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Tractor and Trailer Brake System

ABSTRACT

This paper serves as the seventh report In a
series of reports on NHTSA's Heavy Vehicle Brake
Research Program and deals with the subject of
tractor and trailler brake system compatibility.
1t provides a detailed definition of com-
patibility, discusses the factors that influence
it and presents data and analyses which indicate

the degree of compatibility in the heavy duty
combination wvehicle fleet at large. The paper
suggests ways 1In which compatibility can be

improved so that combination vehicle brake 8ys-
tems will be more durable and provide an enhanced
level of safety,

IN 1979, THE NATIONAL HIGHWAY Traffic Safety
Administration (NHTSA) initiated a research
program on heavy duty vehicle braking at its
Vehicle Research and Test Center (VRTC) in East
Liberty, Ohio, Since that time, VRTC has con-
ducted a great deal of research aimed at
improving heavy duty wvehicle braking system
)performance. Previous reports (1,2,3,4,5,6)*
published by NHTSA have documented VRTG's efforts
in a number of areas related to heavy duty
vehicle braking.

Because of the current interest and activity
within the Society of Automotive Engineers (SAE)
relative to tractor and trailer brake system
compatibility it was decided to publish this
Teport on compatibility, the seventh report in
the series, as an SAE paper.

Compatibility is the ability of tractor and
trailer braking systems to function well together
and provide desirable overall combination vehicle
braking performance, It 1is a popular topic in
the trucking industry and has been since the
fifties when various committees were established
to study compatibility problems. In any dis-
cussion of heavy duty vehicle braking systems
that occurs, the subject almost always comes up

*Mumbers in  parxenthesis indicate references

listed at end of paper.
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and it wusually receives considerable attention.
In the 1980's there has been a major focus on
compatibility to the extent that various industry
organizations such as the SAE, the American
Trucking Associations (ATA), the Truck Trailer "
Manufacturers Assoclation (TIMA), the Motor
Vehicle Manufacturers Association (MVMA) and
others have devoted entire meetings or technical
sessions to compatibility and/or have set up
special committees to deal with the wvarious
aspects of compatibility. In addition, several
years ago, TIMA, MVMA and ATA formed the Truck
Trailer Brake Research Group (TTBRG) in order to
focus research efforts on heavy duty combination
vehicle braking performance. The TTBRC im-
mediately placed compatibility at the top of
their list of subjects requiring attention,

In pgeneral, truck users are not satisfied

with the present state of affairs as it relates
to compatibility and have encouraged manufac-
turers to Improve the situation. The NHTSA,
concerned about the safety aspects of com-
patibility, has been conducting compatibility
research at {ts VRTC for several years. The
purpose of this effort (part of the agency‘s

overall Heavy Vehicle Brake Research Program) is

to determine the extent of safety related com-

patibility problems and to recommend selutions.
The paper which follows provides an in-

depth, detailed definition of compatibility,
discusses the factors that influence it and
presents and analyzes data from tests conducted
by VRTC. It is intended to show the degree of

compatibility existing in the heavy duty coubina-
tion vehicle fleet and to identify the effects of
compatibility on maintenance (durability) as well
as on safety. It is also intended to show ways
in which compatibility can be improved.

WHAT TS COMPATIBILITY?

In the broad sense, compatibility refers to
the ability of tractor and trailer braking sys-
tems to function together in harmony to provide
the combination vehicle with a braking system
that; [1] requires minimum maintenance (is

" 0148-7191/86/1110-1942$02.50
Copyright 1886 Society of Automotive Engineers, Inc.
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durable) and [2] exhibits a safe level of braking
performance, Although the trucking industry is
concerned about the safety aspects of com-
patibility, much of = the focus is on the
durability aspects of compatibility. This is
primarily because poor durability is the most
visible result of poor compatibility. If the
braking system on a tractor or trailer is doing
more than its share of the braking, it will wear
out faster. The result of poor compatibility
becomes obvious very guickly to the truck ugser in
terms of excessive brake lining and drum wear,
brake drum cracking, the need to adjust brakes
more frequently, etc. on the "over braked" unit
in the combination.

