public service vehicle, for example,
rarely brakes in excess of 0.25 g in city traffic, but experiences a large
number of decelerations below 0.2 g (258). For passenger cars, it appears
that the deceleration during routine driving depends on the driver and the
top speed performance of the car (119). For commercial vehicles the three
main controlling variables on the brake usage seem to be engine horsepower
output, driver and route type, and energy transfer, a factor determined ex-
perimentally on the vehicle (258).

2.6.4 PREPARATION OF VEHICLES FOR TESTING, Before testing a vehicle,
the brake system including tires should be brought to a mechanical level
corresponding to the manufacturer's specifications. Even small factors such
as balancing shoe return springs may have a prorounced effect when braking
at relatively low line pressures on slippery road surfaces (274-279).

The following is a brief description of the more important maintenance
tasks to be carried out before testing:

The brakes should be relined with the lining material specified by the
vehicle or brake manufacturer, and complete sets of brake blocks should be
installed even when one lining does not show any apparent wear (274). The
brake drum surface should be smooth and concentric. If the drum is scarred
or worn unevenly, it should be reconditioned by reboring the friction sur-
face. Shoe return springs should be balanced to insure specific distribution
of braking forces at low line pressures. Brake chambers and wheel cylinders
should be in good mechanical condition in order to guarantee good brake balanc-
ing. On air-braked vehicles, worn or loose slack adjusters shculd be replaced
since they may unfavorably affect time delay and force transmission (27L4).
With all brake components in gocd mechanical condition, a carefully conducted
brake balancing test should be carried out. It will reveal if the individual
axles produce the brake force levels specified by the manufacturers (27L,
280, 281).

2,6.5 RCAD TESTING. Detailed road test schedules are usually arranged
so as to test the brakes according to their expected usage. Depending on the
experimental data desired, instrumentation required can be minimal or fairly
extensive (1C,272,282-206),
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Test and rating procedures in current usage in the U.S. were established
by SAE together with the automotive industry during tests conducted in 1960
and 1967 (287,288). For these tests vehicles are instrumented to determine
deceleration, velocity, stopping distance, line pressure, stopping time, and
brake temperature. After burnishing the lining according to outlined pro-
cedures, the fully loaded vehicles are subjected to a series of effectiveness,
fade, and recovery tests. Performance requirements of SAE Recommended Prac-
tice J992a (289) for the effectiveness tests are as follows:

(1) Maximum stopping distance from 20 mph:

(a) 25 ft, light trucks, 10,000 lb, GVW or less
(b) 35 ft, truck and bus, over 10,000 GVW
(c) L5 ft, vehicle combinations
(2) Deceleration requirements:
(a) 18 fpsps from 6C mph, 6000 GVW or less
(b) 15 fpsps from 60 mph, 60C0-10,000 GVW
(¢) 12 fpsps from 50 mph, truck and bus over 10,0C0 1b GWW and
vehicle combinations
(3) Directional stability must be such as to remain in a 12-ft-wide
lane during braking applications throughout all phases of the test
procedures.

(4) Pedal force must not exceed 200 1b and maximum air pressure must

not exceed vehicle manufacturer's cutout pressure on any stop.

(5) A final inspection showing no visual evidence of permanent deficien-

cy in functional or structural integrity of the part is required.

In 1968 Nelson and Fitch investigated the directional stability of long-
er truck combinations during braking (67). They studied stopping distance
performance and vehicle stability on wet and dry road surfaces for a variety
of loading conditions with double and triple combinations. The test results
have shown that longer combinations can achieve braking and stability perfor-
mance comparable to shorter combinations, provided the braking system is
maintained properly.

In 1969 the Virginia Twin Trailer Study Commission sponsored an investi-
gation in which the operational characteristics of a maximum size tractor-
semitrailer combination allowed on Virginia highways at that time was compared
with those of a tractor-semitrailer with full trailer combination (290).
Stopping distance tests of the two combinations were part of the test re-
quirements. The vehicles were tested in the fully loaded (70,000 1b) and
empty driving conditions on both wet and dry pavements. The test results in-
dicate that the vehicles performed equally well in stopping ability as well
as in stability.

To determine the hcrsepower rating of brakes, SAE J880 specifies a test
in which the vehicle is braked in a series of snubs from an initial velocity
of 50 mph and a final velocity of 15 mph. The horsepower rating of the bra-
king system (BRHP) is calculated from the experimental data by the following
equaticn:
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BRHP = 1.0l x 1o'hw x N(1 - El) (2-18)
2
where

BRHP = brake rating horsepower

W = GW of the vehicle (1b)

N = number of snubs in 720 sec

tl = calculated time (sec) that brakes are applied in a single
snub at the velocity and deceleration employed in the test

t = average drift time (sec) when decelerating from 5C to 15 mph

The test results of 1960 were plctted in terms of brake rating horsepower as
a function of vehicle weight. Curve fitting procedures resulted in a straight
line relationship given by

1.Lh Ggw

n . n - +
required”’ BRHP = 12 1000

(2-19)
Except for some very extreme cases, this equation permitted all vehicles
participating in the 1960 tests to pass the rating procedures (287).

The results obtained from brake testing on the vehicle clearly indicate
whether or not the braking system performance is satisfactory. In the case
of fair or poor performance, however, it is not always possible to point out
the reasons for poor performance from the experimental data alone (291).
These aspects of brake testing will be clearly revealed in single component
testing. Also, no specific information pertinent to lining and drum material
development can be obtained since the experimental results are influenced by
driver, tire, roadway, relative humidity, etc. The tire-roadway friction co-
efficient is, among other things, both speed and load dependent. Consequent-
ly, a braking system designed for adequate performance may be classified as
poor due only to uncontrolled external circumstances (174,247).

2,6.6 LABORATORY TESTING. The testing of a brake on a stationary dy-
namometer has several advantages. Test conditions are much more easily con-
trolled and are repeatable, and velocity, pressure, temperature, torque, etc.,
can be accurately measured (10,247,252). Care must be taken in designing the
dynamometer such that the test conditions correspond to the intended brake
usage. Several different design concepts for dynamometers have been utilized
(9,10,169,202).

For the type of testing required for vehicle inspection or diagnosis of
brake system defects, two main types of stationary dynamometers are in use
(10,292,29%): the chassis dynamometer employing rollers, and the platform
type. On the chassis dynamometer, the vehicle is anchored and the braked
wheels are driven by rollers. Published data indicate that test results
agree well with actual road test results (6). Using the platform type, the
vehicle is driven on tc the platform, then braked sharply, with the reaction
force of each wheel on the platform measured. However, it has been reported
that test results from the platform type are inaccurate (6). For brake and
brake lining testing, the inertia type dynamometer is used (169,292,293).
Test machines and procedures for testing only a segment of the brake lining
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have been developed (169,247,294-299). A test termed Friction Assessment
Screening Test (FAST) has been in use since 1967 for all Ford passenger cars
to specify quality controls on brake linings. According to one source (300),
results obtained from the FAST machine correlate well with vehicle perfor-
mance tests. In order to obtain consistent results, extreme care must be
taken in controlling and measuring the important parameters. This is espe-
cially true for complete brake lining tests (169).

2.7 PERFORMANCE STANDARDS

2.7.1 BRAKE LEGISLATION. Several agencies are concerned with regula-
ting brake system performance. Before 1955 the Interstate Commerce Commis-
sion (ICC) was the Federal agency with jurisdiction over commercial vehicles
operating in interstate traffic. Since then this task has been given to the
Bureau of Motor Carrier Safety (BMCS). The National Committee on Uniform
Traffic Laws and Ordinances (Uniform Vehicle Code, UVC), has developed bra-
king performance regulations which have been adopted by several states. In
addition, every state has published its own specific breke regulations. The
National Highway Users Conference, Inc., annually publishes the "Motor Ve-
hicle Law Reporting Service." The American National Standards Institute
(ANSI) publishes recommended standards for the inspections of motor vehicles.
In 1965, 21 states required periodic motor vehicle inspection modeled after
the ANSI recommendations. The National Education Association has developed
brake performance requirements for school buses published in "Minimum Stan-
dards for School Buses" (301-302), which standards have been adopted by sev-
eral states.

2.7.2 U.S, STANDARDS, It has been argued that brake regulations should
be devised so as not to hinder technical development but to prevent unsafe
brake systems from coming into use by specifying performance requirements
rather than design specifications (301,303). Goepfrich gives a typical ex-
ample of a design specification wherein lining area is related to gross ve-
hicle weight, which specification would preclude the use of disk brakes (301).

The Society of Automotive Engineers in cooperation with the industry has
developed and published recommended procedures for testing braking systems on
the vehicle as well as components on stationary test machines (304). Experi-
mental and theoretical work leading to recommended braking performance is
widely discussed in the literature (287,305-315).

At present, performance requirements for the service brake are based on
a speed of 20 mph for stopping distance and 50 mph for deceleration capabili-
ty (316). Manufacturers usually test their vehicles at 6C mph, however (301).
Performance measures commonly used are stopping distance, mean deceleration,
and pedal effort under normal and fade conditions (267,301). The effect of
current and proposed brake regulations on hydraulic and air brake systems
have been discussed by Goepfrich (301) and Andrews (306). Design changes and
innovations such as the wedge brake have been introduced by the industry in
order to meet or surpass requirements imposed by brake legislation (306).

Minimum performance requirements for emergency brakes have been estab-
lished but differ from state to state. For motor vehicles under 10,000 1b GWW,
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a dual circuit brake system is obligatory. For medium and heavy commercial
vehicles, a standard split of the braking system in front and rear circuit
might not be a good practice due to the low thermal capacity of the front
brakes (301,317).

Requirements for improved performance of the emergency brake brought
sbout design changes of the actuators and control devices (306). The per-
formance of the brake system under emergency conditions for school buses has
been upgraded over those of commercial vehicles (307). Brake regulations
published by the Bureau of Motor Carrier Safety as well as those of certain
states require motor vehicles to be equipped with parking brakes adequate to
hold the loaded vehicle on any public road free of snow and ice (306). De-
velopments during the last years indicate that the parking brake will be up-
graded in order to hold vehicle units on 16 to 20% grades as already required
by California and the National Education Association minimum standards. Pro-
posed Federal motor vehicle safety standards (31f) require a stopping dis-
tance of 216 ft from a speed of 60 mph on a road surface with a skid number
of 75. For wet road surfaces with a skid number of 30, the proposed stopping
distance is 436 ft.

2.7.3 LEUROPEAN STANDARDS. Several different agencies in Europe have
developed brake standards (130,191,319). Since the German draft code estab-
lished in 1964 (257) serves as a pattern to member countries of the Economic
Commission of Europe (Common Market Nations) it will be discussed in detail.
Some major requirements are:

1. Service brakes must have a deceleration capability of 0.L45 g.

2. Emergency brakes must have a deceleration capability of 0.25 g.

3. Parking brakes must hold loaded tractors and buses on a 25% slope,

trailers on a 20% slope.

L, Tractor/trailer combinations must have a third brake or retarder.

5. Tractor/trailer combinations must have a load-sensitive brake pro-

portioning system.

6. Buses over 12,125 1b (GVW) are required to have a retarder.

7. Trailers must have a two-line brake system.

€. Split brake systems are required.

The fade tests differ from those conducted in the U.S. (287) in the meth-
od of heating the brakes. In Germany, a deceleration for the purpose of
heating the brakes is computed from the vehicle weight (GVW) and the maximum
engine horsepower., With a pedal force applied which would result in the com-
puted deceleration the vehicle is driven over a distance of 1.06 miles at a
speed of 25 mph. After heating, the vehicle is accelerated to 31 mph as fast
as possible. The ensuing hot brake performance has to be within 60% of the
performance under cold conditions (191,320).

In general, performance requirements established by other European coun-
tries are lower than those drafted by Germany (13C). One exception is England,
which requires a 0.5 g deceleration capability of the service brake, 0.25 g
from & backup system, and a parking brake that will hold on a 16% grade. The
English Code of Practice, established jointly by the Ministry of Transport and
the motor industry recommends a performance of 0.6 g from the service brakes,
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0.3 g from the backup system, and & parking brake that will hold the vehicle
on a 19% grade. The brake regulations and operational conditions for Europe
led to the design and implementation of heavy duty disk and drum brakes, hy-
draulic retarders, proportioning devices, and automatic slack adjusters (130,
319,321-32k4),
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5. TEST PROGRAM

3.1 SCOPE OF THE PROGRAM

In order to determine the braking performance capabilities of vehicles
equipped with standard braking systems, three integral trucks, three buses,
and four tractor-trailer combinations were subjected to a series of effec-
tiveness, fade and recovery, and braking rating tests. So that the improve-
ment in performance through use of more effective brakes and advanced braking
systems could be determined, three additional vehicles were tested:

(1) An integral truck equipped with disk brakes and a full power hydrau-
lic brake actuation system.

(2) A tractor-trailer equipped with proportioning valves, adaptive
braking system, and trailer brake synchronization device.

(3) A tractor-trailer equipped with a wheel antilock system.

The disk brake truck was subjected to effectiveness, fade and recovery,
and brake rating tests, while the two tractor-trailer vehicles were tested
primarily for effectiveness and minimum stopping distance capability.

Testing reported herein was performed at the Bendix Automotive Develop-
ment Center (BADC) during the period September 1969 to October 1970.

5.2 SELECTION OF VEHICLES

The procedure used for selecting specific test vehicles was necessarily
pragmatic because vehicles had to be leased or borrowed, and thus choice was
somewhat restricted. It was decided, therefore, to analyze the braking sys-
tems of available vehicles, and compare their expected performance with per-
formance of vehicles in the same class. This comparison resulted in surveying
manufacturers' published data on 246 trucks and 218 tractors and the formu-
lation of design measures by means of which expected performance could be
estimated from the available data. The sample surveyed included vehicles from
the following manufacturers: GMC, Dodge, Chevrolet, International Harvester,
White, Diamond-Rec, Ford, and Mack. Vehicles surveyed had a variety of brak-
ing systems: hydraulic, with and without vacuum assist, and air brakes. Con-
figurations included duo-servo, wedge, S-cam, twin-plex, and stopmaster.

Three measures were used for comparing the brakes of the different vehi-
cles:

heat flux into drum, Btu/ftg—sec

fle]
1}

D
= . L 2
q = horsepower per unit area of lining, hp/ft
qu = mean pressure x lining friction coefficient, lb/in2

These measures indicate the capability of the braking system to convert me-
chanical energy into thermal energy (qL), act as a dissipation element for

L7



thermal energy (qp), and provide wear resistance (pPy).* Distribution plots
of these measures for the vehicles surveyed are given in Figs. 14 and 15.
Note that low values of these arbitrarily selected measures reflect design
practice which would be expected to yield higher levels of energy absorption-
performance.

These criteria could not by themselves form the basis of selection.
Other factors had to be considered. In selecting the integral trucks (see
Table 1 and Fig. 16) other factors considered included truck size, type of
brake, means of actuation, loaded/unloaded weight ratio, braking efficiency,
and modes of brake system failure. As can be seem from Table 1, the C30,
Loadstar 1700, and the J70 represent the small, medium, and heavy truck cate-
gories with loaded to unloaded ratios of 1.6, 4.1, and 2.5, respectively.
Various brake types are represented, as are types of actuation and failure
modes.

In the case of buses (see Table 2 and Fig. 17) factors of significance
in selection were type of service, availability, type of brake system failure
protection, and the degree to which a given bus was typical of vehicles in
service. The school bus was selected because its size was representative and
the vehicle was equipped with air brakes meeting National Education Associa-
tion standards for braking performance and brake system failure protection.

The following combinations were deemed to be most representative:

(1) Two-axle tractor (one front, one rear) with 35-ft, van-type, single-

axle semitrailer

(2) Two-axle tractor with LO-ft, van-type, tandem axle semitrailer

(3) Three-axle tractor (one front, tandem in rear) with LO-ft, van-type,

tandem-axle semitrailer

(4) Two-axle tractor with two 27-ft, van-type, single-axle semitrailers

joined with a dolly (27-ft doubles)

Combination vehicles selected are shown in Figs. 18 and 19, with brake
type and loading information given in Table 3.

Use of the above defined design measures, together with the cited addi-
tional considerations led to a selection of ten vehicles which are located in
the distribution of design measures as shown in Figs. 1L and 15, and which
indeed demonstrated a wide range of performance capabilities.

In Figs. 19 and 20 are shown the vehicles tested with advanced braking
systems. Specifications, brake and loading data are given in Table L. These
vehicles and systems were selected directly by the National Highway Traffic
Safety Administration for testing in this program. For complete specifica-
tions on each of the test vehicles, including loading diagrams and braking
system schematics, see Appendix A.

3.3 TEST REQUIREMENTS

3.3.1 PREPARATION OF VEHICLES. Since most of the vehicles selected for
testing had previously been used in various types of service, it was deemed
necessary to take the following steps to insure that the braking system of

*Expressions used to calculate these measures are given in Appendix F.
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(C) Heavy truck.

FIGURE 16. TEST VEHICLES, INTEGRAL TRUCKS
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(B) Intercity bus.

(C) City bus.

FIGURE 17. TEST VEHICLES, BUSES
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FIGURE 18. TEST VEHICLES, TRACTOR-TRAILERS
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(C) Vehicle 14.

FIGURE 19. TEST VEHICLES
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(B) Tractor-trailer with high load center of gravity.

(C) Tractor-traler with low load center of gravity.

FIGURE 20. TEST VEHICLE 12
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each vehicle be as near to its "as new" condition as possible:

(1) Install new original equipment brake linings, and replace any heat
checked drums or drums that have been rebored in excess of 0.060 inches.

(2) Burnish new brake linings of the trucks and buses in accordance with
procedures specified in SAE Recommended Practice J786. For the combination
vehicles, burnish according to procedures specified in SAE J880a.

(3) Replace any tires worn beyond 50% of original tread depth or having
flat spots or other defects.

(4) Adjust all brakes to manufacturers specifications.

(5) Inspect all other brake-system components to insure that the total
system is in good mechanical condition.

Instrumentation specified for each test is given in Table 5. A typical
installation in a tractor cab is shown in Fig. 21. Light beam oscillographs
were used for continuous records. Brake temperatures were measured by
thermocouples placed in the brake linings according to the method specified
in SAE Recommended Practice J843a. Brake line pressure was calibrated to
pedal force for each vehicle tested.

3.3.2 GENERAL TEST REQUIREMENTS. All vehicle tests were conducted at
the Bendix Automotive Development Center at New Carlisle, Indiana (see Fig.
22). During testing, HSRI provided a test engineer to monitor the tests, act
as liaison between HSRI and Bendix, and handle data obtained from the tests.
Ambient temperatures during the tests were required to be between 32°F and
100°F. The skid number at various locations on the test track and skid pad
was measured by the Michigan State Highway Department Skid Trailer, first in
September 1969 and again in July 1970, using ASTM Procedure E274, omitting
water delivery. The skid number was checked each week tests were conducted
by making locked-wheel partial stops from 4O mph with a passenger car equipped
with a decelerometer. So that results from the skid trailer and instrumented
car would be comparable, ASTM Standard Pavement Test Tires (E249) were mounted
on the car. All dry pavement braking tests were conducted on the oval track
or the skid pad approach road, each of which had an average skid number of
0.85. Low-coefficient tests were conducted on a portion of the skid pad sur-
face which had been treated with an asphalt sealant. The skid number of this
surface when wetted by a sprinkler truck was in the range of 0.21 to 0.24.
Tire-road interface tests were also conducted on these surfaces using a medium
truck equipped with typical 10 x 20 nylon truck tires. Results from these
tests indicate an average peak/locked wheel coefficient of 0.75/0.60 for the
oval track, 0.72/0.57 for the skid pad approach road, and 0.35/0.26 for the
wet, sealed-asphalt surface of the skid pad. Results of all the tire-road
interface tests are given in Appendix C.

For testing under fully loaded conditions, vehicles were loaded to their
rated gross weight in such a way as to insure that the height of the center of
gravity corresponded to that location generally found under normal service
conditions. In tests made on the two articulated vehicles equipped with ad-
vanced brake control systems, this practice was omitted because of stability
problems being encountered at high deceleration levels.

In testing combination vehicles the anti-jackknife bumper pictured in
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FIGURE 21. INSTRUMENTS INSTALLED IN TRACTOR CAB, VEHICLE 12
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FIGURE 22. TEST TRACK AND SKID PAD, BENDIX AUTOMOTIVE DEVELOPMENT CENTER
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Fig. 23 was used, which restricted the articulation angle between the tractor
and trailer to 15 degrees.

5.3.5 TEST SPECIFICATIONS. Procedures employed in the effectiveness,
brake failure, fade and recovery, brake rating, brake balance, minimum stop-
ping distance, static timing tests, and parking brake tests are outlined in
Appendix B. Table 6 summarizes the test program which was conducted on vehi-
cles equipped with standard braking systems and on the truck equipped with
disk brakes.

For the two tractor-trailer combinations equipped with advanced systems,
changes in some of the test procedures were made because the test objectives
were different from those of the other eleven vehicles. For example, in
testing the White 6x L tractor and the Fruehauf tandem-axle pla“form trailer
(hereinafter referred to as Vehicle 12), five different vehicle and loading
configurations were used, the effectiveness of the tractor front and rear
brakes was varied, and the aforementioned brake control systems (i.e., propor-
tioning valves, adaptive braking, and trailer brake synchronization) were em-
ployed in various combinations. The purpose in testing Vehicle 12 was to
determine the best braking performance which could be achieved using a stan-
dard test vehicle equipped with commercially available brakes, and employing
state-of-the-art brake control systems. The effectiveness of the tractor
brakes was varied by changing the wedge angles and brake chambers on the front
brakes, and the slack adjuster lengths on the rear brakes (see Teble 7). Five
different vehicle and load configurations were tested using Vehicle 12, namely:

(1) tractor-trailer, empty

(2) tractor-trailer, loaded, high c.g.

(3) tractor-trailer, loaded, low c.g.

(4) tractor only, bobtail configuration

(5) tractor only, loaded to gross axle weight rating

Prior to commencement of tests with Vehicle 12, the following advanced
brake control systems were installed:

*Proportioning valves for the tractor rear brakes and trailer brakes;
supplied by Borg-Warner.

*Adaptive braking system, with a sensor and controller mounted on each
of the ten wheels of the combination to prevent wheel lockup during braxing;
supplied by Bendix-Westinghouse.

Trailer brake synchronization (Syncron) system, which effectively
applies the trailer brakes as soon as the treadle valve is depressed; supplied
by the Berg Manufacturing Company.

The operation of the Borg-Warner proportioning valves is described in
detail in References (79) and (80). The Bendix-Westinghouse Adaptive Braking
System is described in Reference (107). The Berg Syncron System is descrived
in Appendix G.

During the course of the test program conducted with Vehicle 12, the
basic air brake system of both the tractor and trailer was altered by ianstal-
lation of a high-capacity brake control (treadle) valve, quick release valves
on each trailer brake actuator, larger capacity lines to the front tracter
brakes, and replacement of connectors, fittings, and tees which tended to
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FIGURE 23. ANTI-JACKKNIFE BUMPER, VEHICLE 12
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restrict air flow. A complete diagram of the brake system as tested is given
in Appendix A.

To evaluate the braking performance of Vehicle 12 under the above speci-
fied conditions of loading and brake effectiveness, as modified by the various
brake control systems and combinations of systems, 59 minimum-stopping-distance
tests and 5 effectiveness tests were conducted. Procedures for these tests
are specified in Appendix B. However, it should be noted that wheel locking
was not allowed in the minimum-stopping-distance tests, even on the low coef-
ficient surface. This restriction imposed severe demands on the driver's
judgment, and introduced human factors into the test procedure to a degree
which could well affect the reliability of certain results.

Ten static timing tests were run on Vehicle 12 to study the effect of
the various devices and combinations of devices upon brake response time.

Four brake balance tests were conducted to check the effectiveness of various
combinations of brake hardware. A complete tabulation of the tests conducted
on Vehicle 12 is given in Table 8.

The last vehicle tested in the program was a tractor-trailer combination,
furnished by Eaton, Yale, and Towne. This vehicle (hereinafter designated
Vehicle 14), a 4 x 2 Brockway COE tractor with an Arrow lowboy 35-ft trailer,
was extensively modified for use in development of the Eaton, Yale, and Towne
wheel antilock system, with which the vehicle was equipped. Three effective-
ness tests, five minimum-stopping-distance tests, and four brake response
time tests were conducted on Vehicle 14. A tabulation of the effectiveness
and minimum-stopping-distance tests is given in Table 9.

3.4 TEST RESULTS—BASELINE VEHICLES

The test results for the ten baseline vehicles (vehicles equipped with
standard braking systems) are given in this section. Included are results
from effectiveness, brake failure, fade and recovery, brake rating, brake
balance, and brake-timing tests.

3.4.1 EFFECTIVENESS TESTS. The vehicles were tested for brake effec-
tiveness, in the loaded and empty condition to the point of wheel lockup if
the brakes had sufficient torque capacity. If the vehicle remained stable
beyond the point of first wheel lockup, pedal force was increased to lock up
as many wheels as possible. Preburnish effectiveness tests for the loaded
condition were run on all ten vehicles. Effectiveness test results for each
of the ten vehicles are given in Figs. 24 through 33. Results for all the
effectiveness tests are summarized in Table 10, and the deceleration capabil-
ities of the baseline vehicles are summarized graphically in Fig. 34.

A comparison of the pre- and post-burnish effectiveness curves shows
that burnishing did not greatly increase (or decrease) the overall effective-
ness of trucks and buses, but dramatically improved the effectiveness of the
tractor-semitrailer vehicles. Experience has shown that burnishing generally
"wears in" and "cures" the brake linings, thus reducing any propensity the
brake may have to "grab" or "pull" due to a misfit between lining and drum or
nonuniformities on the lining surface. Inasmuch as braking performance for
tractor-trailers is more dependent upon brake sensitivity and balance,
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TABLE 8

TEST PROGRAM—VEHICLE 12

Track

Advanced

Configuration mph Condition Toad CG Brakes* Systems Test
1. Tractor-Trailer 60 Dry Empty - Baseline None Effectiveness
2. Tractor-Trailer 60 Dry Empty -- Baseline Proportioning Effectiveness
3. Tractor-Trailer 60 Dry Empty -- Baseline Adaptive Effectiveness
4, Tractor-Trailer 60 Dry Empty - Baseline Adaptive on Tractor
Proportioning on Trailer Effectiveness
5. Tractor-Trailer 60 Dry ILoaded ILow Most effective None Effectiveness
1. Tractor-Trailer 60 Dry Loaded High Baseline None Stopping Distance
2. Tractor-Trailer 60 Dry Loaded High Baseline Syncron Stopping Distance
3. Tractor-Trailer 60 Dry Loaded High Baseline Adaptive Stopping Distance
k., Tractor-Trailer 60 Dry Loaded High  Baseline Adaptive and Syncron Stopping Distance
5. Tractor-Trailer 60 Dry Loaded Low Baseline Syncron Stopping Distance
6. Tractor-Trailer 60 Dry Toaded Tow Baseline Adaptive and Syncron Stopping Distance
T. Tractor-Trailer 60 Dry Loaded Low Most effective None Stopping Distance
8. Tractor-Trailer 60 Dry Loaded Low Most effective Adaptive and Syncron Stopping Distance
9. Tractor-Trailer 60 Dry Loadad Low Most effective None Stopping Distance
10. Tractor-Trailer 60 Dry Empty -- Improved Front Brakes Adaptive Stopping Distance
11. Tractor-Trailer 60 Dry Empty - Improved Front Brakes Adaptive and Syncron Stopping Distance
12. Tractor-Trailer 60 Dry Empty -- Most effective Adaptive and Syncron Stopping Distance
13, Tractor-Trailer 60 Dry Empty - Baseline None Stopping Distance
14, Tractor-Trailer 60 Dry Empty - Baseline None Stopping Distance
15. Tractor-Trailer 60 Dry Empty - Baseline Proportioning Stopping Distance
16. Tractor-Trailer 60 Dry Empty - Baseline Proportioning Stopping Distance
17. Tractor-Trailer 60 Dry Empty -- Baseline Antilock Stopping Distance
18, Tractor-Trailer 60 Dry Empty - Baseline Adaptive on Tractor,
Proportioning on Trailer Stopping Distance
19. Tractor-Trailer 60 Dry Empty - Baseline Adaptive on Tractor,
Proportioning on Trailer Stopping Distance
20. Tractor-Trailer Lo Wet ILoaded High Baseline None Stopping Distance
21, Tractor-Trailer Lo Wet ILoaded High Baseline Syncron Stopping Distance
22. Tractor-Trailer Lo Wet Loaded High Baseline Adaptive Stopping Distance
2%, Tractor-Trailer Lo Wet Loaded High Baseline Adaptive and Syncron Stopping Distance
24, Tractor-Trailer Lo Wet Ioaded High Improved Front Brakes Adaptive Stopping Distance

*Designations defined in Table T.
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TEST PROGRAM SUMMARY—VEHICLE 12

TABLE 8 (Continued)

Configuration Vo, Track Load CG Brakes¥* Advanced Test
mph Condition Systems
25. Tractor-Trailer 40 Wet Loaded Low Most effective Adaptive and Syncron Stopping Distance
26. Tractor-Trailer Lo Wet Empty - Most effective Adaptive and Syncron Stoppinz Distance
27. Tractor-Trailer 20 Dry Ioaded High Baseline None Stopping Distance
28, Tractor-Trailer 20 Dry Loaded High Baseline Syncron Stopping Distance
29. Tractor-Trailer 20 Dry Loaded High Baseline Adaptive Stopping Distance
30. Tractor-Trailer 20 Dry Loaded High Baseline Adaptive and Syncron Stopping Distance
31. Tractor-Trailer 20 Dry Load=d Low Baseline Syncron Stopping Distance
32, Tractor-Trailer 20 Dry Loaded Low Baseline Adaptive and Syncron Stopping Distance
3%. Tractor-Trailer 20 Dry Empty -- TImproved Front Brakes Adaptive Stopping Distance
34, Tractor-Trailer 20 Dry Empty -- Improved Front Brakes Adaptive and Syncron Stopping Distance
35. Tractor-Trailer 20 Wet Loaded High Baseline None Stopping Distance
26. Tractor-Trailer 20 Wet Loaded High Baseline Synecron Stopping Distance
37. Tractor-Trailer 20 Wet Loaded Hioh Baseline Adaptive Stopping Distance
38, Tractor-Trailer 20 Wet Loaded High Baseline Adaptive and Syncron Stopping Distance
39. Tractor-Trailer 20 Wet Loaded High Improved Front Brakes Adaptive Stopping Distance
4o, Tractor-Trailer 20 Wet Loaded High Improved Front Brakes Adaptive and Syncron Stopping Distance
41, Tractor 60 Dry Empty - Baseline None Stopping Distance
Lo, Tractor 60 Dry Empty - Baseline Proportioning Stopping Distance
Lz, Tractor 60 Dry Empty - Baseline Adaptive Stopping Distance
L4y, Tractor 60 Dry Loaded Low Most effective None Stopping Distance
45, Tractor 60 Dry Loaded Low Most effective Adaptive Stopping Distance
46, Tractor Lo Wet Empty - Baseline None Stopping Distance
47, Tractor Lo Wet Empty -- Baseline Proportioning Stopping Distance
48, Tractor 4o Wet Empty -- Baseline Adaptive Stopping Distance
49, Tractor Lo Wet Empty -- Most effective None Stopping Distance
50. Tractor Lo Wet Empty -- Most effective Adaptive Stopping Distance
51. Tractor 4o Wet Loaded Low Most effective None Stopping Distance
52. Tractor ko Wet Loaded Low Most effective Adaptive Stopping Distance
5%. Tractor 20 Dry Empty - Baseline None Stopping Distance
5k, Tractor 20 Dry Empty -- Baseline Proportioning Stopping Distance
55. Tractor 20 Dry Empty -- Baseline Adaptive Stopping Distance
56. Tractor 20 Dry Empty -- Improved Front Brakes Adaptive Stopping Distance
57. Tractor 20 Wet Empty -- Baseline None Stopping Distance

¥Designations defined in Table 7.
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TABLE 9

TEST PROGRAM SUMMARY—VEHICLE 14

Configuration X;; Coggizion Load S?:::; Test
1. tractor-trailer 60 dry full standard effectiveness
2. tractor-trailer 60 dry full antilock effectiveness
3. tractor-trailer 60 dry empty antilock effectiveness
L. tractor-trailer 40 wet empty standard min. stop. dist.
5. tractor-trailer L0 wet full antilock wmin., stop. dist.
6. tractor-trailer 60 wet empty antilock wmin. stop. dist.
7. tractor 60 ary bobtail antilock min. stop. dist.
8. tractor Lo wet bobtail antilock min. stop. dist.
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especially in preventing premature wheel lockup, than for straight trucks, it
appears that adequately burnished brakes are necessary to obtain the best
possible performance of combination vehicles.

The average maximum deceleration achieved (without wheel lock occurring)
with the tested trucks is 15.5 ft/sec? in the empty condition and 17.0 ft/sec2
in the loaded condition. If wheel locking is permitted, the figures become
19.2 and 17.7 ft/secg, respectively. These results show that brake torque
capacity has been proportioned to give best performance for the loaded condi-
tion.

For the test buses, the average maximum deceleration, wheels unlocked,
is 18.5 ft/sec? empty and 19.9 ft/sec2 loaded, with the performance of the
empty buses increasing to 21.7 ft/sec2, when some wheels are locked. It
should be noted that it was impossible to lock up wheels on any of the buses
when fully loaded.

For the tractor-trailers tested, the average maximum deceleration,
wheels unlocked, is 15.0 ft/sec2 empty and 16.5 ft/sec2 loaded, with the per-
formance empty increasing to 19.L4 ft/sec? when wheels are locked.

Although the trucks exhibit a wide range in performance, the loaded
buses exhibit uniform performance. A rather remarkable variation in perfor-
mance is noted for the tractor-trailer combinations, even though the same
tractor was used in two of the combinations (2-S1 and 2-S2) and the same
trailer was used in two combinations (2-82 and 3-82).

Overall, the ten vehicles achieved an average maximum deceleration,
wheels unlocked, of 16.5 ft/sec?, empty, and 17.7 ft/sece, loaded; and, if
some wheels are permitted to lock during the stop, 19.4 ft/sec2, empty, and
18.1 ft/secQ, loaded. The measured range of performance is greatest for the
trucks (12.6 to 28.0 ft/sec2) and least for the tractor-trailers (1.0 to
20.0 ft/sec2). Bus performance ranged from 16.3 to 2L.0 ft/sec2.

An important performance consideraticn asscciated with effectiveness
tests has to do with lateral stability. In the tests conducted on the base-
line vehicles, lateral stability was assessed only by noting whether or not
the driver was able to keep the vehicle in a 12-ft lane for the duration of
the stop. In the test specification, the driver was instructed to release
the brakes immediately and to abort the test if the vehicle became direction-
ally unstable in all the effectiveness tests, except as noted below:

Light Truck. 1In the pre-burnish effectiveness test, the vehicle pulled
five feet out of the 12-ft lane on one stop. After burnishing, however, no
problem with directional stability was encountered in any of the tests.

Medium Truck. The loaded vehicle exhibited a slightly erratic tendency
to pull to one side or the other, which behavior could be controlled except
for two stops in which the vehicle pulled 10 ft out of the 12-ft lane. When
tested empty, the instability was accentuated, and in two instances the
driver had to release the brakes to regain directional control. It was noted
that the rear wheels locked (one a fraction of a second later than the other)
at the point where the driver had to release the brakes. This observation
seems to indicate that side-to-side imbalance and differential wheel lockup
were the causes of vehicle instability. In both instances the vehicle pulled
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10 ft out of the 12-ft lane.

Heavy Truck. This vehicle showed no directional instability except in
the last effectiveness test made on the loaded vehicle, with maximum line
pressure. The rear wheels locked, causing the vehicle to become unstable.
The driver released the brakes, which caused the vehicle to veer off the track
on the left side, with the right wheels 1lifting off the ground. Subsequent
control actions by the driver brought the vehicle back onto the track for a
more or less controlled stop.

Tractor-Trailer. (2-S1). No wheel lockup occurred on the empty vehicle
until the line pressure was increased to 4O psi. At this pressure, the left
rear tractor wheel, the right trailer wheel, and the right rear tractor wheel
locked up, in rapid succession, in that order, causing an increasing articula-
tion angle between the tractor and the trailer. The driver released the
brakes and applied the accelerator, which reduced the articulation angle and
restored stability. The test was aborted at this point. (Subsequently, an
anti-jackknifing bumper, limiting the articulation angle between the tractor
and trailer to 15 degrees, was mounted on all of the articulated vehicles to
be tested.)

Doubles Combination. (2-S1 and 2-S2). In testing this combination, the
anti-jackknife bumper was used together with restricting chains between the
trailers to limit relative movement between vehicle units. In the effective-
ness test conducted on the empty combination, a tendency toward instability
was noted on the 4O psi line pressure stop. Although the combination did not
leave the 12-ft lane, seven out of ten wheels locked, causing the vehicle to
stop in a "modified Z" configuration. The test was aborted at this point.

It should be noted that seven out of the ten vehicles, when tested in the
loaded condition, did not have sufficient torque capacity to lock up any
wheels on the surface used in this test program. It should also be pointed
out that seven of the ten vehicles, when empty, could not exceed the perfor-
mance of the loaded vehicle without locking up some wheels, which locking
causes either loss of steering control or leads to lateral instability.