The safety aspects of poor compatibility are
more subtle since resulting poor limit braking
performance only becomes a problem in crash
avoidance maneuvers that are mnot everyday
OCCUrrences. In addition, if a crash occurs,
there are so many contributing factors, it may
not be obvious to the truck user that poor brak-
ing performance may bhe a significant causal
factor. '

Fortunately, as will be shown later, improv-
ing compatibility can wesult in significant
improvements in both durability and safety if
proper care is taken in addressing the problem.
One of the purposes of this paper is to emphasize
the need to understand both aspects of com-
patibility and to address them simultaneously so
that solutions to compatibility problems will, in
effect, be complete in the broadest sense.

BRAKE FORCE DISTRIBUTION

Compatibility from both a safety (or limit
braking performance) and a durability standpoint
can be shown to be a direct fumction of brake
force distribution among the various axles in
combination vehicles. Figure 1 shows brake force
versus time plots for a hypothetical two axle
tractor coupled to a single axle traller during a
typical brake application. Each of the three
brake force versus time plots can be broken down
into three vregions: [1] apply transient, [2]
steady state (or sustained) braking and [3]
release transient,

In an actual brake application, the steady
state region may not be a constant level as shown
in Figure 1. In fact, in a short "gnubbing® of
the brakes by the driver, a steady state region
may not even exist. Brake forces may come up to
a maximum or peak level and then immediately
decline, On the other hand, in a long low level
brake application to control vehicle speed on a
grade, the brake foxces may be at a relatively
constant level for a longer time period than
implied in Figure 1, In any event, it is not the
absolute shape of the curves that determines
compatibility but the relative positioning of the
various axle brake force curves with respect to
one another. How this relationship affects
durability and safety will be explained next.

EFFECT ON DURABILITY -- It is obvious that
brake force distribution among various axles
determines the brake work distribution during a
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brake application. Brake work is simply brake
force times braking distance. If an axle has a
higher force it will do more work since all axles
travel the same distance., Because brake wear is
a function of the work that the brake does, brake
forces must be distributed according to the
ability of the brakes to handle the resulting
work distribution, otherwise, unequal wear will
occur, Consider the simple example of two axles
that have identical brakes but do not do the same
amount of work during braking because of differet
actuating air pressurez; over a period of time,
the brakes doing the most work will wear out
faster and require more frequent adjustment. In
addition, the brakes that do more work tend to
run at higher brake temperatures and this com-
pounds the problem. It is a well known fact that
brake lining wear rate is a function of tempera-
ture as well as brake work. Research by Fancher .
(7) shows that brake lining wear increases as.
temperature increases (for a given amount of

work). This increase can be quite significant at ~

the relatively high brake temperatures that can
occcur when the brakes are used continuously or
repeatedly with little cooling time between
applications. Unusually high brake temperatures
can also cause drum cracking or even brake fires.

EFFECT ON SAFETY -- Poor durability caused
by poor compatibility has an indirect effect on
safety. Brakes that wear faster require more
maintenance (more frequent adjustment and more
frequent replacement of components). IE this
maintenance is not performed, the brake system
may be unable to develop the braking force needed
in emergency situations.

There also are several direct safety conse-
quences of poor compatibility, as well., 1In a
limit braking maneuver, the wheels on an axle
with too much braking force can lock up prema-
turely causing loss of tire side force
capability. If the front axle wheels lock up, it
will not be possible to steer the vehicle al-’
though it will travel straight ahead in a stable
fashion; If tractor drive.axle wheels lock up,
the tractor will tend to spin or yaw and a jack-
knife could result; if trailer ‘axle lockup
occurs, the traliler will tend to swing and may
intrude into one or more adjacent. traffic lanes.

TRACTOR FRONT

——

RELEASE TRANSIENTS TRACTOR RAEAR
.