3.4.2 BRAKE FAILURE TESTS. The brake failure modes selected for test
depended upon the design of the brake system. In the light truck, three
failure modes were possible: front hydraulic line failure, rear hydraulic
line failure, and power boost failure. Effectiveness test results for these
modes of failure for the light truck in the empty and loaded condition are
given in Figs. 35 and 36. The medium truck was not designed with separate
front and rear brake failure protection, and thus was tested only for power
boost failure. Results for the effectiveness test with the power boost failed
in the empty and loaded condition are given in Fig. 37. The heavy truck and
the city bus, each equipped with air brakes, did not contain an emergency
system except for a mechanical hand brake attached to the drive shaft. The
school and intercity buses, however, had separate emergency brake systems,
which, when actuated under failure of the service brake system, supplied air
pressure to the rear brakes. (See Appendix A for details of brake piping.)
Opening the rear door of the city bus also actuated the rear brakes through
the normal service system.
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LIGHT TRUCK



MONYL IHOIT ‘@UNTIVA ISO0E ¥EMOd ‘SITNSHY ISHL SSANFAILOAIAA *9¢ HUNDIA

ovc

00c

09l

(1) 30404 1va3d

ocl

08

ov

papeoT 3jdIYyaA
:ainjie4 1s00g 18MO4

Aldw3g 3joIysp
:ainjie4 1s00g Jamod

Pa>207] sj@daym
Jeau 13| pue 1eaa 1ybry

T

00

co

vo

80

o'l

NOILvYH3713030

6

X

89



0.5 -+ } 4 + + $ -+
A Power Boost Failure: Vehicle Empty
A\ Power Boost Failure, Vehicle Loaded
04t @ Right Rear Wheel Locked T
g Right Rear and Left Rear Wheels Locked
2
s 03¢ i
x
o
=]
©
1oy
2
s 027 4
®
()
0-1 T -
0.0 -+ 4 + t 4 + 4
0 40 80 120 160 200 240 280

Pedal Force (Ib)
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A summary of test results of all the failure modes tested for the trucks
and buses is given in Table 1l. Loss of the front brakes on the light truck
(the only baseline vehicle tested with a split front/rear system) reduce the
deceleration capability by 5% in the empty condition, while rear brake
failure caused a reduction of 45¢, and 62%, empty and loaded, respectively.
The amount of braking capability lost due to failure of front or rear brakes
is dependent upon several factors, including weight distribution, brake-torque
distribution before failure, pedal-force/line-pressure relationships, and
brake fade effects. Power boost failure on the light truck reduced the decel-
eration capability only slightly in the empty condition, and by about 324 in
the loaded condition. The loss in braking capability for power boost failure
does not reduce the effectiveness of the vehicle's brakes, but requires very
large pedal forces on the part of the driver. In the medium truck also, only
slight reduction in maximum deceleration capability was noted in the emtpy
vehicle, while in the loaded condition it was reduced by 564.

From the decelerations and stopping distances given in Table 11, it is
clear that the hand brake on the heavy truck is not an adequate means of
stopping the vehicle in the event of a service-system failure. However, it
should be noted that the hand brake on the city bus produces practically the
same deceleration as does use of the rear brakes only. Yet, in the loaded
condition, the hand brake faded considerably, causing a much longer stopping
distance.

Deceleration performance was measured on tractor-trailer combinations in
tests conducted at 20 mph in which brake failure was simulated by opening the
trailer emergency air line at the tractor protection valve. It was not con-
sidered practical to conduct these tests from 60 mph because of the strong
possibility that damage to the suspension and brake supporting structure
would result from such a severe brake application at high speed. Two of the
tractors were equipped with spring brakes. These brakes were also tested
from 20 mph. Results obtained for the combinations in the empty and loaded
conditions are given in Table 12.

3.4.3 FADE AND RECOVERY TESTS. Results of fade and recovery tests con-
ducted on the trucks are given in Figs. 38 through 40, on the school and
intercity bus in Figs. 41 and 42, and the fade test on the city bus in Fig.
43. No recovery test was conducted on the city bus since the vehicle did not
have sufficient power to accelerate to test speed rapidly enough (after a
- fade snub) to prevent the brakes from cooling. The acceleration capabilities
of the tractor-trailer combinations were also insufficient to prevent cooling
of the brakes between snubs, as indicated in Figs. L4 through 47. A summary
of fade test results is given in Table 13.

Using pedal force as a measure, it took 12 snubs at 15 fc/se02 decelera-
tion to fade the brakes on the light truck such that the pedal force exceeded
100 1b.

On the medium truck, a pedal force of 250 1lb was required to achieve
even 12 ft/sec2 deceleration due to the saturation of the power boost system
at the pedal force required to produce about 0.3 gdeceleration in the loaded
condition. Thus any decrease in brake effectiveness at a deceleration higher

91



PEDAL FORCE (ib)

140

120

100

60

40

20

Fade

Pedal Force

Recovery ?l

1 I

Temperature

-

700

600

500

—4400

——

16 20

SNUB NUMBER

FIGURE 38. FADE AND RECOVERY TEST RESULTS, LIGHT TRUCK

92

200

24

MAXIMUM BRAKE LINING TEMPERATURE (°F)



¢6

PEDAL FORCE (Ib)

300

250

200

160

100

400

SNUB NUMBER

FIGURE 39. FADE AND RECOVERY TEST RESULTS, MEDIUM TRUCK

_— —4350
Temperature
_— — 300
— — 250
Pedal Force
Fade 4—-’—-» Recovery
| | | | I [ 0
0 2 4q 6 8 10 12 14

RE (°F)

MAXIMUM BRAKE LINING TEMPERATU



MON¥L AAVEH ‘SITNSAY ISTL XMHAAODTY ANV FAVA "ot HENDTA

439NN 9NNS

Sl vl €L zL L oL 6 8 L9 S v
o I | ] T | 1 1 | | | 1
-~

00z}

( Q _
S ——) - ©
32404 |epad
oocH

00

00S

vdl — 5 Zammmne sea L[ x 3

ainlesadwa |

Alanooay JYT ape4

. N.. |atn— 0
g
'
— 0C
—0¢
—0v
— 08

(q1) 30404 1va3d

ol



10

PEDAL FORCE (lbs)

80

60

40

20

Temperature

Pedal Force

-¢——Fade [Recovery —»

| | | | I

500

—1400

—300

—200

MAXIMUM BRAKE LINING TEMPERATURE (°F)

—100

4 8 12 16 20
SNUB NUMBER

FIGURE 41. FADE AND RECOVERY TEST RESULTS, SCHOOL BUS

95

24



(4.) IHNLYYIAWIL ONINIT INVHE WAWIXYIN

snd

ALIDYAINT ‘SITASHY ISHAL X¥FIAOOTY ANV FAVA

HIGWNN SNNS

‘Sh HENdDIA

8t L1 9l vi 14 ol 8 9 14
] ] ] | hl | | I

(01018 o
(0,074 o

A o
ooE— 32104 |epagd
ooy

A1an023y
00S |-
ainjesadwa |

009

oc

ov

09

08

ocl

96



PEDAL FORCE, LBS.

90 -+

801

~
e

$as0

$400

2 3 4 5 6 1
SNUB NUMBER

o+

FIGURE L43. FADE TEST RESULTS, CITY BUS

97

-

9 10

MAXIMUM BRAKE LINING TEMPERATURE, °F



PEDAL FORCE (Ib)

90T

80+

50-

4
-+

Pedal Force

Temperature

+

450

400

4350

+300

+ 250

+200

40t
0 +— + t 4 t + 4 t
1 2 3 4 5 6 7 8 9 10
BASE
LINE SNUB NUMBER
CHECK

FIGURE Lk4. FADE TEST RESULTS, TRACTCR-TRAILER 2-S1

MAXIMUM BRAKE LINING TEMPERATURE (°F)



PEDAL FORCE, LBS.

90+

80T

70+

50+

40

Brake Temperature

i
1§
S
(2]
o

8

MAXIMUM BRAKE LINING TEMPERATURE, °F

Pedal Force 4300

u
N
[$1]
o

+
N
(=]
o

0 4 : - | + + + +
1 2 3 5 8 9 10
BASE
LINE
CHECK SNUB NUMBER

FIGURE L5. FADE TEST RESULTS, TRACTOR-TRAILER 2-S2

99



PEDAL FORCE, LBS.

<+
o

904

801

+

704

~t

601

501

404

-t
L 3

Brake Temperature

'S
8

H
[=]
o

w
N
o

Pedal Force T

N &
S 8
=)
MAXIMUM BRAKE LINING TEMPERATURE, °F

1200

0 + + + + + + +- +

1 2 3 4 5 6 7 8 9 10
BASE
LINE SNUB NUMBER
CHECK

FIGURE 46. FADE TEST RESULTS, TRACTOR-TRAILER 3-S2

100



PEDAL FORCE, LBS.

1
I

ﬁh
-

90+ 450
Brake
Temperature
80t 400
70+ A 350

Pedal Force

+250

40 +200
0 + $ + -+ + + t + t
1 2 3 4 5 6 7 8 9 10
BASE SNUB NUMBER
LINE
CHECK

FIGURE 47. FADE TEST RESULTS, DOUBLES COMBINATION 2-S1-2

101

MAXIMUM BRAKE LINING TEMPERATURE, °F



*sTooyM aJow IO duo JO dn-}00T $93BOTPULx

05¢ Gee 1°6 0°'g ot soxeaq Jeax Sutuado JOOp JIBIX £qT0
LeH cie 0°¢ 1°8 o ayBIq PUBY woqsLs 90TAISS £q10
o1l 1.6 8°G 38°9 0% LousBIouwra SoYeIq 90TAJSS RyT0oI9qUT
192 88T 0°9 26 of Kouadasws soyeJq 30TAJIDS Tooyos
sasng
00c2 H6GT 0°T G'T 09 ayBJIqQ PUBY goyBIq 9OTAJIDS Lnreay
thl 26¢ GG *x0°¢T 09 soyBJIq 3O0TAISS qsooq Jamod umTpaw
g8¢c 09T 0.1 *0° 92 09 so¥BJIq SOTAISS q9s00q xamod MUSTT
T8 h T8<C 66 GGt 09 ATuo so¥BIQ FUOII so3BJIq JI83J ITT
0c9 08¢ ¢l *xG° 1T 09 ATuo soyeJdq JIe3d soyeJIq JUOJJ U3TT
syonag,
opeo Kq.dur opeC Aqdur duu
u:w.@#w.m.uu,wMQ WGHQQ..OPM .MHE JMVQ;H w@H@OGQP.KM—Z nm\/ pasn saysagd aanTted Jo °odLy S9TOTURA
PE

SNOTIIANOD TYNTIIVA YEANN SASNE ANV SAINYL J0 HONVWHOLMEL 4O AIVINANNS

TT F19VL

102



suou GGT 2°'¢ PopBOT oe saxeaq Burads Joq0BIY waqsAs aoTAgeS
STe3UM J0308I] JIBOI Yj0q 00T G Kqdms oc saxeaq Jutads goqoBI3 wa1sAs 20TAJISS
SUTT JIT® AousIgowa
suou T6 gL PapBOT oe JISTERIZ J9TFeI3 Jutuado
JI3TFes3 ITnJ uUo QUTT JITB ACusaBasue

I831 3JST PUB JUOLI JUITI SH ¢t £qdme Oc I3TTBIY I9TTe13 Butusdo c-Ts-¢c
suou oTT 29 PSPEOT oc soxeaq Sutads ao3owvIg w23s£s 9°TAIRDS
STSSUM SATIP J030®I3F TT® 8 0°'g Aqdwo o2 soyeaq Putads ao0q0m8I3 wa3sAs aTTAIIS
QUTT JF® AdousIasws
WOpUBY JUSTI ‘wWopuBy IS8T 00T 0°6 PapBOT oe I9TTeI} JI3TFex] Jutuado
SQUIT JIF® ALousFasws

STesymM JI3TTFBIY TI® c0T 0L £qdue oc JISTTRIZ J9TTex3 Jutuado cs-¢
SUTT JITB Aouadasws
T8I UITI ‘worusy IS G 02T PapeOT oe ISTTBIL JaTtea3 Jupuado
SUTT JITB ALousaFIswo

STosyM J9TTeI} TT%® oL G6 Kqdme o2 ISTTBIL JaTTea3 Jutuado 2s-¢
SUTT JIT® AousIaowms
sucu e Gl PapPBOT oc JI2TTRIG ISTTReI3 Jutuado
SUTT JIf® AcusBIsws

STo9UM JISTTBIF Y3oq w6 ¢9 Lqdwe oc ISTTBIL JI9TT8I3 JuTtusdo I8-¢

N “3STQ o988 /9g UOT3TpUo) ydm
dny{oo7 ToayM Sutddosg a.wmomﬂ xBY Sutpeo ~o> Pesy soeag SINTTRIF Jo adfy STOTYSA

SNOT.LIANOS &MNIIVA ¥HANAN SYTIIVYL-YOLOVEI JO IONVRIOIYAd A0 XY VWWNS

ST ¥THVL

103



-T

£3T00ToA 2S99 TBIFITUT 03 ¥oeq A3TO0TOA QNUS JSMOT WOLF SWLY UOTIBISTSOOB ay3 ST ° IV %%

*£4TO0ToA quuUs JI2M0T
qe oseoTox Tepsd o¥eaq 03 L3T00TSA TBEITUT 3B uotqeofrdde Teprod oxexq TRTIFTUT WOIJ SwWTl SY3 ST 1V %

T-¢

1030843 JB2I 4IST 094 4T oL 0T/0% ot 02T g-18-¢
1030843 J83d JUITI GoH LeT ¢G 0T /0% 0T G KT 2s-¢
a030ea) JI82X 1J9T 08% ot ¢ h 0T /Sh ot Gt 2s-¢c
I03.0®I3 J83J4 3J9T 06¢ zze 9°¢ otT/0% ot Gt 18-
SIaT1T8d]
-J03.984]
jJuoay U3ITI {4 8t 1°¢ ot /0% ot T £g710
L3710
SATIP 3J9T 009 ég €9 0T /09 6 Gt -I39UT
juoay 3J9T Sy 62 8¢ oT/ch 6 Gt Tcouos
sasng
warusy 31391 GoH G1e -G 01/09 G HT £faeay
Te2ad JUITJI cee et G-L 0T/09 ¢ AN wnppsw
JB83I 3J9T 29 e 6°G 0T /0% A ¢t JUSTT
syonay,
o pEYS ooas BEY PRADTUSY womm\PM
ayeJqg 3S9%30H ¢ ‘Jwoy BUTUTT  ‘#xxC v ‘x L[Sy ‘TeULI/TeTITUI  sqnug JO *T902q SToTUdA
1S3aYITH o3BvISAY £q4TO0TaA JDqUINN 1S9

gIiNSHEY LWL HAVA H0 ZHVANOS

¢T FIEVL

10k



than 0.3 g required an inordinate increase in pedal force to maintain the given
deceleration. Although the temperature of the brakes did not increase signi-
ficantly during this test, the slight loss in effectiveness due to the 100
degree temperature rise was enough to increase the pedal force required to
maintain the 12 ft/sec2 deceleration beyond the capability of the driver.
During the recovery sequence, the 10 ft/sec2 deceleration was low enough to
allow the power boost to be effective, and the pedal force required was less
than 60 1b.

The fade test on the heavy truck was difficult to execute since, in
attempting a maximum deceleration of 1l ft/sec2, the rear wheels locked up on
the second snub. At this point the pedal force was decreased slightly, giving
a deceleration of 13, 12.5, and 10 ft/sec2 on the third, fourth, and fifth
snubs, respectively. The recovery sequence was started after the fifth snub.

The fade test was successful on the school bus and the intercity bus.
Nine snubs were required to fade the brakes on each vehicle.

In conducting the fade test on the city bus and the tractor-trailers, it
soon became obvious that the specified procedure would not fade the brakes
even after ten snubs. The tests were terminated at this point. The test pro-
cedure also proved impractical in that it was not possible to maintain the
required 15 ft/sec2 deceleration on the 3-S2 tractor-trailer combination or on
the doubles combination because of incipient wheel lockup.

3.4.4 BRAKE RATING TEST. There are two types of road tests which have
been used to rate the horsepower capacity of brakes: a series of fade snubs
(such as outlined in SAE J880), and a drawbar dynamometer test in which the
vehicle to be rated is towed with its brakes applied. The drawbar test pro-
cedure was specified by the NHTSA in this program. The test procedure, de-
scribed in Appendix B, required that the test vehicle be towed on a flat sur-
face at a constant velocity with brakes applied at a line pressure equivalent
to that required to maintain constant vehicle velocity on a seven percent de-
scending grade. The vehicle was to be towed with line pressure held constant
until the towbar force decreased (due to fade) by 15,. The original specifi-
cation called for a test velocity of 4O mph. However, no tow vehicle with
sufficient power capacity was available and the velocity for this procedure
had to be reduced to the range of 22 to 30 mph. (The only exception was the
light truck which was tested at 4O mph because of the relatively small amount
of power required.)

The brake rating test was extremely difficult to execute. Although the
driver of the towed vehicle had no difficulty maintaining a constant brake-
pedal force such that the towbar force initially equalled the sum of the
rolling resistance and the specified brake force, other factors (i.e., undula-
tions in the test track, increased resistance in the curves, and steering cor-
rections to keep the towed vehicle in proper alignment with the tow vehicle)
caused the towbar force to vary so much that it was difficult to determine
Just when the brake force had dropped off by 1%,. Despite all these factors
tending to produce gross inaccuracies in the test data, an attempt was made to
average the towing force over the duration of the test, subtract the rolling
resistance, and calculate the average braking force, from which the energy
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absorption rate of the brake (horsepower) and the total energy absorbed were
calculated. Two measures were formulated for rating the brakes. The first
measure is based on horsepower and lining area giving some indication of the
rate of energy absorption, the second is based upon total energy absorbed and
the weight of the vehicle. A summary of test data for the trucks and buses
is given in Table 14 and for tractors and trailers in Table 15. If all the
tests had been conducted at the same velocity with the brake force, initially
at least, equal to seven percent of the vehicle weight, then the horsepower
into the brakes could be calculated by:

ip o Q:0THV
550
where
W = weight of the test vehicle, in pounds
V = the test velocity in ft/sec

The total energy absorbed would then be:

E, = 0.
: 0 O7WSt
where
Et = total energy, in ft-1b
St = distance travelled during the test

The energy measure, E/W, would then be merely 0.07S, giving distance travelled
during the test as the ultimate measure. However, due to the variations in
drawbar force during the test, the velocity variations from test to test, the
energy and power ratings, such as they are, seem to be the best measures that
can be calculated from the test data. These measures are plotted for each
vehicle in Figs. 48 and L49.

Because of the unreliability of these test results, no attempt will be
made at this point to assess the brake thermal performance of these vehicles
based upon the results of the brake rating test. For example, when the Ford
F-T000 tractor was rated in combination with a single-axle trailer (2-S1 com-
bination), Table 15 shows that the tractor brakes held without fading for 195
seconds at 22 mph with a tow force such that the energy rate into the brakes
was equivalent to 60 hp. However, when tested again, this same tractor (in
the 2-S2 combination) showed that its brakes held without fading for 200 sec-
onds at 30 mph and an energy absorption rate of 150 hp. This anomaly can be
explained partially by the fact that before commencement of testing of the
2-S1, the brake burnishing after relining consisted of only 200 stops whereas
in the 2-S2, the burnishing after relining consisted of 300 stops. Variation
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in composition of the lining may also have been a factor. The data for the
tandem axle Fruehauf trailer tested in the 2-S2 and 3-52 configurations show
a similar anomaly. Therefore it can be concluded that although the test as
specified may produce meaningful results when conducted under ideal condi-
tions, the test when conducted under normal conditions produces results which
deviate in excess of normal variation.

3.4.5 BRAKE BALANCE TEST. The brake balance test was used to determine
if the brakes of a tractor-trailer combination are balanced properly to axle
loads. Table 16 gives, for each tractor-trailer tested, the load distribu-
tion, the actual brake distribution as determined from the brake balance test,
and the brake distribution as calculated using vehicle and brake system design
data.

3.4.6 BRAKE TIMING TESTS. To measure the brake response time of the
tractor-trailer combinations pressure transducers were fitted to the output
of the brake-control (treadle) valve, and at each axle of the vehicle on
which brakes were mounted, except only one transducer was mounted at a tandem
axle. Results of the response-time tests both for application and release are
given in Figs. 50 through 55 and are summarized in Table 17.

The brake application times shown in Table 17 were measured from the
instant pressure started to rise at the output of the treadle valve to the
instant at which the pressure reached 60 psi at a given axle.* Release times
were measured from the instant pressure began to drop at the output of the
treadle valve to the instant at which the pressure at a given axle dropped to
5 psi. These measurements indicate that the average response time for the
rear axle of the tractor (when the tractors were tested in combination with a
semitrailer) was 0.24 sec. Average response time for the axle on the semi-
trailers was 0.28 sec. Release times were considerably longer, averaging
0.55 sec for the rear axle on the tractor and 0.79 sec for the axle on the
semitrailers. Application and release times were considerably longer on the
doubles combination due to the larger volumes of air that had to be moved
through the system.

3.4.7 SYSTEM FAILURES. Several vehicle suspension and brake system
failures occurred during the testing of the baseline vehicles. None of these
failures was considered extraordinary since the vehicles and systems were sub-
jected to a series of high-level decelerations that generated stresses and
cycles of stress not normally encountered in service. Details on these fail-
ures are noted below:

Light Truck. During effectiveness tests, loaded vehicles, the brake
cylinder in the right rear wheel brake failed, causing contamination of the
linings from the brake fluid. The wheel cylinder was replaced, and brakes
were relined and burnished before testing was continued. During an effective-
ness check of the new brakes, severe wheel hop in the rear brakes occurred
with a mild brake application (500 psi line pressure), causing the drive shaft
to pull out and drop. This problem was caused by a break in the right rear

*This definition is slightly different from that given in SAE J982, which
specifies that application time be measured "from the start of pedal movement
to a pressure buildup of 60 psi."
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leaf spring just at the point where it is fastened to the vehicle frame. The
vehicle was subsequently repaired and testing successfully concluded.

Ford F-7000 Tractor. Despite the fact that this vehicle was run only
LOCO miles pricr %c celivery to BADC for testing, inspection of the brake
drums revealed severe hot-spotting and heat-checking in all the drums. After
relining the brakes, new drums were installed. No problems occurred in the
preburnish effectiveness test of the tractor-trailer combination (2-S1), bub
during burnishing, =2t tne 125th stop, the left rear tractor drum cracked.

The crack was clear_y a tensile failure, extending from the edge of the flange
and continving across the entire rim. The drum was replaced and burnishing
continued. No further problems were encountered.

Diamoné Reo C1-L6LDF Tractor. This vehicle when received at BADC for
testing showed an ocometer reading of 191 miles. It was tested in the 3-S2
combination with the Fruehauf trailer. After running the preburnish effec-
tiveness test, burnishing the brakes, a brake balance test was conducted.
Following this an effectiveness check from 20 mph was made. On the fourth
stop, aft maximum pedal force applications, the tractor rear springs pulled
o2t of the tandem axle equalizer, causing the rear driveshaft to be pulled
out of place. Repairs were effected immediately and stops were installed to
prevent recurrence of the failure. WNo further problems were encountered in
the testing of this vehicle.

3.5 TEST RESULTS—VEHICLES EQUIPPED WITH ADVANCED BRAKING SYSTEMS

The test results for the three vehicles equipped with advanced braking
systems are given in this section. These vehicles include:

Vehicle 11. The medium weight truck equipped with full power hydraulic
disk brakes

Vehicle 12. The 3-32 tractor-trailer combination equipped with brake
proportioning valves, an adaptive braking system, and a trailer brake synchro-
nization system

Vehicle 1k. The 2-S2 tractor-trailer combination equipped with a wheel
antilock system.

3.5.1 TRUCK EQUIPPED WITH DISK BRAKES. Specifications for this truck a-»c
a description of its brake system are given in Appendix A. This vehicle was
subjected to effectiveness tests, brake failure tests, fade tests, the braxze
rating test, and a static parking brake test.

3.5.1.1 Effectiveness Test. The results of the effectiveness test are
given in Fig. 56. These data point up two important factors:

(1) The vehicle has 2 maximum deceleration capability (with no wheels
locked on the given test surface) of better than 21 ft/sece, which is better
than nine out of the ten baseline vehicles, and considerably better than both
tne medium and heavy truck.

(2) The vehicle has the capability of locking up all four wheels in the
loaded condition, demonstrating that it does indeed have brake torque suffi-
cient to utilize the frictional forces in the tire-road interface to the maxi-

mum extent.
3.5.1.2 Brake Failure Tests. With separately powered front and rear
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brake systems, it was possible to fail either system and maintain braking
capability on one axle. Effectiveness test results are given in Fig. 57.
Table 18 summarizes the minimum stopping distances and maximum decelerations
achieved in the brake effectiveness and brake failure tests. Loss of the
rear brakes decreases the maximum deceleration capability of the empty vehi-
cle by 357 and of the loaded vehicle by hi%, while loss of the front brakes
decreases the maximum deceleration capability by 479, and L3¢, empty and
loaded, respectively.

3.5.1.3 Fade Tests. Two fade tests were conducted on this vehicle. The
results, shown in Fig. 58, demonstrate the superior fade resistance of disk
brakes. In the first test the pedal force required to maintain 15 ft/sec2
deceleration from 60-10 mph incressed from 47 1b on the first snub to 65 1lb
on the 15th snub. In the second test the pedal force increased from 47 1b on
the first snub to 84 1b on the 15th snub. In btoth cases the brake tempera-
ture, as measured by thermocouples in the lining pads, was in excess of
1270°F. To make a fair comparison with the results of the baseline vehicles,
it should be noted that for the two tests the average snub deceleration time
was 5.8 sec and 5.7 sec and the average time to accelerate back to test speed
was 76.4 sec and 81.8 sec.

3.5.1.4 Brake Rating Test. In the brake rating test an average power
input to the brakes of 91.3 hp was maintained for 670 sec with less than a
207, decrease in brake force at a constant pedal pressure. The test was ter-
minated after 670 sec because, by this time, the temperatures of all of the
brakes exceeded 1200°F. In comparison with the baseline vehicles, this vehi-
cle produced an energy and power rating of 1215 ft-1b of thermal energy ab-
sorbed per pound of vehicle weight and 71.4 horsepower for square foot of
lining, respectively.

3.5.1.5 Parking Brake Tests. Spring actuators were mounted on each of
the rear axle brakes and tested according to the procedure specified in
Appendix B. Tested with the brakes at ambient temperature, a towing force of
6750 1b was required to start motion of the truck, which force corresponds to
a K-factor* of 0.37. When the brakes were tested at 250°F minimum brake tem-
perature, the force required to start motion increased to 9230 1b, corre-
sponding to a K-factor of 0.5. Once rolling in this condition, however, the
average towbar force required to sustain motion against the force of the
spring brakes was 3200 1lb, corresponding to a K-factor of 0.18. These brakes
have the capacity to restrain the vehicle on a 19.5° grade if the brakes were
hot, and a 13.8° grade if the brakes were cold, presuming the necessary tire-
road friction forces exist to prevent sliding of the rear wheels.

3.5.2 TEST RESULTS, VEHICLE 12.

3.5.2.1 Effectiveness Tests. Results from the five effectiveness tests
conducted on the Vehicle 12 tractor-trailer are given in Figs. 59 through 63.
The purpose of the first four effectiveness tests was to assess the

*The K-factor as used here is defined as the force capability of the
brake as measured at the tire-road interface divided by the rated static axle
load.
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improvement in performance of the empty vehicle with the use of brake propor-
tioning valves, an adaptive braking system, and a combination of antilock and
proportioning. The purpose of the fifth test was to determine the performance
of the loaded vehicle using the most effective brakes specified for the program.

Figure 59 shows that the standard braking system produces a rather steep
pedal force versus deceleration curve for the empty combination indicating a
comparatively "sensitive pedal." Wheels lock up on the leading axle of the
trailer at decelerations as low as 17 ft/sece. Maximum deceleration capability
of the vehicle as indicated by this test was 19.6 ft/sec2. On the last stop
of the test, all wheels locked, except the tractor fronts, and the vehicle
jackknifed to the limit of the restraining bumper.

The use of proportioning valves decreased the pedal sensitivity, but, as
is shown in Fig. 60, wheels started to lockup on the leading axle of the
trailer at decelerations as low as 11.8 ft/secg. Lockup of wheels on any
other axles was prevented by use of the proportioning valves, but at the ex-
pense of decreasing the maximum deceleration capability to 15.7 ft/sece. It
can be shown that load transfer within the two elliptic spring suspension,
such as exists on the trailer of this combination, causes the leading axle to
be more severely unloaded than the trailing axle (L4). Since one valve was
used to proportion brakes for both axles, the setting of the valve had to be
based on the average load carried by the suspension, which allowed premature
lockup of the wheels on the leading axle. If the setting were cut down to
prevent this premature lockup, the effectiveness of the trailer brakes would
have been further reduced. If proportioning valves are to be used effectively
with trailers having such suspensions, some means of preventing premature
lockup of the wheels on the leading axle must be employed.

The effectiveness curve obtained with the adaptive system operational is
given in Fig. 61. The maximum deceleration achieved is 18.9 ft/sec?, a decel-
eration that is 96% of the maximum value obtained with the unaugmented vehicle
in stops that included wheel lockups (see Fig. 59). Notwithstanding these
moderately high decelerations with the empty vehicle, stability problems were
not encountered when the adaptive system was used.

When the adaptive system was operational on the tractor with a propor-
tioning valve used only on the trailer, wheel lock on the trailer leading axle
was prevented up to a deceleration of 18.1 ft/sec2, as is indicated in Fig. 62.
For the empty combination, this scheme proved to be almost as effective in
preventing wheel lock as the fully adaptive (antilock) system. A maximum de-
celeration of 19.5 ft/sec2 was achieved with lockup of 3 wheels on the trailer.

Figure 63 shows the effectiveness curve obtained with the loaded vehicle
after installing the most effective brakes specified for the program. When
it was discovered that the original hoses did not have adequate capacity to
supply air to the larger front-brake chambers fast enough to keep the response
time of the front brakes tc a reasonable minimum, larger diameter hoses were
installed. This change decreased the response time of the front brakes from
0.29 sec to 0.11 sec. Maximum deceleration achieved in this test was 15.1
ft/sec2 with lockup occurring on some wheels.

%.5.2.2 Minimum Stopping Distance Tests. Minimum stopping distance tests
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were run to determine the improvement in braking performance yielded by the
various advanced systems and combinations of advanced systems that were em-
ployed on Vehicle 12 in a wide variety of test conditions. Tables 19 through
2{ provide a complete compilation of the data from these tests. Stopping
distance data have been averaged and corrected to represent stops conducted
from nominal initial speeds of 60 mph or 20 mph; the results are shown graph-
ically in Figs. 6L through 72.% The designations "baseline," "improved
frent," and "most effective" brakes used in these tables and graphs are de-
fined in Tables 7 and 29.

Some of the results obtained in effectiveness tests have been included
in these figures for comparison purposes. Whenever wheel lockup occurred on
an effectiveness test, this occurrence is indicated by an asterisk. Otherwise
no wheel lock was permitted in the minimum-stopping-distance tests. The fol-
lowing conclusions can be drawn from an examination of these data:

(1) For the tractor-trailer combination, best performance (as measured
both by stopping distance and maximum deceleration) is obtained when the adap-
tive system is used with the trailer brake synchronization system. This
finding holds for both wet and dry surfaces, and for both the empty and loaded
vehicles.

(2) Proportioning valves were not as effective on the tractor-trailer
combination as would have been the case if premature lockup of the wheels on
the leading axle of the trailer had been eliminated.

(3) The dry surface braking performance of the single-element tractor,
both loaded and in the bobtail configuration, was improved to an equal degree
by use of the proportioning valve or the adaptive system. On the low coeffi-
cient surface, however, the deceleration performance of the empty tractor was
severely degraded by the proportioning valve, which set the brake-line pres-
sure ratio (front to rear) at 5 to 1. 1In these latter tests, the line pres-
sure had to be kept below 30 psi to prevent the front wheels from locking on
the low coefficient surface. Since the proportioning valve kept the pressures

*In certain loading configurations, the vehicles could not attain 60 mph
on the test track for the high-speed tests. Speed on the wet skid pad surface
was limited to 4O mph for most of the tests. In order to compare data, all
stopping distance values for the high-speed tests were corrected to an initial
speed of 60 mph, using the following equation:

600
Se0 T 51 25
V1
where
Vi = actual test velocity, mph
82 = actual stopping distance, ft
S6O = stopping distance, t't, corrected to 60 mph initial speed.
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TABLE 19

MINIMUM STOPPING DISTANCE DATA FOR FIGURE 6h4

Special Actual Corrected Maximum Average
g Eic;ent Vel, Dist, Vel, Dist, Deceleration, Deceleration,
auip mph ft  mph  ft ft/sec? ft/sece
None 57 260 60 288 16.0 13.4
56 258 60 296 16.4 13.1
Syncron 57 251 60 278 17.3 4.0
55 2L6 60 293 17.2 13.2
Adaptive Braking 53 218 60 280 16.9 13.9
53 229 60 283 17.1 13.7
ok 227 60 280 16.9 13.8
Adaptive Braking, 55 236 60 281 16.4 13.8
Synecron 5k 220 60 272 17.0 14.3
5k 223 60 275 16.9 4.1
Syncron 56 255 60 292 .7 13.3
56 238 60 273 14.9 14.2
55 235 60 280 15.9 15.9
Adaptive Braking, 57 231 60 256 16.0 15.2
Syncron 56 232 60 266 15.9 14.6
57 233 60 258 15.9 15.0
Most Effective Brakes 54 257 60 317 12.8 11.5
Adaptive Syncron, 54 220 60 272 16.0 14.3
Most Effective Brakes 54 225 60 278 16.0 14.0
53 216 60 276 16.2 14.0
Most Effective Brakes* 957 191 60 212 18.6 18.3

*Wheels locked,
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TABLE 20

MINIMUM STOPPING DISTANCE DATA FOR FIGURE 65

Special Actual Corrected Maximum Average
. fi -t Vel, Dist, Vel, Dist, Deceleration, Deceleration,
AuiP mph  ft  mph  ft ft/sec? ft/sec?
Adaptive Braking 59 238 60 246 18.9 15.8
Improved Front Brakes
Adaptive, Syncron, 60 246 18.8 15.8
Improved Front Brakes 60 224 19.1 17.3
60 221 19.2 17.5
Adaptive, Syncron, 57 225 60 249 19.5 15.6
Most Effective Brakes 58 222 60 238 20.2 16.3
60 220 20.4 17.6
None 60 346 11.6 11.2
None* 61 21k 60 207 18.2 17.0
Proportioning Valves 59 242 60 354 * 8.7
Proportioning Valves* 60 259 15.7 15.0
Adaptive Braking 60 216 18.9 18.0
Proportioning on 61 299 60 289 14.0 13.4
Trailer, Adaptive on
Tractor
Proportioning on 61 205 60 198 19.8 19.5

Trailer, Adaptive on
Tractor*

*Wheels locked, instrument failure.
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TABLE 21

MINIMUM STOPPING DISTANCE DATA FOR FIGURE 66

Special Actual Corrected Max imum Average
E P. ent Vel, Dist, Vel, Dist, Deceleration, Deceleration,
quipn mph ft  mph  ft ft/sec? ft/sec?
None 50 512 60 737 6.2 5.3
50 530 60 763 6.1 5.1
50 520 60 748 6.1 5.2
Syncron L8 570 60 890 5.2 L.y
48 543 60 848 5.2 L.6
L8 588 60 919 5.0 L.2
Adaptive Braking 50 318 60 458 10.4 8.5
50 304 60 438 10.7 8.9
50 319 60 459 10.6 8.4
50 333 60 479 10.1 8.1
Adaptive Braking, L7 281 60 458 10.2 8.5
Syncron L9 302 60 L53 10.8 8.6
50 297 60 428 11.2 9.1
50 305 60  Lbo 10.8 8.8
Adaptive Braking, L8 371 60 580 9.7 6.7
Improved Front Brakes L6 30L 60 517 10.% 7.5
L8 360 60 563 10.0 6.9
Adaptive Syncron, 38 224 60 558 8.8 6.9
Most Effective Brakes 38 223 60 55 8.4 7.0
39 227 60 538 9.0 7.2
Adaptive Syncron, 4o 212 60 L76 9.0 8.1
Most Effective Brakes* Ll 218 60 L66 9.3 8.3
39 206 60 L87 9.4 8.0

*Empty, not loaded.
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TABLE 22

MINIMUM STOPPING DISTANCE DATA FOR FIGURE 67

Special Actual Corrected Maximum Average
E gi nent Vel, Dist, Vel, Dist, Deceleration, Deceleration,
auip mph  ft  mph  ft ft/sec? £t/sec?
None 2L 50 20 45 15.0 9.5
21 48 20 Lk 18.4 9.9
21 Lo 20 36 18.2 11.8
21 51.5 20 L7 15.0 9.2
Syncron 20 48 15.0 9.0
20 L2 15.3 10.3%
20 k1 15.8 10.5
Adaptive Braking 20 31 19.8 13.9
20  30.5 19.6 1.2
20 29 19.5 k.9
Adaptive Braking, 20 28 19.6 15.4
Syncron 20 28 19.7 15.4
20 27 19.8 16.0
Syncron 20  36.5 16.7 11.8
20  33.5 16.8 12.1
20  32.5 17.0 13.3
Adaptive Braking, 21 26 20 23.6 20.0 18.2
Syneron 21 24.5 20 22.2 19.5 19.3
20 26 19.5 16.5
Adaptive Braking, 20  24.5 21.0 17.6
Improved Front Brakes* 21 26 20 23.5 21.2 18.2
2L 25 20 22.5 21.3 19.0
Adaptive Syncron, 21 24 20 22 21.0 19.8
Improved Front Brakes* 21 23 20 21 21.1 20.6
21 23 20 21 21.1 20.6

*Empty, not loaded.
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TABLE 23