ABPLY TRANSIENTS

TRAILER

BRAKE FORCE

TIME

Fig. 1 - Tractor and trailer brake forces
versus time for a hypothetical combination
vehicle during a typical brake applicationm
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Ideal brake balance {and compatibility),
from a vehicle stability and control standpoint,
exists when the brake force distribution 1is
equivalent to the normal force distribution. The
amount of brake force that an axle can develop

before wheel lockup oceurs is limited by the
product of the normal force times the tire/road
coefficient of friction; therefore, since the

coefficient of friction is essentially the same
for all axles, lockup of all axles simultaneously
depends upon the brake forces being proportional
to the normal foreces. In this cagse, maximum de-
celeration can be achieved before lockup oeccurs.’
Referring to Figure 1, the steady state
brake force levels shown are those that could
potentially result in wheel lockup since this is
where maximum braking is achieved and maintained.
It 1is, therefore, critical that these levels be
_distributed according to axle normal forces.
_ Steady -state brake force distribution is
" determined by the steady state brake control line
pressure input  versus  brake force output
relationship that exists at each axle. Figure 2
shows such a relationship for the hypothetical
three axle combination vehicle shown in Flgure 1.
For each axle, the control line pressure input
versus brake force output relationship is deter-
mined by the pneumatic system characteristics 'and
the foundation brake effectiveness (brake torque
versus actuating pressure). In order to deter-
mine = steady state brake force distribution, the
contrel input air pressure level must be known;
then the corresponding brake forces can be deter-
mined as shown in Figure 2.

Tractor Rear

- Trallar
r

BRAKE FOACE

- Tractor Frant

Force
Threahalds

CONTAOL LINE PRESSURE INPUT

Fig. 2 - Steady state brake forces as a
function of control 1line pressure input for a
hypothetical vehicle combination

It should be noted that although brake force
versus control pressure relationships are usually

linear, or close to linear, they do not neces-
sarily ' Intersect the x-axis fcontrol 1line
pressure input level} at the same point or

threshold level. The ratios of the force levels
are mnot constant; they change as control input
level changes. At relatively high levels of
control input, brake force. distribution ap-
proaches a constant since the effect of the brake

force thresholds is minimized.

s

Normal force on an axle during braking is
the static weight on the axle plus or minus any
welght transfer that occuxs during braking as a
result of inertial effects; this normal force
during braking is commonly referred to as the
"dynamic weight" on the axle. When brake force
distribution is equivalent to dynamic weight
distribution, the vehicle will be able to achieve
the maximum possible deceleration on a surface
without the cccurrence of wheel lockup. When
wheel lockup does occur, all wheels will lock up
at the same control input level (assuming all
brakes have sufficient torque to lock wheels on
the particular surface).

Ideal compatibility in terms of wmaxlmun
deceleration capability, stability and control
under all loading and/or operating conditions
cammot be achieved without the use of proportion-
ing wvalves, Since dynamic weight distribution
changes with static vehicle loading as well as
deceleration during braking, brake force dis-
tribution must vary as a function of these
parameters. Referring to Figure 2, the relative™
positioning of the various axle brake forces
would have to change each time wvehicle loading
and deceleration changes. )

In Europe, braking regulations (8,9) require
that brake force distribution on combination
vehicles be relatively close to ideal. as a
result, devices have been developed for European
vehicles which vary brake force distribution a=z a
function of axle normal force. These devices are
commonly referred to as load sensing proportion-
ing walves. Such valves usually are not used on

U.8. wvehicles; the typlcal U.5. brake design
practice is to use a fixed brake force distribu-
tion which can only be ideal at a given vehicle

loading and deceleration rate, Performance at
other operating points will be less than ideal.
Nominal U.S. practice is to select the brake
force distribution that is optimum for the fully
loaded wvehicle during low decelerations. In
effect, this produces a brake force distribution
that is equivalent to the distribution of the
vehicle pgross axle weight ratings (GAWRs).
Unfortunately, when the wvehicle 1s empty and
decelerating at any rate or {s loaded and
decelerating at a high rate, less than ideal
brake balance exists,

FMVSS 121, Air Brake Systems, contains
requirements for minimum brake performance on an
axle as a function of the axle’s GAWR and as such
defines the minimun level that the brake force
versug control line pressure input levels must
exceed. FMVSS 121, however, places no upper
limit on this performance. There are no other
regulations, standards or design guidelines that
set this wupper limit. Therefore, if a trailer
mapufacturer, for example, decides to exceed this
minimum by a significant margin and a tractor
manufacturer works with smaller margin, the brake
forece distribution will not be equivalent to the
GAWR distribution. The impact that this has on
stability and control will be discussed later.