MINIMUM STOPPING DISTANCE DATA FOR FIGURE 68

Special Actual Corrected Maximum Average
: Eicment Vel, Dist, Vel, Dist, Deceleration, Deceleration,
auip mph £t mph  ft ft/sec? ft/sec?
None 20 63 9.5 6.8
20 an 8.8 6.7
20 68 8.4 6.4
Syncron 20 58 9.0 7.4
20 52 9.1 8.3
20 54 9.1 8.1
Adaptive Braking 2l 51.5 20 L7 11.6 9.2
20.5 L9 20 L7 12.0 9.2
20 49 11.2 8.8
Adaptive Braking, 20 L6 11.0 9.4
Syncron 20 Lk 10.7 9.8
20 43 11.0 10.0
20 L1 11.1 10.5
Adaptive Braking, 20 L6 20 L 10.4 9.4
Improved Front Brakes 1 45 10.8 10.5
20 L7 10.2 9.2
Adaptive Braking, 20 L8 10.1 9.0
Syncron, 20 L9 9.9 8.8
Improved Front Brakes 20 50 9.6 8.6
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TABLE 24

MINIMUM STOPPING DISTANCE DATA FOR FIGURE 69

Special Actual Corrected Maximum Average
p. Vel, Dist, Vel, Dist, Deceleration, Deceleration,
Equipment > >
mph ft mph  ft ft/sec ft/sec
None 60 387 10.8 10.0
60 377 11.0 10.3
60 366 10.7 10.6
60 354 11.8 10.9
Proportioning Valve 60 206 19.1 18.8
60 197 20.8 19.7
60 205 19.6 18.9
Adaptive Braking 60 199 19.8 19.5
60 207 19.7 18.7
60 205 19.6 18.9
Most Effective Brakes* 56 243 60 279 17.0 13.9
57 266 60 294 17.3 i3.2
571 263 60 291 16.3 13.3
Adaptive Braking, 56 212 60 243 19.0 16.0
Most Effective Brakes* 59 212 60 219 19.5 17.7
60 218.5 19.7 17.7
*Loaded.
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TABLE 25

MINIMUM STOPPING DISTANCE DATA FOR FIGURE 70

Special Actual Corrected Maximum Average
£ ??c’ & Vel, Dist, Vel, Dist, Deceleration, Deceleration,
quipmen mph  ft  mph £t ft/sec? ft/sec?
None 51 662 60 91k 4.3 h.2
Lo 713 60 814 3.9 3.6
50 648 60 8oL L.2 h.2
Proportioning Valve 50 774 60 1115 3.6 3.5
50 821 60 117k 3.5 3.3
Lo 905 60 1304 3.1 2.9
Adaptive Braking 6L  5%2 60 514 8.8 7.5
60 Ls6 9.6 8.5
58 486 60 520 9.1 7.5
29 933 60 551 8.8 7.0
Most Effective Brakes 35  L23 60 1243 4.6 3.1
35 371 60 1090 5.0 3.6
39 33 60 812 5.2 L.8
Adaptive Braking, 36 190 60 528 8.9 7.3
Most Effective Brakes 35 186 60  5L6 8.8 7.1
37 177 60 L65 9.6 8.3
Most Effective Brakes* LO 352 60 791 5.8 4.9
39 3k5 60 816 5.2 L.7
39 360 60 851 5.1 4.6
Adaptive Braking, 39  331.5 60 546 8.3 7.1
Most Effective Brakes* LO 21k 60 L81 9.0 8.0
39 222 60 525 8.6 7.4

*Loaded.
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TABLE 26

MINIMUM STOPPING DISTANCE DATA FOR FIGURE 71

Special Actual Corrected Maximum Average
g ﬁi ent Vel, Dist, Vel, Dist, Deceleration, Deceleration,

duipn mph  ft  mph  ft ft/sec? ft/sec?
None 19 48 20 53 11.0 8.1
9 51 20 %6 9.7 7.6
19 39 20 43 11.4 10.0
19 Ly 20 49 11.3 8.8
Proportioning Valve 20 29 22.6 14.8
20  27.5 23,2 15.7
20 28 ol.2 15.4
Adaptive Braking 19 18 20 20 21.6 21.6
19 18 20 20 21.6 21.6
19 20 20 20 1.8 19.1
Adaptive Braking, 20 23 20.0 18.7
Improved Front Brakes 20 25 19.8 17.2

TABLE 27

MINIMUM STOPPING DISTANCE DATA FOR FIGURE 72

Special Actual Corrected Maximum Average
: Ei - Vel, Dist, Vel, Dist, Deceleration, Deceleration,

auip mph ft mph ft ft/sec? ft/sec?
None 20 71 7.5 6.1
20 79 7.0 5.5
20 T3 7.2 5.9
Proportioning Valve 20 95 7.0 L.5
20 101 6.7 4.3
20 97 6.2 L.l
Adaptive Braking 20 37 12.3 11.7
20 35 12.3 12.3
20 37 11.5 11.7
20 38 11.5 11.4
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at the rear brakes below 6 psi, that is, at or near the pushout pressure, the
rear brakes did little or no work in these stops, resulting in low decelera-
tions and long stopping distances. This problem could have been eliminated
had the valve been biased such that proportioning did not occur on the rear
brakes until after the brake line pressure exceeded the pushout pressure.

(L) The influence of load c.g. height on the performance of the tractor-
trailer combination was indeterminate, because the minimum-stopping-distance
test procedure introduced human factors that confounded the test data. The
rate of initial pedal application and the pressure level maintained throughout
the test was subject to driver judgment. Table 28 compares test data obtained
in 60 and 20 mph stops under both high and low c.g. loading conditions with
baseline brakes plus syncron. At 6C mph, with the high load, the driver was
inclined to be very careful and did not apply the brakes rapidly. Conse-
quently, the time from initial movement of the pedal until the final pressure
was fully applied averaged out at 1.55 sec compared to 0.80 sec for the low
c.g. load. At 20 mph, the figures are 1.10 sec and 0.50 sec, respectively.
For some unknown reason, however, the driver elected to use a sustained line
pressure of 94 psi when stopping with the high c.g. load from 60 mph, while
for the low c.g. load he used only 80 psi. The reverse was true for the 20
mph stops, where with the high c.g. the driver selected a pressure of 68 psi,
while for the low c.g., 75 psi. It appears clear that the slightly shorter
stopping distances achieved with the low c.g. in the tests conducted without
the antilock system operational resulted from the driver applying the brakes
more rapidly than he did with the high c.g. When the antilock system was
operational, the driver took practically the same time to apply the brakes in
both loading conditions. Further, the influence of loading on system effec-
tiveness could not be determined exactly because the adaptive system worked
differently under each loading condition. All that can be concluded is that
driver factors and the peculiarities of the adaptive system undoubtedly masked
whatever differences occurred in dynamic axle loading, as caused by load
transfer during the stops that were made under the two load conditions. It
appears, however, that the measured stopping distance is consistently (if not
much) shorter with the low c.g. load.

3.5.2.3 Brake Balance Tests. In addition to supplying the tractor for
this test program, White Motors provided the hardware necessary to alter brake
effectiveness. The results of the brake balance tests, as run with "baseline,’
"improved front," and "most effective" brakes, are given in Table 29. It
should be noted that whereas the '"baseline" brakes were balanced in accordance
with static axle loads, the brakes in the "most effective" condition were best
balanced for higher deceleration stops.

3.5.2.4 Response Time Tests. Results from the brake response time tests
are given in Figs. 73 through 82 and are summarized in Table 30. The follow-
ing points should be noted:

(1) Proportioning valves and/or an adaptive system do not seem to affect
either application or release times.

(2) Syncron improves (i.e., decreases) trailer brake application time by
about 25 and the release time by better than LOf,.
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DRIVER/VEHICLE PERFORMANCE AS INFLUENCED BY HIGH AND

TABLE 28

LOW LOAD CONFIGURATIONS

Test High Low
System  Velocity, System Load, Load,
mph c.g. c.g.
Syncron 60 Time to Apply Brakes, sec 1.55 0. 80
Sustained Line Pressure, psi G4 80
Stopping Distance, ft 285 282
Average Deceleration, ft/ sec®  13.60  13.80
Maximum Deceleration, ft/sec® 17.20  15.20
Syncron 20 Time to Apply Brakes, sec 1.10 0.50
Sustained Line Pressure, psi 68 75
Stopping Distance, ft 43,70  34.50
Average Deceleration, f‘t/sec2 9. 90 12.40
Maximum Deceleration, f‘t/sec2 15. 30 16. 80
Syncron 60 Time to Apply Brakes, sec 0.25 0.28
and Sustained Line Pressure, psi 100 100
Antilock Stopping Distance, ft 276 260
Average Deceleration, ft/sec® 14.10  1k.90
Maximum Deceleration, ft/ sec®  16.80%  15.90%*
Syncron 20 Time to Apply Brakes, sec 0.13 0.15
and Sustained Line Pressure, psi 100 100
Antilock Stopping Distance, ft 28.70 23. 60
Average Deceleration, f‘t/sec2 15. 60 18. 20
Maximum Deceleration, ft/sec® 19.70% 20, 20%**

*Tractor rear wheel antilock cycling during stops.

**Tractor rear and traller wheel antilock cycling during stops.
**¥*Tragctor front and trailer wheel antilock cycling during stops,
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(3) Data apply to "baseline' brakes except those values given in the last
row of Table 29 which data apply to the "most effective" brakes. When the
"most effective" brakes were installed, the front brake air lines were re-
placed with larger lines and the connectors to the front brakes were replaced
with less restrictive connectors, resulting in brake application time being
reduced by better than 504.

3.5.2.5 Parking Brake Tests. Five sets of spring brakes were tested on
the leading rear tractor axle of Vehicle 12. The towbar forces (both static
and rolling) required to move the vehicle, with the brakes set on this one
axle, are given in Table 31. The resulting K-factors are given, but it should
be noted that the spring brakes were designed for the baseline brakes which
had 5-in. slack adjusters on the rear tractor axles. Since the force output
of the spring brake depends upon the amount the spring extends from its caged
length, which in turn 1s dependent upon slack adjuster length and initial
brake adjustment, it is impossible to deduce from test results what the K-
factors would be if 5-in. slack adjusters were used. However, if it is
assumed that the same angular rotation is required to set the brakes with
5-in. slack adjusters as was required for the 6.5-in. slacks, i.e., the brakes
in both cases would have been exactly tne same adjustment, the K-factors can be
calculated using nominal brake design data from the manufacturers. Such a
calculation results in a 12 to 139 reduction in K-factor from the value deter-
mined with 6.5-in. slacks if 5-in. slacks are used:

K(x -%.)
2 1
— (1 - j;)]

l'
K. =K, — [1+
f !
2

f

where

K¢ = K-factor
{ = slack adjuster length, inches
K = spring rate, lb/inch
Xl = caged length of spring
Xo = length of spring when spring brakes are set
Fy = spring force at extended length.

Unprimed values are for condition as tested, i.e., 6.5-in. slacks. Primed
values are for conditions as calculated, i.e., 5-in. slacks.

3.5.% TEST RESULTS, VEHICLE 1k

3.5.3.1 Effectiveness and Minimum Stopping Distance Tests. Results from
three effectiveness tests conducted on Vehicle 14 are given in Fig. 83.
Because of the highly sensitive pedal, resulting from a high line pressure/
pedal force gradient, and the very effective brakes, making it possible to
lock the wheels at a relatively “ow line pressure, effectiveness tests could
not be conducted on the empty vehicle withcut the antilock system being opera-
tional. In addition, it was deemed inadvisable to conduct effectiveness tests
on the loadea vehicle beyond the point which wheel lock first occurs. The
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FIGURE 83. EFFECTIVENESS TESTS, VEHICLE 1k
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left rear wheel of the tractor locked at a pedal force of 55 1lb and a decel-
eration of 1k4.0 ft/sece, with the test halted at this point because of the
very real probability that lockup of both tractor wheels at higher decelera-
tions would result in severe instability. The effectiveness test performed
with the loaded vehicle, with the antilock system operating, produced a maxi-
mum deceleration capability of 15.2 ft/sec2. The effectiveness test conducted
on the empty vehicle, with the antilock system operational, was discontinued
when the deceleration reached 14.8 ft/sec2 because of excessive vibration in
the front brakes resulting in a broken pipe fitting.

Data for the minimum stopping distance tests are shown graphically in
Figs. 84 and 85, and summarized in Table 32.

3.5.3.2 Response Time Tests. Brake response time measurements were made
on the vehicle as tested, both with and without the antilock system opera-
tional. On completion of the specified test sequence, the brakes were ad-
justed, and the response time tests were made again. Results of these tests
are given in Figs. 86 through 89 and are summarized in Table 33. The maximum
pressures measured by the transducers mounted on the vehicle were between
60-80 psi. Consequently, the brake application times, as given in Table 33,
were measured from the instant pressure started to rise at the output of the
treadle valve to the instant that pressure reached 60% of maximum value,
rather than 60 psi as was used previously. Two findings are worthy of comment:

(1) When the antilock system is turned on, little change is noted in
brake application response time, except on the rear axle where it is decreased
significantly, i.e., from 0.35 to 0.26 sec. Little change is noted in release
times, except that the rear axle brakes on the tractor are somewhat improved
in this regard.

(2) Brake adjustment does not seem to affect the application times sig-
nificantly, but did decrease the release times of the brakes on the tractor.

3.5.4 SUMMARY OF PERFORMANCE OF VEHICLES EQUIPPED WITH ADVANCED SYSTEMS.
Table 34 summarizes the performance exhibited by the three test vehicles on
the dry track, and Table 35 summarizes the performance exhibited by Vehicles
12 and 14 on the low coefficient surface. On the low coefficient surface,
direct comparisons can be made since both vehicles were tested under the same
conditions. Dry-surface tests on the truck with disk brakes and on Vehicle
12 were conducted on the east straightaway; Vehicle 14 was tested on the
approach to the skid pad. Tire-road interface tests indicated that both peak
and sliding tire-road interface coefficients are less on the approach road
than on the east straightaway. Thus any comparison of the dry surface perfor-
mance of Vehicle 14 with the other two vehicles must take this difference into
account.

3.5.5 FAILURES ENCOUNTERED IN TESTS OF VEHICLES EQUIPPED WITH ADVANCED
SYSTEMS. A number of problems were encountered in testing the vehicles
equipped with the advanced systems which are detailed below. These problems
could be attributed primarily to the fact that the systems under test were in
the prototype or developmental stages.

Disk Brake Truck. No actual structural or brake system failures occurred
during the testing of this vehicle. Developmental problems were encountered,
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however. After the split front/rear system was installed just prior to test-
ing, it was found that the full power hydraulic system did not have the capac-
ity to lock up all four wheels in tests with the loaded vehicle. Installation
of more accumulators and a higher capacity pump alleviated the problem.

Vehicle 12. No problems were encountered with the vehicle structure or
basic brake system except that midway through the tests all brake drums had
to be replaced due to severe hot spotting and heat checking. Brakes were re-
lined at the time of drum replacement. Several times during testing grease
seals on various axles had to be replaced due to faulty installation after
repair of wheel speed sensors for the adaptive braking system.

Vehicle 12, Adaptive Braking System. On the adaptive braking system,
the following components failed at least once: wheel speed sensors, sole-
noids on the modulating valves, and components in the electronic control
modules. The largest problem was encountered with failure of speed sensors,
which were developmental units, and were not designed to take the high brake
temperatures encountered in burnishing.

Vehicle 12, Syncron System. Air leaks in the system were detected
shortly after installation. Failure of the brake pedal mechanical stoplight
switch which triggers the syncron system also occurred shortly after instal-
lation.

Vehicle 14. Problems were encountered with the front wheel brakes on
this vehicle throughout the period of testing, including: structural failure
of the brake actuator support bracket, and a broken pipe fitting. Vibration
in the front brakes caused the brake chambers to work loose periodically, and
the pressure transducer on the chamber to work loose and blow out. No prob-
lems were encountered with the antilock system during testing.
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L. ANALYTICAL PROGRAM

4.1 SCOPE OF PROGRAM

The purpose of the analytical study was to establish mathematical pro-
cedures for predicting vehicle braking performance, specifically: brake ef-
fectiveness, braking efficiency, pedal force gain, and thermal response.
Analytical methods found in the literature were adapted for use in the study.

Th= test results indicated that the loaded vehicles experienced consid-
erable brake fade when being decelerated from speeds of 60 mph., The test data
also showed that wheel lockup occurred prematurely on axles of a tandem-axle
pair mounted on either a tractor or trailer. The analysis developed to predict
maximum deceleration capability necessarily had to include fade effects as
well as dynamic load transfer occurring on tandem-axle suspensions. Since this
analysis resulted in a rather extensive set of algebraic equations, a digital
computer program was developed to perform the calculations, A description of
this performance prediction scheme is given below.

L.2 THEORETICAL PREDICTION OF BRAKING PERFORMANCE
For vehicles equipped with unassisted hydraulic brake systems, the pedal
force is the following function of line pressure:

Py
Fp R
p
where Py, = line pressure
Amc = master cylinder area
{ = pedal lever ratio
n = mechanical efficiency (4-1)

The mechanical efficiency is the product of the lever efficiency Ui and the
cylinder efficiency n,, viz.:

no= e (4-2)

Typical values of lever efficiency n; range from 0.92 to 0.94, Cylinder ef-
ficiency 7, is typically 0.96 and 0.88 for single-piston and tandem master
cylinders, respectively.

For vacuum-assisted hydraulic brake systems, Equation 4-1 becomes

p ‘A
h MC (4-3)

F =
4_*meB*
P o
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where B* = vacuum assist characteristics, defined by the ratio of pushrod
force upon the master cylinder piston over the pedal force
multiplied by the pedal lever ratio.

In air brake systems, the applied pedal force merely controls the air
flow through the brake valve and does not serve as a work producing element,
Thus, no attempt was made to predict the pedal force/line pressure relation-
ship in air braked vehicles.

The actual brake force per axle created by a hydraulic brake system is
given by (3,50):

r
T 2(p, - p)A n (BF); (Lb-b)
where
pz = brakeline pressure
Py = pushout pressure
Aye = wheel cylinder area
BF = brake factor, defined as the ratio drum drag over the actua-
ting force of one brake shoe (169)
r = effective drum or disk radius
R = effective tire radius
ne = mechanical efficiency = 0.96

A similar expression serves to compute the brake force per axle of a
vehicle equipped with air brakes:

T
F = - A - L
X,a Q(PE po) cnm(BF)R . ( 5)
where
p = lever ratio between brake chamber and brake shoe
A, = brake chamber area

Ny = mechanical efficiency between brake chamber and shoe actuation
For S-cam brakes, the lever ratio is given by
zs
p === (4-6)
b4
c
where
Lg = effective slack adjuster length
o = effective cam radius

For wedge brakes, the lever ratio is related to the wedge angle o, viz.,

1

"~ 2 tan (a/2) (4-7)

P
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If the brakes are in good mechanical condition, the mechanical efficiencies
exhibited by S-cam and wedge brakes range from 0,70 to 0.75 and 0.80 to 0.88,
respectively.