Although the effect of brake force threshold
levels on brake force distribution is minimal in
high pressure brake applications, the effect can
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become significant in low level, sublimit braking
gituations where differences in thresholds can
regult in safety problems, For example, refer-
ring to the hypothetical case in Figure 2 vhere
the trailer threshold is relatively low, if the
input level applied to the brake system iIs just
high enough to apply only the trailer brakes, the
trailer brakes will do 100 percent of the braking
work. The likelihoed of this occurring in nmormal
low level braking situations (i.e., for gradually
stopping the vehicle or controlling speed at a
constant level on grades) increases as the
threshold difference increases. As long as the
driver can develop the desired braking force from
the trailer only, without reaching the input
level to initiate tractor braking, he will con-
tinue to use only the trailer brakes and will be
unaware that the tractor is not braking. This
situation will obviously result in more wear on
the trailer brakes. Additionally, 1f the
vehicle’s brakes are C
repeatedly, the trailer brakes will become very
hot, Ultimately, depending on the length of the
grade, the trailer brakes could fade (or possibly
even disintegrate or catch fire). Of course if
they fade (i.e., 1lose effectiveness), it Iis
possible for the driver to apply a higher input
level to Initiate tractor braking to make up for
the trailer fade. If a panic or emergency stop
is required for some reason, the braking force of
the trailer will not be available and an accident
could result due to inadequate total braking
necessary to stop the vehicle. The effect of
threshold differences on safety will be discussed
in more detail later as well.

Up to this point only the steady state brake
force balance has been discussed. Transient
brake force balance is also important. Referring
again to Figure 1, transients occur during brake
application and release, These transients are
primarily determined by the pneumatic timing or
gspeed at which the air pressure in the brake
chambers at each axle builds or decays.

Pneumatic timing plays an important role in
the performance of air brake systems since the
generation of brake force and the resulting
vehicle deceleration rate are directly related to
the air pressure available in the brake actuating
chamhers. Pneumatic application time, defined as
the time required for the brake chambers to reach
a relatively high pressure level after the driver
applies the brake control, affects vehicle stop-
ping distance, The sconer that ailr pressure
builds in the brake chambers, the sooner the
vehicle is able to reach its maximum deceleration
rate and the shorter the wvehicle’'s stopping
distance. In combination vehicles, the applica-
tion time of each unit also affects the coupling
forces between the units. Consider the case of a
tractor semitrailer; if the application time of
the traller brakes is very long compared to that
of the tractor brakes, the tractor will begin
generating braking force before the trailer.
During the time period before the trailer brakes
apply, the tractor will be decelerating its own
mass plus the entire mass of the trailer. When
this occurs there is a peak compressive force at

used continuously or
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the tractor to trailer coupling. In effect, the
tractor is decelerating the trailer via the force
it imposes on the trailer’s kingpin without any
assistance from the trailer brakes. Another way
of viewing the situation is that the trailer
wgyerruns" the tractor when only the tractor
brakes are applied.
apply, the force at the kingpin drops due to the
fact that the trailer brakes now provide a por-
tion of the forces necessary to decelerate the
trailer’s mass. Since the brakes on a semi-

" trailer cannot provide all of the braking for the

trailer (i.e., only about one half of the semi-
trailer's weight is carried by the braked traller

axles) the kingpin force does not drop to zero
but remains at some reduced, but still substan-
tial, level. 1In effect, trailer “"overrun" still
exists even when all brakes are Fully applied,
however, the level of the “overrun" force is
lower. s
Obviously, high compressive coupling forces

during braking on any type of articulated vehicle
are undesirable from the standpoint of stabilirty.
1f the combination is negotiating a turn when the
brakes are applied, the towed unit will impose a
force on the towing unit that creates a des-
tabilizing moment about the towing unit's center
of pgravity. If the towing unit’s tires cannot
generate enough side force to resist this moment,
skidding will oceur and a jackknife may result.
iIn order to minimize compressive coupling forces,
pneumatic application times should be such that
brakes on trailing units apply at the same time
or slightly before brakes on the towing units.
Although it is possible for a combination vehicle
with mismatched timing to achieve a "balanced"
condition by slowing down the faster unit, such
an approach 1s not as desirable since it degrades
vehicle stopping distance capability. A much
more eFfective approach, if possible, is to speed

up the slower unit so that the overall combina-
tion wvehicle application timing is at a minimum
level. In a typical combination vehicle, the

trailer is the limiting factor in determining
application timing since its brakes are further
from the brake control (treadle) valve than the
brakes on the tractor. :

Drivers apparently are able to sense an
application timing mismatch between tractors and
trailers in normal everyday braking situwatioms.
When tractor brakes are too fast applying with
respect to trailer brakes, drivers tend to com-
plain about trailer "bumping", "gverrun” or "run-
up" and clearly feel the characteristic 1is
undesirable. Many wvehicle manufacturers and
component suppliers over the years have had to
contend with such complaints. Referemce 10
documents some recent work that, was performed in
one fleet where such complaints were made. In
this case, the apparent solution to the driver
complaint problem was to slow down the applica-
tion time of the tractor brakes to reduce the
timing mismatch.

The safety implications of the "bumping”
complaints are not totally clear. Reference 5
provides vehicle test data that shows that rela-
tively large application time differentials were

H1
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necessary before significant levels of degrada-
tion in wvehicle stability could be detected.
Although test drivers could sense lower levels of
timing mismateh in terms of undesirable vehicle
"feel" these levels did not appear to produce
handling problems. However, the undesirable feel
to' the driver may make him wary of applying the
brakes quickly or may encourage him to use the
trailer hand valve only in emergency situations,
Continual  complaints  from drivers can be
troublesome for truck owners and manufacturers,
therefore, minimizing the application timing
mismatch between tractors and trailers appears to

be a worthwhile goal regardless of the stability
implications.

Pneumatic release timing, defined as the
time required for the pressure in the brake

chambers to fall to a relatively low level equiv-
alent to a brake release after the driver

releases the brake control, also affects vehicle
stability, If a driver, attempting to stop a
vehicle, locks its wheels (causing the vehicle to

begin to skid), immediate release of the brakes
1s necessary if the driver is to regain control.
Therefore, release timing should also be as fast
as possible, Release timing of each unit in a
combination vehicle, just  like application
timing, affects the coupling forces between the
units. If the trailer release timing is equal to

or slower than the tractor release timing (the
latter is typically the case) there {s no in-
crease in compressive coupling forces., Release
of the brakes while decelerating will actually

result in a reduction in the compressive coupling
forces that exist during braking. If the tractor
brakes completely release while the trailer
brakes are still applied, the coupling forces
will actually go into tension, producing a stabi-
lizing effect. If for some reason, however, the
tractor brakes release after the trailer brakes,

compressive coupling forces generated will
increase, For maximum stability, an articulated
combination wvehicle'’s towing unit brakes should
release at the same time ag or before a towed
unit brakes.

In summary, the above discussion on tran-
sient brake force balance indicates that "fast"

application and release of brake force is
desirable to minimize stopping distance and avoid
excessive wheel lockup; but, for optimum cembina-
tion vehicle stability during braking, the timing
relationship between units should be such that
brakes on towing units do not apply before or
release after the brakes on towed unlts. Fast
release of the brakes also reduces brake wear.

OTHER FACTORS THAT DETERMTNE COMPATIBILITY

As the above discussion indicates, brake
force distribution (steady state and transient)
lies at the heart of compatibility. Although

there are a number of other vehicle factors that
must be considered to determine compatibility,
their effect on compatibility cannot be deter-
mined until brake force distribution 1s known.
These other factors are listed in Table 1 in
three categories depending upon whether they

affect durability enly, safety only or both of
these aspects of compatibilicy.

WHAT DETERMINES BRAKE FORCE DISTRIBUTION?