Analytical expressions for predicting the brake factor of various types
of drum and disc brakes as a function of brake geometry and the friction co-
efficient of the lining have been developed by Strien (169). These techniques
were deemed to be the most accurate available and have been used exclusively
in this study. Typical brake factor/lining friction coefficient relationships
for a leading-trailing shoe, a two-leading shoe, and a duo-servo brake are
presented in Fig. 90.

The "sensitivity" of a brake is defined by Strien as (169,185):

* T al) (4-8)

where

#y, = lining friction coefficient
Note that as defined, the brake sensitivity € is the change in brake
factor (and hence brake torque) with respect to a change in the friction co-
efficient of the brake lining. Brake sensitivity is included in the analysis
by computing the theoretical brake factor as a function of lining friction co-
efficient for each brake using design information, An example computation is
shown in Fig., 91. A non-faded operating design point is established on this
curve by the value for p (designated as “Lh) provided by the vehicle or brake
manufacturer, (Typical values of By for S-cam and wedge brakes are 0.35 to
0.38 and 0,45 to 0.48, respectively,) On drawing a straight line tangent to
the curve at the point corresponding to Hin (as indicated in Fig. 91) a brake
sensitivity 1s established at the operating design point. The value for brake
sensitivity determined in this manner can then be used to calculate a brake
factor (approximate) as a function of values of wy that depart from the desigr
operating point as a result of fade.

The lining friction coefficient u; is a function of temperature, velocity,
and pressure (109,182,183). Since all vehicles were tested under almost iden-
tical conditions of velocity and ambient temperature, and since the brake
temperatures did not very significantly from vehicle to vehicle, the coeffi-
cient of friction of the lining can be expressed as a function of pressure
between lining and drum, viz,:

_fpm

= + -
by =Ry, g moep)e

where
Pm 1s the mean pressure between brake shoe and drum
urp is the lining coefficient of friction at an arbitrarily specified
"faded" condition (see Fig. 91)
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Since a comparative calculation has shown that the product WP does not vary
considerably from one test vehicle to another, the mean pressure pp between
shoe and drum can be replaced by the line pressure at the individual brake
chambers, The fade coefficient f as well as the low limit for the lining
friction coefficient uj,, were determined from test data and curve fitting
procedures, Vehicles with air brake systems yielded fade coefficients of
0.018 [in.2/1b] when loaded and 0.003 [in.2/1b] when empty. For vehicles
equipped with hydraulic brake systems, the corresponding values for f are
0.00088 [in.2/1b] and 0,00028 [in.2/1b]. Analysis of the experimental data
indicated that the maximum reduction in lining friction coefficient could be
approximated reasonably well by assuming that g, = 0.70 Hine

If vehicles were equipped with proportioning or limiting valves, line
pressure was introduced into Equation 4-4 or 45 as a variable determined by
the proportioning or limiting used on a particular axle., The brake force per
axle can be expressed as:

flop - po) o o (L-10)

Fea = 20y = DA (Colup, + (upy = up)le 2R

X,a

where

-
C. = éﬁE;l and C_. as shown in Fig, 91,
1 app) 2

On evaluating Equation L4-10 for each axle as a function of line pressure, the
total retarding force acting on the vehicle is obtained from

i
Fx, total . T, 1 (L4-11)
where i designates the number of braked axles.

For two-axle trucks, the equations describing dynamic axle loading may
be expressed as (19,21,26):

= - + )_‘__

F, Front/ayn - [(1 = ¥) * xald (4-12a)

Fz,Rear/dyn = [V - xalw (4-12pb)
where B Fz,Rear/static

V= W

_ center of gravity height
x wheelbase
W = vehicle weight

183



F
s = xz;otal

For tandem-axle trucks and tractor-semitrailer combinations, the above expres-
sions are considerably more complicated (3), but are nevertheless amenable to
computer solution, For a given brake-line pressure, Equations L4-10, 411,

and 4-12 serve to define the deceleration of the vehicle, and the dynamic axle
loads existing at this deceleration. The tire-roadway friction coefficient
required to prevent wheel lockup is given by

ST S (1-13)

) .
d F

Road,i z,i/dyn

and the resulting braking efficiency achieved by individual axles is defined

as

B, = ——— (L-1k)

HRoad, 1

If wheel lockup is found tc occur on some but not all axles at a given
line pressure, the retarding force produced by the axle with locked wheels
is assumed to be given by the following relationship:

F = F LI-—
x,i/slide  Mroad z,i/dyn (4-15)

where oad corresponds to the actual coefficient of friction existing at
tire~road interface.

For eleven of the thirteen vehicles tested, braking performance diagrams
were constructed, in which by use of analytical expressions, relationships
between pedal force, brake line pressure, vehicle deceleration capability
(loaded and unloaded) and tire-road friction coefficient required to prevent
wheel lockup on a given axle are depicted.* Figures 92 through 104 show the
braking performance diagrams for these vehicles. Corresponding braking effi-
ciency diagrams are given in Figs. 105 through 116, In these diagrams good
agreement is shown between theoretical and test results, indicating that accu-
rate predictions of braking performance can be made based upon vehicle and
brake system design data for buses, trucks, and tractor-trailers.

*Exceptions were the heavy truck and the city bus, for which diagrams
could not be constructed because necessary design information was not available
from the vehicle manufacturers.
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4.3 INFLUENCE OF BRAKE FORCE DISTRIBUTION ON PERFORMANCE

Analyses have also been conducted to examine the extent to which brake
force distribution constituted an influential factor determining the braking
performance measured in this program., The literature shows that it is possible
to define an ideal brake force distribution which takes into account the
friction available at the tire-road interface and the vehicle properties in-
fluencing load transfer during braking (3,50). For the two-axle vehicle,
the following limiting condition can be defined for the brake-force distribu-
tion, ¢:

(l-ux-H>S¢S@L-ms (1-16)
min min
where

¢ = brake force on the rear axle divided by total brake force

p = the tire-road friction coefficient

¥ = static rear axle load divided by the total vehicle weight

= height of center of gravity divided by wheelbase

braking efficiency

The above inequality serves to define an envelope for values of ¢ that consti-
tute an optimum design compromise when maximum wheels-unlocked deceleration
performance is being sought for the loaded and unloaded vehicle operating over
a specified range of tire-road friction coefficients.

4.3.1 BRAKE DISTRIBUTION AND BRAKING PERFORMANCE OF TRUCKS AND BUSES.

On assuming a maximum and minimum value of p equal to 0.8 and 0.2, respectively,
application of condition 4-16 to the light truck results in a theoretical
value for ¢ = 0.51, as contrasted with the actual brake force distribution in
which ¢ = 0,53. The computed distribution (¢ = 0.51) yields a minimum braking
efficiency of T7% for the loaded vehicle operating on slippery road surfaces
(u = 0.2). For a dry road surface, the computed braking efficiencies are 0.80
and 0,87 for the empty and loaded cases, respectively. These braking effi-
ciencies would produce wheels-unlocked decelerations of 20.6 ft/sec2 for the
empty vehicle and 22.6 ft/sec2 for the loaded vehicle on a road surface having
a tire-roadway friction coefficient of 0.8. On comparing these theoretical
values to test data (20 ft/sec?, unloaded, and 23 ft/sec® loaded), it appears
that the braking system of the light truck was operating near an optimum con-
dition.

Application of condition 4-16 to the school bus yields values of ¢ = 0,50
to 0.55, whereas the vehicle actually had a brake force distribution of ¢ =
0.42. If the bus had a brake force distribution of ¢ = 0.55, braking effi-
ciencies equal to 0.72 and 0.93 could be expected for the empty and loaded
vehicle, respectively, operating on slippery roadways (p = 0.2), while on
dry surfaces (u = 0.8) efficiencies of 0.92 and 0.96 could be expected. It
appears that the deceleration capability of this vehicle can be improved by
changing the brake force distribution., A proportional braking system will

E o=
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not, however, significantly increase braking performance because of the small
change in relative static rear axle load from the empty to loaded condition
(ay = 0.105).

The small change in relative static axle load on the intercity bus pro-
duced by the addition of payload (A¥ = 0) indicates that a fixed brake force
distribution should yield near optimim braking performance. Condition 4-16
indicates that ¢ = 0,61 is near optimum whereas the intercity bus actually
had a brake force distribution of ¢ = 0.66. Test results indicate that neither
the front nor the leading tandem axle approached the wheel slide condition,
either empty or loaded. Improvements in the maximum braking performance of
the intercity bus can apparently be achieved by increasing the brake effec-
tiveness, front and rear, and by changing the brake force distribution in a
proper manner,

The brake force distribution ¢ of the medium truck was 0,74, and the
change in relative static axle load from the empty to loaded condition was
rather large, namely, Ay = 0,29,

Application of condition 4-16 to the medium truck produces the following
requirements for ¢:

0.27 < ¢ < 0.52 for p = 0.2, empty vehicle
0.12 < ¢ < 0.36 for u = 0.8, empty vehicle
0.58 < ¢ < 0.83 for p = 0.2, loaded vehicle
0.43 < ¢ < 0.68 for p = 0.8, loaded vehicle

These results indicate that the actual brake force distribution (¢ = 0,7L) is
near optimum only for the loaded vehicle operating on slippery road surfaces.
These findings indicate that a brake force distribution of ¢ = 0,47 would
probably yield better braking performance for all road surface and loading
conditions than can be expected from ¢ = 0,74, Braking efficiencies computed
with ¢ = 0,47 are 0.83% and 0.61 for the empty and loaded vehicle on road sur-
faces having a tire-road friction coefficient of p = 0.2, and 0.67 and 0.90
for the empty and loaded vehicle, respectively, on road surfaces with p = 0.8,
On assuming a roadway friction coefficient of 0.8, the empty vehicle would
decelerate at approximately 17 ft/sec2 and the loaded vehicle would decelerate
at 23 ft/sece, provided the brake effectiveness is increased to a level such
that wheel slide conditions can be approached., A further increase in braking
capability could be accomplished only by means of a proportional braking
system, which, based on calculations, could increase the maximum wheels un-
locked deceleration of the medium truck to 23 ft/sec2 for both loading condi-
tions, if pu = 0.8.

L,3.2 BRAKE DISTRIBUTION AND BRAKING PERFORMANCE OF TRACTOR-TRAILERS.
An inequality comparable to condition 4-16 has been derived for the combina-
tion vehicle equipped with tandem axles (3), but is not presented here, in
view of its length. Computations have nevertheless been performed for three
of the combinations tested.

For the 2S-1 combination (Vehicle 6), a fixed distribution of brake force
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can be determined by fitting the criterion which was applied to the integral
vehicles considered above, This distribution is given by:

6 0 4 = 0,20:0,L42:0,

17 1R Oor 0.20:0,42:0.38

where ¢1p = brake force on front axle/total brake force
¢1R = brake force on rear axle/total brake force
doR = brake force on trailer axle/total brake force,.

The actual brake force distribution on Vehicle 6 was O.ll:O.hh:O.hB, indica-
ting insufficient braking effort on the front axle and too much on the trailer
axle, Test data support this analysis in that one tractor rear wheel and one
trailer wheel approached wheel slide when the empty vehicle decelerated at

17 ft/sece. Although better performance can be achieved by modifying the
brake force distribution, a fixed distribution should not be expected to pro-
duce braking efficiencies much higher than 75%.

The other two tractor-trailer combinations for which the relationship
between brake force distribution and braking performance was investigated are
Vehicle 7 (2-82) and Vehicle 8 (3-S2), both of which used the same trailer.
Vehicle 7 was capable of decelerations (no wheels locked) of 20 ft/sec2 in
the loaded condition while Vehicle 8 was capable of only 1k.1 ft/sec2 (no
wheels locked) and 16.1 ft/sec® (some wheels locked in the trailer). Analysis
of the equations for the dynamic load on the trailer axles indicates that
load transferred from the trailer axles when the vehicle is decelerated is
directly proportional to the total weight of the trailer plus load, the trailer
center of gravity height, and the percent of the total braking effort concen-
trated on the trailer axles, Values for the above mentioned variables for
Vehicles 7 and 8 are as follows:

Vehicle 7 Vehicle 8
Weight of trailer plus load 45,000 1b 53,530 1b
Trailer plus load C.G. height 16 in, 16 in,
Percent of total brake effort on trailer 47.5% 53 . 0%

Plots showing the load on each axle as a function of vehicle deceleration
are given in Fig. 117 for Vehicle 7, and in Fig, 118 for Vehicle 8, For a
deceleration of 0.5 g, at which the trailer wheels of Vehicle 8 started locking
up, the line pressure for Vehicle 7 was 75 psi and for Vehicle 8 was 100 psi,
The calculations show that the load transferred from the trailer axles at
this deceleration was 12% more for Vehicle 8 than for Vehicle 7. This clearly
indicates that on Vehicle 8 braking effort was not balanced to load, and that
the tractor (without front wheel brakes) was not doing its share of the work
causing the trailer axles to be overbraked. This example illustrates that
unlimited interchange of tractors and trailers will have to be severely cur-
tailed, or some means found to easily, quickly, and accurately balance brakes
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to axle load, if improvment in braking performance of articulated vehicles is
to be achieved,

4,3,3 EFFECT OF THE VARIATION LOAD C.G. HEIGHT ON BRAKING PERFORMANCE
OF THE LOADED TRACTOR. An analysis was made to determine the influence of
load C.G. height on the performance of a loaded tractor, and to compare the
performance of a tractor-trailer combination to that of a tractor carrying a
load configured to simulate that which the tractor carries when pulling a
trailer. Vehicle and brake system design data from the tractor and trailer
of Vehicle 12 were used in the analysis,

The dynamic load diagram for the loaded combination, showing the rela-
tionship of total axle load and the horizontal and vertical kingpin reactions
at the fifth wheel to the vehicle deceleration, is given in Fig, 119. Note
that although the load on the front axle increases with deceleration, and the
total load on the trailer axles decreases, the total load on the tractor rear
axles remains fairly constant. This is accounted for by the fact that despite
the increase in load on the tractor rear wheels from the increase in the ver-
tical component of the kingpin reaction at the fifth wheel, load is trans-
ferred off this set of wheels due to the moment of the force from the horizon-
tal kingpin reaction (overrunning force). Any attempt to configure a load
for the tractor so that it is loaded "just as if it were pulling a trailer"
is made difficult because of these load transfer characteristics peculiar to
articulated vehicles,

The dynamic load diagram for the loaded tractor maintaining the horizontal
position of the C.G. at the fifth wheel location is given in Fig., 120 for
various load C.G. heights., (The load configuration assumed was roughly equi-
valent to that shown in the loading diagram for the White tractor, Appendix
A). DNote that, under these conditions, it is impossible to achieve front and
rear axle loading curves equivalent to those obtained for the loaded tractor-
trailer combination. Loads obtained at a deceleration of 0.5 g are summarized
in Table 36.

TABLE 36

COMPARISON OF AXLE LOADS FOR LOADED TRACTOR AND
TRACTOR-TRAILER COMBINATION AT 0.5 g DECELERATION

Load on Tractor Axles Load on Tractor Axles
Loaded Combination, 1lb Loaded Tractor, 1b
Fifth Wheel Height CG Height
Axle L8 in. 46 in. 70 in. 88 in.
Front 15,190 14,190 16,190 17,690
Rear 33,220 28,885 26,385 25,385
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The problem is further complicated by interaxle load transfer on the
tandem axles, leading to premature locking of wheels on one of the axles.
Taking interaxle load transfer into account, the dynamic load diagram for
Vehicle 12 is shown in Fig. 121. Note that although the total load on the
trailer axles decreases with deceleration and the total load on the tractor
rear axles remains almost constant, interaxle load transfer causes severe
unloading of the leading trailer axle and the rearmost tractor axle. The
resulting brake force capabilities of each axle are shown in Fig, 122.

4.3.4 BRAKING PERFORMANCE WITH DUAL CIRCUIT AIR BRAKE SYSTEMS. Several
possible dual circuit or split braking systems have been proposed for commer-
cial vehicle braking systems (301,306,307). The purpose of these systems is
to prevent total brake failure in the event of failure of a single system
component, Three typical systems are evaluated in this section: a combina-
tion spring brake-service brake system,* a "horizontal split" system using
dual actuator wedge brakes /stopmaster or twinplex), and a completely redun-
dant system using dual diaphragm brake actuators with S-cam brakes,

The combination spring brake-service brake system was analyzed using
the vehicle and brake system data from Vehicle 6, the Ford F-7000 two-axle
tractor in combination with the Trailmobile 35-ft van trailer. The system
utilizes two circuits, the primary circuit consisting of the tractor rear
axle service brakes, and the secondary circuit consisting of the tractor front
brakes and rear axle spring brakes. In a normal service application, the
spring brakes are not utilized., However, in the event of primary system
failure, the spring brakes become operable and can be modulated in conjunction
with the front brakes, In the event of a secondary system failure, the tractor
rear service brakes remain operable, In either case, normal operation of the
trailer brakes is maintained. 1In making this analysis, using Equation 45,
fade effects are ignored and it is assumed that the spring brakes on the tractor
rear axle have a K-factor of 0.45. Under normal operation, Vehicle 6 has a
brake force distribution (see Section 4.3,2) of O1p: i bog = 0.11:0,4k4: 0,45,
In a failure mode in which the primary system is utilized, the distribution
becomes 0,0:0,45:0,55 and the maximum deceleration capability is reduced by
11.5%. In a failure mode in which the secondary system is utilized, the dis-
tribution becomes 0,12:0,35:0.53 and the maximum deceleration capability is
reduced by only 6.2%. Since the ideal distribution for this vehicle is 0.20:
0.42:0.,38, it is obvious that the trailer wheels would be overbraked under
either failure condition.

For the analysis of the "horizontal split" system, the vehicle and brake
parameters for Vehicle 8, the Diamond Reo tandem-axle tractor and the Fruehauf
Lo-ft tandem-axle van trailer, are employed, The Diamond Reo tractor was
equipped with dual actuator wedge brakes, having a brake factor of 5,0 if both
actuators are operational, and a brake factor of 3.0 if just one actuator is
operational, If a dual air piping circuit scheme is employed, wherein the
primary circuit serves one actuator on each tractor brake, and the secondary

*The dual circuit system is patterned after that developed for the Ford
I-series trucks and tractors described in references (139) and (140).