It 1is important to understand the vehicle
factors that establish brake force distribution.
They are briefly discussed below.

a) FYoundation brake type and size - The

type and size brake used on an axle affects the
torque and braking force that the brake can
generate, By far, the most commonly used brake

on heavy duty combination vehicles today is the
cam type drum brake. Wedge type drum and disc
brakes are also used on combination vehieles but
their penetration in the fleet is estimated to. be
less than five percent, Most vehicles use 16-1/2
x 7 inch cam type drum brakes on tractor drive,
trailer and dolly axles and 15 x 3-1/2 inch or 15
X 4 inch cam type drum brakes on steering axles.
b) Brake Lining Frictional Properties - The
coefficient of friction of the brake linings also
affects the torque that a brake can generate,
There are many brake lining formulations used

today on combination vehicles and each of these
formulations have unique friction properties
which can vary as a funetion of normal force,

temperature, rubbing speed, ete. {They also have
unique wear or durability properties which do not
directly influence brake force).

c) Slac diuster Length - Cam type drum
brakes use a lever arm, called a slack adjuster,
to convert the linear forcs from the actuator or

brake chamber into a torque that turns the cam
shaft. The cam which is on the other end of the
shaft spreads the shoes in the brake against the
drum, The 1length of the slack adjuster deter-

mines the moment on the cam shaft and, therefore,
the brake torque that the brake can generate for
a given actuator force, Virtually all trailers
and dollies use 6 inch slack adjusters. Tractors
use 5, 5-1/2, or 6 inch slack adjusters depending
upon the vehicle manufacturer's design
philosophy.

TABLE 1 -- Vehicle Factors in Addition to Brake Force Distribution
That Must be known to Determine Compatibility

Durability Only Safety Only

Drum Wear Characteristics
Lining Wear Characteristics

Friction

*Aerodynamic drag, engine drag,

Load Distribution
Center of Gravity Beight
Tire/Road Coefficient of

Safety and Durability

Drum Thermal Properties
Brake Cooling Characteristics
Lining Friction Variability
Lining Fade Properties
Parasitlc Drag#*

Total Load

driveline drag and tire rolling resistance,

Hi



d) Brake
device that

Chamber Size - The actuating
converts system air pressure Iinto
force to operate the slack adjuster is called a
brake chamber. The effective area of this ac-
tuator or chamber determines the actuating force
as a function of input air pressure and, there-
fore, affects brake torque. Most trailers and
dollies wuse type 30 (type indicates effective
area In square inches) chambers, Most tractor

drive axles use type 24 or 30 chambers; tractor
steering axles typically wuse type 12, 16 or 20
chambers.

e) Adjustment lLevel - As References 2 and
11 indicate, brake torque is affected by brake
adjustment level, Adjustment level determines
the stroke required from the brake actuator to
apply the brake. Since the actuator force
delivered by brake chambers decreases with in-
creasing stroke, adjustment is an Iimportant
parameter in determining brake force.

£) Pneumatic Valve
Pneumatic valves contrel the alr needed by the
brake chambers to apply (or release) the brakes.
Many different types of valves are used in com-
bination wehicle braking systems, Some of these

valves have a major impact on compatibility as a,

result of how they modify the input pressure
level and flow rate (or timing).

g) Pneumatic Plumbing Dimensions - Tubing,
hoses and fittings conmnect all of the reservoirs,
pneumatic wvalves and brake chambers together.
Although these components do not affect steady
state alr pressure level, they do have a signifi-
cant impact on the brake system apply and release
time, Although wvalve characteristics can also
affect timing, it is the length and inside diame-
ter of tubing and hoses that are usually the lim-
iting factors in achieving fast apply and release
times. Fitting orifice diameters can also impact
timing if they are smaller than the inside diam-
eters of the tubing and hose attached to them,

h) Tire Size - All of the previously dis-
cussed factors affecting brake force distribution
were related to the braking system. Tires can
have an effect as well. Since tire size deter-
mines the rolling radius of the tire/wheel
assembly, 1t also establishes the lever arm that
converts brake torque into braking force at the
tire/road Iinterface. Although tire size has no
effect on brake torque distribution {this depends
only on brake system components) it does have an
effect on brake force distribution, Reducing
tire size on one or more axles In a combination
will result in more force being generated at the
tire road interface on these axles since, '

T=FxR Eq. (1)
or F=T/R Eg. (2)

where T 1is brake torque, F is brake force and R
iz tire rolling radius.