21k



+
+
T

[ 4 -
\ T \j

30,0004 !FOIRFO O “2RF

2RR

1F  First Tractor Axle
1RF First Rear Tractor Axle
1RR Rear Tractor Axle
2RF  First Rear Trailer Axle
2RR Rear Trailer Axle

1IRF

*

25,000 1 2RR

S 20,000 -

ks

3 IF
d

® 15,000 1

X

<

10,000 -

5,000 T
IRR
2RF

0 ' d 4 e L . g Il
00 O 02 03 04 05 06 07 08 09
Deceleration (g)

FIGURE 121. DYNAMIC AXLE LOADS, VEHICLE 12, TRACTOR-TRAILER

215



Axle Brake Force (Ib)

£ 3

L 1 L
T T v

14000 | R
1IRF 2RF

12000 + 1F 1RR 2RR

1F  First Tractor Axle Total
1RF  First Rear Tractor Axle
10000 + 1RR Rear Tractor Axle 1F

2RF First Rear Trailer Axle
2RR Rear Trailer Axle

8000 }
6000 +
1RR
4000 | .
2000 }
0 + + + t +

0O 20 40 60 80 100 120

Line Pressure (psi)

FIGURE 122. BRAKE FORCES, VEHICLE 12, TRACTOR-TRAILER

216



circuit serves the other acutator on each brake, failure of either circuit
would reduce the tractor brake effectiveness by L0%. It is assumed that in
the failure of either circuit, trailer braking is maintained. The brake force
distribution for this vehicle, originally 0.0:0.47:0.53, would be changed to
0.0:0,35:0,65 under failure conditions, and the total deceleration capability
would be reduced by about 20%. The original brake distribution led to over-
braking of the trailer axles, and failure under this scheme would only serve
to accentuate this condition,

Dual diaphragm actuators for use with S-cam brakes provide for a completely
redundant system in which the decrease in brake effectiveness under partial
system failure is practically negligible, The actuator employed is identical
to the conventional type except that it contains an extra diaphragm with sep-
arate air supply lines. Under normal operation, the extra diaphragm is in-
active, and the air pressure in the seperate lines is zero, If failure occurs
in the service brake system, the secondary system is activated, and air is
supplied through the separate lines to the extra diaphragm. This system pro-
vides for the least loss of brake system effectiveness under failure condi-
tions, but at the disadvantage of requiring completely redundant piping and
special brake chambers,

L, 4 THERMAL ANALYSIS

This study has included effcorts that have been directed towards developing
techniques to predict brake thermal response, The analysis was hindered by
several factors, namely: (a) the instrumentation used in the experimental
program did not lend itself to an accurate correlation of calculations and
experimental results, (b) lining material parameters such as thermal conduc-
tivity, specific heat, and density, could not be measured and thus had to be
estimated, (c) the location of the thermocouples installed in the brake lining
was not known with sufficient accuracy, and (d) the convective heat transfer
coefficient could neither be accurately computed nor accurately determined
from experiment. Notwithstanding these difficulties, calculations were made
to predict brake temperatures as functions of time,

Finite difference methods were employed to compute the temperatures as ea
function of time at various points in the lining, T = f(x, t), that would en-
sue in three of the test procedures, namely, the fade test, the recovery test,
and the brake rating test. This procedure was dictated by the necessity to
introduce the convective heat transfer coefficient, h, as a variable dependenrt
upon vehicle speed. The thermal properties needed for the analysis were ob-
tained from published data (216, 217, 225) ard a digital computer program was
written to facilitate the numerical work involved.

Figures 123, 124, and 125 illustrate the application of this program to
predict the variation in temperature that is produced in the brake lining of
the medium truck. Although these figures indicate that reasonably gocd agree-
ment was obtained between theory and test for this particular vehicle, agree-
ment between theory and test was less satisfactory for other vehicles, there
being, in general, discrepancies of the order of 20%. It can be concluded
from these results that in order to develop techniques for predicting brake
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thermal response based upon vehicle and brake system design data, further ana-
lytical work supported by carefully instrumented tests will be required.

L.5 VEHICLE DYNAMIC SIMULATION

Dynamic modelling and simulation were employed in the analytical phase
of this study to investigate the effectiveness of brake proportioning schemes
over a wide range of loadings and test surfaces, to assess the effect of vari-
ations in tractor and trailer brake response time on performance, and to evalu-
ate the braking performance of an integral truck equipped with a rear-wheel
antilock system. In addition, the results of another simulation effort, sup-
ported independently by HSRI to study the directional dynamics of tractor-
trailers in turning and braking maneuvers, are summarized.

L.5.1 VERTICAL PLANE MODEL. The dynamic simulation employed in this
study is based upon a model that represents either an integral 2-axle truck or
tractor, or a 3-axle tractor-trailer combination. Motions are constrained to
the plane of symmetry (vertical plane). Specifically, the wheels can bounce
and spin, chassis can heave, and pitch, and accelerate (decelerate) in straight
line motion. The braking system is modeled in a manner such that variable
time lags and delays in torque response can be introduced. Any desired brake
force distribution can be specified. Figure 126 depicts the essential features
of the model. A detailed description of this model is given in Appendix D.

L.5.2 BRAKE PROPORTIONING BASED ON STATIC AXLE LOADS. To determine the
improvement in performance that could be expected for a 3-axle tractor-trailer
combination (2-S1) using static load-sensitive proportioning valves, a typical*
2-axle tractor and 27-ft van trailer were used as a basis for the study. Brake
torque for each axle was calculated from typical design information. Table
37 gives the axle loads and brake torque distributions assumed for the study.
The tire-road interface was modeled using typical p-slip curves with peak/
sliding coefficients of friction equal to 0.92/0.85 as shown in Fig. 127.

TABLE 37

AXLE LOADS AND BRAKE FORCE DISTRIBUTION

Tractor Tractor Trailer

Froat Rear Total
Axle Axle Axle
Weight, Empty, 1b 3,33k 5,221 4,285 12,840
Weight, Loaded, 1b 5,479 16,kh6 18,835  Lo,T60
Fixed Brake Force 16 38 L6 100
Distribution, %
Preportioned Brake 26 L1 33 100

Force Distribution,
Fmpty Vehicle, %

*The simulated combinaticn closely resembled a Ford F-7000 tractor with
a Fruehauf Model FBB 27-ft van trailer.
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In this preliminary investigation, no account was taken of the loss of brake
effectiveness that is caused by fade during a single stop. The following
findings were obtained:

(1) Without proportioning the loaded vehicle achieves a maximum decelera-

tion of 16.7 ft/sec2 before the trailer wheels lock up.

(2) The empty vehicle without proportioning achieves a maximum decelera-

tion of 16.9 ft/sec2 before the trailer wheels lock up.

(3) The empty vehicle with the brakes proportioned to the static loads

on the axles (as shown in the last row of Table 37) can achieve a
maximum deceleration of 23.8 ft/sec? without encountering wheel lock-
up, an improvement in stopping capability of about 40%.

4,5,3 IDEAL PROPORTIONING, The objective of brake proportioning is to
distribute braking forces among the various wheels of a vehicle in an ideal
manner under a variety of loading and road surface conditions. Ideal brake
force distribution is that which yields the maximum possible deceleration on
any given road surface, implying, for a three-axle rig:

F F F a
x1 X2 x5 X
Sl (4-17)

and
%y
— = (4-18)
g M
where
F ,F _,F _ = the brake forces on the three axles of the vehicle
x17 %27 %3
F _L,F ,F _ = the instantaneous normal loads on each axle
z1” z2°" 23
aX = deceleration
g = gravity constant

K tire-raod interface coefficient

A second study was conducted to determine if a feasible proportioning
scheme could be developed which would distribute the brake forces over a wide
range of loadings and surface conditions such that Equations 4-17 and 4-18
would be satisfied to a maximum extent, The 2-S1 combination vehicle, namely,
the Ford F-T7000 tractor in combination with the Trailmobile 35-ft van trailer,
was selected as the prototype for this study. Parameter data defining the
vehicle and brake system were determined and introduced into the simulation.,
The effects of brake response time, fade, and pushout pressures were included,
Fade effects were considered pressure-dependent and were modeled as was dis-
cussed previously., Preliminary runs were made to check that the simulation
results matched test results obtained for the vehicle in the empty and loaded
condition, The p-slip characteristic used to represent the tires assumed peak/
sliding coefficients of friction equal to 0.76/0.7 in order to bring the simu-
lated surface closer to that existing at BADC. Simulated performance and
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experimental data are compared in Fig. 128.

To increase braking efficiency to a maximum extent, a proportioning scheme
should not only account for changes in static loading but changes in dynamic
loading as well. Dynamic load- or deceleration-sensitive devices or sensors
are rather difficult to employ to actuate brake proportioning valves because
of noise and vibrational problems. However, dynamic axle loads and vehicle
deceleration are dependent upon the applied pneumatic brakeline pressure
(output of the treadle valve). Accordingly, a scheme was devised to utilize
both static load and line pressure as proportioning variables. The charac-
teristics of the valve simulated for the tractor are given in Fig. 129 and
for the trailer in Fig. 130. To achieve best performance, it was necessary
to increase the effectiveness of the existing brakes by a factor of 2.6 on
the front axle of the tractor, by 1.3 on the rear axle of the tractor, and by

1.7 on the trailer axle.
Computer runs were made in a manner similar to the braking effectiveness

test procedure. The vehicle was given an initial velocity of 60 mph and the
brakes were applied at a given line pressure and held at this line pressure
until the vehicle stopped. Line pressure was increased in finite steps until
wheel lockup occurred. Figure 131 presents recorder traces that are obtained
in a typical computer run.

Simulated braking runs were made for the baseline and ideally proportioned
vehicles at all of the loading conditions given in Table 38 and two tire-road
interface conditions: upeak/usliding = 0.76/0.70 and 0.525/0.5. Figures 132
and 133 show the maximum deceleration (wheels unlocked) achieved and the braking
efficiency as computed using locked wheel friction as a reference value, We
see that by means of this idealized proportioning scheme it is possible to
achieve better than 90% braking efficiency for a tractor-trailer on the 0.7
and 0,3 surfaces, except for two cases on the dry surface, namely, the fully-
loaded vehicle and the bobtail., The study also showed that changing the height
of the center of gravity from 16 to 48 in. from the trailer deck had a neg-
ligible effect on braking performance,

4,5,4 BRAKE TIME RESPONSE. The importance of brake response time on the
mean deceleration capability of a vehicle is discussed in detail in Section
2.6,1, Articulated vehicles, however, have a unique problem due to the dif-
ference in actuation time between the tractor brakes and trailer brakes.
Although tests of the baseline vehicles indicated that this delay time is of
the order 0,15 sec, it is conceivable that longer delay times could result
due to unfavorable service conditions., For this reason, several computer runs
were made to study the effect of an increasing delay time on the order of wheel
lockup for an empty vehicle. The results are shown in Fig, 134, indicating
0.5 sec delay in application of the trailer brakes causes the tractor wheels
to start to lockup until the trailer brakes finally apply. As delay times
become longer, the tendency of the tractor rear wheels to lock becomes much
greater, until at 1.8 sec the wheels lock completely, These results were ob-
tained for an empty vehicle at a high coefficient surface, but the same results
would be obtained for lower decelerations on a slippery surface,
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4,5.5 INTEGRAL TRUCK EQUIPPED WITH WHEEL ANTILOCK SYSTEM. The purpose of
this study was to determine the response of an integral truck equipped with
a rear wheel antilock system to braking and steering inputs on a variety of
test surfaces. Vehicle and brake system data for the loaded Chevrolet C-30
were employed in a horizontal plane simulation of a two-axle vehicle model*
to which an antilock system, based on that described by Madison and Riordan
(96), was added. The block diagram of the simulation model is given in Fig.
135,

Twelve simulation runs were made, as listed in Table 39, six of which
involved straight ahead braking, and six of which involved combined steering
and braking. In every case enough brake torque was applied to lock up all
four wheels, The greatest gains in performance were made on the low coeffi-
clent surface, wherein stopping distance was consistently decreased by use of
the antilock system., Figure 136 depicts the trajectories and resulting yaw
angle for the braking and steering maneuver, with one run being made without
braking to define the curve. The curves show that although steering was lost
due to lockup of the front wheels, the yaw angle was considerably less when
the antilock system was operational., The results of this study agree in gen-
eral with the results of the vehicle tests, but point up the desirability of
using an antilock system on the front as well as the rear wheels.

4,5.6 DIRECTIONAL DYNAMICS OF TRACTOR-TRAILERS IN COMBINED BRAKING AND
STEERING MANEUVERS. A summary of the work described by Leucht (326) is given
in this section, The computer simulation was based upon a mathematical model
which describes the longitudinal, lateral, and yawing motions of a three-axle
tractor-semitrailer on a flat road surface, Idealized steering and braking
inputs were applied to the simulation to determine the influence of (1) design
parameters, (2) operating conditions, and (3) the envircnment on the directional
behavior of the vehicle under study.

The response to step steering was used to evaluate the influence of design
parameters on transient response and steady turning behavior as measured by
response times and lateral acceleration gain,** respectively., Decreasing the
forward velocity, moving the fifth-wheel forward, increasing the wheelbase of
the tractor, decreasing the load on the semitrailer, and moving the load to
the rear of the trailer decreased the lateral acceleration gain and the response
times, Increasing the friction at the fifth wheel decreased the lateral ac-
celeration gain and increased the response time of the vehicle significantly.

The effects of brake-system parameter changes on directional response
were evaluated by braking the vehicle from a steady turn with a fixed steer
angle, Increased braking led to a sharper turn and an increased lateral
response as measured by the yawing velocity, lateral acceleration, and sideslip
angle of the tractor, The variation in loading condition was identified as
a major cause of undesirable directional response with a fixed brake-torque

*This model is described in detail in reference (325).
**Lateral acceleration gain is defined as the ratio of the steady-state
lateral acceleration to the steer-angle input.
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distribution. Brake-system design characteristics used to improve the system
behavior were the brake-torque distribution, load-sensitive brake-torgue con-
trol, and brake application times. Longitudinal and lateral brake-torque
variations from a baseline distribution had the overall effect of decreasing
the performance of the vehicle in a combined steering and braking maneuver
without any wheels locking.

The effect of the forward velocity and friction at the tire-rocad inter-
face on combined steering and braking was also studied by braking the vehicle
in a steady-state turn. An increase in the forward velocity of the tractor
increases the gain of the system resulting in a more severe lateral response
being exhibited at higher velocities. The vehicle developed (1) a slower
lateral response to braking, (2) more severe stable responses, and (%) more
serious unstable responses on a surface with a lower coefficient of friction.

The ability of changes in basic design parameters to mitigate against
producing an undesirable lateral response while braking in a steady turn was
also examined. Increasing the wheelbase of the tractor and the amount of fric-
tion at the fifth-wheel were most effective in reducing the tendency for
Jjackknifing in a combined steering and braking maneuver.
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5. PERFORMANCE EVALUATION

In order to evaluate the findings obtained in the experimental and ana-
lytical phases of this study, it appeared desirable to categorize braking
performance into a number of distinct facets or qualities,

The mechanics of the braking process suggest that there are at least
five facets of braking performance deserving of consideration for commercial
vehicles, These facets (or measures of braking performance) shall be referred
to as effectiveness, thermal capacity, controllability, efficiency, and
response, and are defined below.

5.1 PERFORMANCE MEASURES

Brake effectiveness is a measure of the gain of a brake in terms of torque
output per unit input of line pressure at the brake chamber, When the braking
level is lowered such that the tires are not being forced to operate near
their adhesion or friction limit, the total braking force acting on a vehicle
is linearly related to the total torque being generated by all of the brakes.
Under these conditions, deceleration per unit value of brake line pressure
serves as an overall measure of the braking effectiveness of the vehicle,

For pneumatic systems characterized by a limit value of line pressure, a
finite value of effectiveness for a given brake means that there is an upper
limit to the brake torque that can be generated, If this maximum torque is
insufficient to produce wheel lock, during the braking process, the maximum
value of wheels~unlocked deceleration that can be achieved by the vehicle is
degraded,

The thermal efficiency of a brake can be characterized by the ability of
the brake to absorb heat generated in a single stop and to conduct or convect
away heat generated in a series of stops. The combination of this thermal
efficiency (which is mostly a characteristic of the brake drum) with the lining
properties determines the fade resistance of the brake, With the instrumenta-
tion used in the tests, thermal efficiency cculd not be measured directly,
and so thermal capacity or resistance to fade is measured in terms of the level
of braking effectiveness that can be maintained during a series of rapidly
repeated snubs (as specified in the fade test procedure for this program) or
the number of snubs which can be accomplished in a given time interval (SAE
JB80), or the decrease in tow bar force in a towing test (as specified in this
program for the brake rating test)., The fade test as conducted was not suc-
cessful for the large commercial vehicles tested in this program because brake
fade could not be induced. However, if the requirements for the initial and
final snub velocities are changed to correspond with those of SAE J786, that
is, 40 wph to 20 mph instead of 60 or 50 mph to 10 mph, fade can be induced
and a measure of thermal capacity could be obtained. One such performance
measure is the number of snubs that can be produced at a specified level of de-
celeration with the time to accelerate back to test speed between snubs not to
exceed a specified period. From the point of view of safety, a thermal capacity
test should be based upon the most severe duty cycle that a vehicle might en-
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counter in general use.

Brake controllability is used here in the sense of the driver being
able to modulate brake force under a wide variety of loading and road surface
conditions to minimize stopping distance while preventing wheel lockup, De-
celeration/pedal force gain is a performance measure that can be used to
characterize brake controllability (13).

Braking efficiency is a measure of the ability of a vehicle to utilize
the friction forces available at the tire-rcad interface. Strictly speaking,
it is defined as the ratio of the maximum wheels-unlocked deceleration capa-
bility of the vehicle on a given surface to the peak tire-road friction co-
efficient of that surface. When braking efficiency is determined experimen-
tally, the surface on which the vehicle is tested must be measured to deter-
mine the peak tire-road friction coefficient. At the present time, adequate
means do not exist for making such a measurement with large truck tires,
Therefore, as an alternative, it is proposed that braking efficiency be de-
termined by calculating this measure, as was accomplished for the test vehicles
in this program,

Brake response time is defined as the time required for a brake to reach
a given level of effectiveness from the time that the brake control (pedal)
is activated., Measurements of response time in an actual stop would therefore
require torque sensors on each braked wheel, Consequently, a more common
means for determining the response time of pneumatic brake systems is to
measure the time from the instant of pedal application (resulting in a full,
fast opening of the treadle valve) to the instant a given pressure level is
reached in the brake chamber.,

Measurements show that the response times typically exhibited by air-
brake systems are sufficient to influence the braking performance of commer-
cial vehicles, as measured either by average deceleration or stopping distance.
Synchronization of brake timing is important for preventing instabilities in
articulated vehicles, Brake-release time is significant when the driver is
attempting to modulate the brake force to prevent wheel lockup. Although the
importance of response time is generally recognized, a consensus has yet to
be reached with respect to defining a standardized test practice for measuring
brake-response and brake-release times., Consensus is lacking on (a) how to
specify the actuation of the system, (b) what point shall be selected to serve
as "zero time" and (c) what level or percentage of the steady pressure response
should be selected to serve as the basis for computing the response or release
time, The problem is further complicated by the nonlinear character of pneu-
matic control systems; namely, the response times increase if the pressure
increments requested by the driver are decreased. Although brake response
time as measured by the time to achieve a specified level of effectiveness
(i.e., brake torque output) is not exactly equivalent to the time required to
attain a specified pressure level in the brake chamber, the latter measure-
ment does serve to characterize the dynamic properties of a given brake system
and to indicate the degree to which individual brakes on a vehicle are synchro-
nized with each other. It appears that brake response, irrespective of the
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precise manner in which it is determined either on application or release, is
a significant measure of commercial brake system performance.
The performance measures defined above are summarized in Table L0,

TABLE 40

PERFORMANCE MEASURES

Quality Measures

Performance Measure

Symbol

Technique

i. Effectiveness

2. Thermal capacity

3. Efficiency

4. Controllability

5. Brake response

Maximum deceleration
(wheels unlocked)

Number of snubs achieved
at a given deceleration

Braking efficiency

Deceleration/pedal force
gain

Application and release
times (air brake systems
only)

Effectiveness test

Fade test

Calculation of ef-
ficiency and tire/
road interface test

Effectiveness test

Static response
time test

5.2 MAXIMUM ACHIEVABLE PERFORMANCE BASED ON TESTS AND ANALYSIS
The maximum braking performance that can be achieved by a vehicle on a
given test surface is limited by five factors:
(1) The frictional forces available at the tire-road interface
(2) The effectiveness of the vehicle's brakes, that is, the maximum
torque capacity of the brakes
(3) The braking efficiency of the vehicle, that is, how well the brake
torque is balanced axle to axle such that the tire-road frictional
forces are best utilized
(4) The ability of the driver to modulate the pedal force such that
maximum deceleraticn and minimum stopping distance are achieved

without loss of directional contrcl and stability

(5) The time response of the brake system to an applied pedal force
Tire-road interface tests indicate that the friction coefficient of truck
tires, both peak and sliding, is significantly less than that of passenger
car tires. The effectiveness tests point up considerable variation in tire-
road friction coefficiert among the various types of truck tires. For example,
the 1light truck was capable of locked-wheel decelerations of as high as
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28 ft/secz, while the disk-braked truck was capable of only 22 ft/sec2 with
the wheels locked. Since tests with both the Michigan Department of State
Highways skid trailer and the HSRI instrumented car indicated that the friction
coefficient of the test track varied only slightly over the entire period of
testing, the difference in locked-wheel deceleration must be attributed to
difference in tire traction. The importance of this observation cannot be
overemphasized since it is pointless to increase the effectiveness of brakes
if fricticnel forces corresponding to the increased brake torque capabilities
cannot be produced at the tire-road interface. The reader is therefore cau-
tioned to judge the performance capabilities of the larger trucks and tractor-
trailers tested in this program in light of these findings on truck tire trac-
tion.,

The maximum wheels-unlocked deceleration achievable, as determined either
from an effectiveness test or a minimum stopping distance test, is a measure
of not only the torque capacity of the brakes, but also of how well the
vehicle utilizes the friction available at the tire-road interface., The maxi-
mum deceleration obtained on the dry surface is summarized in Fig, 137 for
all of the vehicles tested. With performance depicted in this fashion, it is
immediately obvious that the vehicles equipped with advanced brake and brake-
control systems did not exhibit braking performance that was significantly
better than was achieved by the baseline vehicles, In fact it can be argued
that a truck, bus, or tractor-trailer with brakes balanced for maximum braking
performance can exceed the performance achieved on a dry surface by advanced
brake control systems. For example, the light truck, all the buses, and the
2-32 tractor-trailer combination, exhibited performance on the dry surfaces
as good as Vehicle 12 and considerably better than Vehicle 1k, The disk-
braked truck, however, was outperformed only by the light truck, and this
result may stem from a difference in tire traction. Figure 138 perhaps better
depicts the improvement in performance that can be expected by use of advanced
brake-control systems. Since wheel lockup is viewed as undesirable, Fig. 138
presents only the maximum decelerations obtained up to the point of wheel
lockup. Considerable improvements in performance are achieved for Vehicle 12
through use of the adaptive braking system, especially in the tests conducted
on the low-coefficient surface, and in the tests conducted with the empty
vehicle on the dry surface. It should be noted that the effectiveness of the
brakes on Vehicle 12 was insufficient to lock up all the wheels on the dry
surface in the loaded condition.

Vehicle 14 did not perform as well as Vehicle 12, on either the dry
surface (even after making allowance for the slightly lower tire-road friction
coefficient of the surface upon which Vehicle 1L was tested) or the wet surface.
The empty tractor (bobtail) of Vehicle 1L produced a maximum deceleration of
19 ft/sec2 on the dry surface, while the combination, empty or loaded, produced
15 ft/sec2. Although the antilock system did improve performance of the com-
bination as measured by the maximum deceleration achievable without wheel
locking, the improved performance was considerably less than that which could
have been achieved by better utilization of the forces in the tire-road inter-
face.
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Using the experimental data at hand, it is impossible to calculate exactly
the braking efficiency of the tested vehicles, since the peak values of tire-
road friction coefficient, upon which efficiency calculations must necessarily
be based, have been determined in an approximate manner. However, using these
approximate coefficients, the efficiency exhibited by each vehicle and system
tested is tabulated in Table 41, Using efficiency as the criterion, the disk-
braked truck showed best performance on the dry surface. The system which
produced the best overall efficiency measure was the adaptive braking system
installed on Vehicle 12, Next best was the antilock system installed on
Vehicle 14, The smallest performance gains were achieved with the proportion-
ing system. As pointed out earlier, minor adjustments in the proportioning
valves, plus design steps that prevent premature lockup of the wheels on the
leading axle of the trailer, would have markedly improved the performance
obtained with the proportioning system. The simulation study described earlier
has indicated the magnitude of performance improvements that can be expected
from use of proportioning systems.

TABLE 41

OVERALL BRAKING EFFICIENCIES FOR ADVANCED SYSTEMS TESTED

Dry Surface Low Coefficient

Vehicle Systen Empty Loaded Empty Loaded
Disk Brake Truck - 90 88 - -
Vehicle 12 Tractor-Trailer  Standard L8 67 -- o]
Proportioning 47 67 -- --
Adaptive 83 70 81 96
Vehicle 12 Tractor Standard L6 70 L3 L7
Propcrtioning 82 70 30 b7
Adaptive 82 80 80 75
Vehicle 14 Tractor-Trailer  Standard -- L5 L6 .-
Artilock 66 68 66 72
Vehicle 14 Tractor Antilock 86 -- 63 -

If a vehicle is equipped with an adaptive or wheel antilock braking
system, the driver does not have to modulate the pedal force to prevent
wheel lock, Hewever, for vehicles not so equipped, a recent study (13) at
HSRI showed that the driver's ability in modulating the brake-pedal force to
prevent wheel lockup is directly dependent upon the deceleration-pedal force
characteristic of the vehicle., Of all the vehicles tested, the disk brake
truck achieved the greatest maximum deceleration without lockup of wheels.
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Figure 139 shows the deceleration-pedal force gain characteristics of the

disk brake truck along with the recommended upper and lower limits derived
from the HSRI study. It is interesting to note that those baseline vehicles

in which the driver was able to modulate the pedal pressure such that a high
deceleration was possible without wheel lockup all had deceleration-pedal
force characteristics which were within the limits suggested by the HSRI study.
These vehicles included the light truck, the three buses, and the 2-S2 tractor-
trailer combination. It therefore appears reasonable to conclude that these
limits may also serve as a guideline in selecting the deceleration-pedal force
characteristics for buses, trucks, and tractor-trailers.

Measurements of brake response time show that the standard braking systems
of Vehicles 12 and 1k had application/release times that were approximately
the same or slightly longer than those of the baseline tractor-trailers,
However, when using Syncron on Vehicle 12 and the antilock system on Vehicle
14, the response times of the trailer brakes were improved considerably,
Results from the baseline vehicles, the standard systems of Vehicles 12 and
14, and the improvement of response using advanced systems are summarized in
Table L2,

TABLE L2

SUMMARY OF BRAKE RESPONSE TIMES

Application/Release Time, sec

Vehicle Tractor Trailer

Rear Axle Rear Axle

Average Baseline Vehicles 0.24/C.55 0.28/0.79
Vehicle 12 Standard System 0.27/0.3C 0.40/0.70
Vehicle 12 with Syncron 0.27/0.30 0.30/0.40
Vehicle 14 Standard System 0.23/0.36 0.36/0. 6k
Vehicle 14 with Antilock C. 23/0. Lk 0.27/0.60

5.5 MEANS FOR IMPROVING PERFORMANCE

The above discussed findings, as derived both fram analyses and test,
indicate that three major steps will have to be taken to significantly upgrade
the maximum braking performance of commercial vehicles.

First. The basic braking systems of the majority of these vehicles will
have to be improved by use of more effective brakes, better brake balance,
and faster system response on air braked vehicles,

Second, The traction characteristics of tires used on the majority of
medium and heavy commercial vehicles will have to be improved so that the
advantage of improved brake effectiveness can be fully utilized at the tire-
road interface,

Third, Advanced brake control systems will have to be employed to allow
rapid brake applications without instigating vehicle instability whether the
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vehicle be loaded or empty, and operating on a dry or slippery surface.

A number of design alternatives exist for achieving these objectives:

(1) The effectiveness and fade resistance of the braking systems on
medium and heavy trucks can be improved significantly by use of disk
brakes.

(2) The effectiveness of the braking systems of tractors can be improved
by use of large brakes on the front axle of tractors with tandem
rear axles (a design configuration in which front brakes are generally
absent) and by use of larger brakes on the front axle of two-axle
tractors,

(3) The braking efficiency of many trucks and tractor-trailers can be
improved by careful distribution of braking effort among the axles
of the vehicle,

(4) The brake response time of air braked systems can be improved signi-
ficantly through use of larger hoses, improved connectors and fittings,
quick release valves, relay valves on tractors, and trailer brake
synchronization.

(5) Braking performance can be improved significantly on trucks, buses,
and tractor-trailers through use of the advanced brake control systems,
which were evaluated by test and/or simulation in this program. These
systems, ranked in order of potential for improving braking perfor-
mance, are:

(a) antilock system
(b) dynamic load-sensitive proportioning system
(c) static load-sensitive proportioning system

5.4 COST EFFECTIVENESS

Firm cost figures for the advanced systems tested are not available at
the time of this writing. It is impossible, therefore, to make an accurate
assessment of gain in performance per unit cost, for example, of antilock
systems as opposed to proportioning systems.* The problem is further com-
pounded by other factors. Prototypes and fleet test units usually cost more
to produce than units in mass production, Maintenance required for advanced
systems will increase vehicle operating costs., Increased weight due to larger
brakes, stronger suspension systems and vehicle structures will increase ini-
tial vehicle costs and decrease payload capacity. Front brakes and power
steering systems, if required on tandem axle trailers, will also increase
costs. Cost savings, however, would result from use of advanced systems by
decreased tire wear and less flat-spotting. With increased braking and control
capabilities, drivers may be able to maintain faster schedules, The greatest
potential cost advantage, however, is the decrease in accidents caused by
skidding and subsequent loss of control,

*¥Yarber has assessed relative system costs and performance gains for
various antilock configurations in reference (327).
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5.5 OTHER FACTORS

In considering any of the above design alternatives, one must bear in
mind that the commercial vehicle has evolved over the years as a design com-
promise, The vehicle's structure, suspension, and brake system have been
designed for a given level of average braking performance, with a capability
of accepting a certain amount of overload in emergency situtations. The
pneumatic tires are part of this design compromise, since there isn't much
point in designing high tractive capability into truck tires, at the expense
of increased rolling resistance and higher wear rates, if that tractive capa-
bility cannot be matched by brake torque capabilities as constrained by brake
size and brake design practice, The aim of this design compromise has been
to produce vehicles which are safe and reliable within their performance
range, and which are characterized by high payload/vehicle weight ratios and
minimal operating and maintenance costs, To introduce a requirement for
severely increased braking capability into the commercial fleet, as it has
evolved, will necessarily require a reevaluation of the design of the entire
system. The following points are suggested for serious consideration:

(1) More effective brakes will require stronger suspensions and stronger
adjacent vehicle structures.

(2) Large brakes on the front axles of tractors could require new front
axle and steering system designs, and, in many cases, the use of
power steering.

(3) With increased deceleration capability, methods of cargo restraint
will have to be reevaluated., On buses, passenger restraint systems
may have to be utilized,

(4) The relatively high ratio of center of gravity height above roadway
to truck width that is common to straight trucks, caused vehicle
stability problems to be encountered at moderate decelerations in
this test program, It is expected that the problem will be worse at
higher decelerations, This problem may be alleviated by use of anti-
lock systems. However, at this point in time, the problem is not
clearly defined and requires much more study before a definite solu-
tion can be suggested.

(5) If proportioning and/or antilock systems are to be widely used, cog-
nizance should be taken of maintainance and reliability problems
associated with each system., Load-sensitive proportioning systems
require mechanical, pneumatic, or other means of sensing changes in
load, Due to wear, corrosion, and other degrading factors, the level
of Coulomb friction in the suspension system may change, thus requiring
periodic inspection and adjustment of the linkage. Sinee antilock
systems for air-braked vehicles are still in the developmental stage,
reliability problems with both mechanical and electronic components
were encountered in the test program., It is mandatory that antilock
systems have a high degree of reliability because of the human factors
involved, The test program has pointed out that regardless of load
or surface condition, the driver will make rapid, high-level brake
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applications if he knows the antilock system is operational, whereas
he will be extremely sensitive to load and surface conditions when
applying the brakes without the antilock system in operation. Serious
stability problems are possible if the driver applies the brakes
rapidly thinking that the antilock system is operational where, in-
deed, it is not, due to a component failure.



6. RECOMMENDATTIONS

6.1 RECOMMENDATIONS FOR A PERFORMANCE STANDARD

In making specific recommendations for a standard, careful consideration
has been given to the necessity to upgrade commercial vehicle braking perfor-
mance as quickly as possible to acceptable levels. Careful consideration
has also been given to those points discussed in Section 5. Taking into
account the system design problems which will result from increased perfor-
mance requirements and the state of development of advanced systems, it is
recommended that rules be promulgated which require upgrading the performance
of trucks, buses, and tractor-trailers in three discrete steps, separated by
appropriate periods of time.* As a first step, it is recommended that the
rules require immediate action to upgrade braking performance to a level
achievable by current design practice, that is, the best performance already
demonstrated by baseline vehicles tested, For the second step, it is recom-
mended that the rules require performance to be improved to the limit of the
tire-road interface tractive capabilities of truck tires now available with
due regard to realistic braking efficiencies., The second step may require
use of load-sensitive proportioning systems on certain vehicles, and therefore
sufficient lead time should be allowed for further development and testing of
these devices. After an appropriate time interval to allow for development
and testing of a reliable antilock system, the development of truck tires with
better tractive characteristics, and the necessary design modifications of ve-
hicle brake, suspension, and structural systems, it is recommended as a third
step that performance equal to or approaching that of passenger cars be re-
quired along with use of an antilock system to insure vehicle stability over
a wide range of vehicle loadings and road surface conditions. Summaries of
the suggested performance requirements for each step are given as follows:

Step 1

* Maximum deceleration capability: 16 ft/secg**

« Minimum braking efficiency: 65% for surfaces having peak truck tire-

road friction coefficients between 0.2 and 0.3

* Thermal capacity: Same as requirements of SAE J736 fade and recovery

test except that 15 ft/sec2 deceleration is required for fade snubs

'Deceleration/pedal force gain: HSRI recommendations as given in Fig.

159.

*Air brake response time: Application,0.25 sec (tractor), 0.35 sec

(trailer); Release, 0.50 sec (tractor), 0.70 sec (trailer)

* Special systems required: None

*Recommendaticns for a specific time frame or schedule to implement these
steps cannot be made since information on lead times for introduction of design
changes, development of new hardwere and necessary manufacturing techniques is
not generally available from vehicle, brake, and brake component manufacturers.

**Tt is presumed that this deceleration would be measured on a surface
having a peak truck tire-road friction coefficient of at least 0.75.
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Step 2
‘Maximum deceleration capability: 20 ft/sec®*

.Minimum braking efficiency: 75% for surfaces, as in Step 1

.Thermal capacity: Test upgraded to correspond with heaviest duty cycles
experienced in class of service

-Air brake response time: Application, 0.25 sec (tractor), 0.30 sec
(trailer); Release, 0.30 sec (tractor), 0.L40 sec (trailer)

.Special systems required: Static load proportioning (if necessary)

Step 3

-Maximum deceleration capability: 2L ft/se02 with upgraded tires such
that peak tire-road surface coefficient is at least 0.85 on a typical
dry asphalt or concrete surface

-Minimum braking efficiency: 85% for surfaces having peak truck tire-
road friction coefficient between 0.2 and 0.9

-Special systems required: antilock system

«Improved tires also required

6.2 COMPLIANCE WITH REQUIREMENTS

Test procedures similar to those used in the test program are recommended
for determining brake effectiveness, fade resistance, deceleration/pedal force
gain characteristics, and static response time of air-brake systems, If stop-
ping distance tests are required, they should be made in conjunction with the
effectiveness tests to ensure maximum unlocked wheel decelerations are achieved,
Compliance with braking efficiency requirements can be made by requiring design
calculations similar to those outlined in Section 4.2, and by validating the
calculations by effectiveness tests on high coefficient and low coefficient
surfaces.

Testing of tractor-trailer combinations presents a special challenge.
Because of brake balance problems, a tractor which may perform very well with
one trailer but perform poorly with another., Conversely, a trailer whose
brakes were tested on a brake dynamometer and deemed adequate may perform well
with one tractor but perform poorly with another, Also a tractor could perform
well as a loaded straight truck, but poorly in combination with a trailer.

For this reason it is recommended that tractors be certified to pull only those
trailers with which it has been demonstrated by design calculation and test
that performance of the combination vehicle is adequate.

6.3 FUTURE RESEARCH
As a result of the analytical work and vehicle testing accomplished in
this program, certain problem areas have been pointed up which require careful
study and research, Two of these problem areas require immediate attention:
(1) Truck tires: Test data are required to determine accurately the
p-slip characteristics of truck tires in order to assess the maximum
potential braking performance possible with vehicles equipped with

*It is presumed that this deceleration would be measured on a surface
having a peak truck tire-road friction coefficient of at least 0.75.
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these tires.

(2) Truck stability: Analytical work, accompanied by appropriate tests,
is required to determine the causes of directional instabilities of
integral trucks when subjected to severe braking maneuvers resulting
in high decelerations, Study of combined braking/turning maneuvers
to assess vehicle stability and 1limit maneuver capability should alsc
be undertaken.

The thermal characteristics of commercial vehicle brakes also require
further study. Analytical work accompanied by carefully instrumented tests
should be performed to determine the factors influencing the thermal effi-
ciency of the brake and the best means of measuring such efficiency., Research
ig also required to insure that any thermal capacity test specified should
subject the brakes to duty cycles equivalent to the most intense cycle that
the vehicle may encounter during its service life.

Finally, further study of the dynamics of articulated vehicles is neces-
sary. An assessment of the state of knowledge relative to the longitudinal
and lateral dynamics of articulated vehicles (328) indicates that two areas
require investigation:

(1) The articulated vehicle presents unique control and stability problems,
making demands on driver skill which should be evaluated in terms of
potential for loss of control., A study of the vehicle over its full
range of operating environmental and off-design configurations is
required. By focusing particularly on "limit maneuver characteris-
tics" (329), discrimination can be made among vehicle configurations
on the basis of peak performance available for accident avoidance
maneuvers,

(2) An accurate characterization of the traction mechanics of the tire
operating under combined side and longitudinal slip is needed for
accurate dynamic modeling and simulation of vehicle response in
combined braking and turning maneuvers,
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