This increased force could result in prema-
ture wheel lockup on the axle(s) with the smaller
tires. It could algo result In the brakes with
smaller tires doing more work and ruoning at
higher temperatures thereby causing faster brake
wear-out.

Characteristics -
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Figure 3 1is a graphical depiction of the
factors which affect brake force distribution,
It alsce shows the relationship between brake
force distribution and the durability and safety
aspects of compatibility. Figure 3, in effect,
provides an overall summary of the above dis-
cussions.
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WHAT DO AVAILABLE DATA SHOW?

In order to determine the present state of
affairs as 1t relates to compatibility, it is
necessary to look at data available on the brake
force distribution existing in current vehicles.
The most recent and complete set of avallable
data 1is that which was collected by the VRTG for
the TTBRG in support of the SAE Braking Systems
Subcommittee’s* efforts to develop an SAE recom-
mended practice for compatibility performance
requirements to go in concert with the recently
developed SAE J1505 test procedure (12). Much of
these data, collected in November and December
1985, will be presented in this paper and
analyzed in detail.

Nine tractor semitrailers (3-52's) and six
sets of doubles (2-51-2's) were tested in this
program. These <vehicles were provided to VRTC
for testing by ATA member fleets, They were
generally late model vehicles in good condition

*Subcommittee of the Brake Committee iIn the Truck
and Bus Council.
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and had mileages ranging from approximately 1000
-=- 200,000 miles. Fach combination vehicle wag
prepared and tested as follows:

Vehicles were received, instrumented and
loaded so that axles were at or near their GAWR;
"as received" brake adjustment existing at each
brake was measured and recorded., Brakes were
then  fully adjusted and timing tests were
conducted. Apply and release timing wag deter-
mined for the entire combination as a single unit
with respect to treadle valve movement and then
for each vehicle in the configuration separately
aceording to the procedure specified in Docket
85-07 Notice 1 whieh 1ig a Notice of Proposed
Rulemaking (NPRM) specifying a new method of
evaluating timing 1in vehicles for Federal Motor
Vehicle Safety Standard (FMV558) No. 121, Alr
Brake Systems.

After timing tests were completed, static or

tsteady state pressure differentials in the

pneumatic system were determined. This was done
by measuring the pressure in each brake chamber,
and the tractor primary and secondary control
lines as a function of the trailer control pres-
sure measured at the gladhand between tractor and
trailer (control gladhand pressure)., The brake
contrel (treadle) valve was applied and releaséd,
pausing at discrete pressure levels, by using a
screw  jack device installed in place of the foot
pad and plunger on the treadle valve. After
completion of the static pPressure differential
tests, the control 1line gladhand pressure cor-
responding to the torque (and force) threshold at
each brake was determined using the SAE J1505
Procedure (12),

After completion of the stationary vehicle
tests, dynamic tests were run on the test track
In accordance with the SAE J1505 procedure. No
burnishing was performed -- vehicles were tested
with as-received lining conditioning, The SAE
J1505 procedure requires that the deceleration
?roduced by the brakes on each axle {or pair of

axles in the case of a tandem) be measured at
control 1line gladhand pressure levels of 15, 20
and 40 psi  (most of the tests also included 10

psi). The measured decelerations and the total
mass of the vehicle were uged to calculate brake
force (and brake force distribution) as a func-
tion of control lipe pressure, Deceleratien
resulting from parasitic drag was measured to
correct  for its effect on the braks force
calculations. Finally, an all-brake test (all
brakes operational) was run at each pressure
level. This provided a check to see if the
Individual axle results added up to the all+brake
results,

STATISTICAL LIMITATIONS -- The test vehlcles
were mnot a statistically random sample of the
U.5. truck fleet. The data collected and the
analysis presented here should be considered in
this 1light, Generally speaking, the vehicles
were newer than most of those on the road and
were from relatively large fleets that have
extensive maintenance programs and logically
would have inspected the vehicles priox to sub-
mitting them for testing. Therefore, it must be
assumed that the vehicles were in better condi-

7

tion than average combination vehicles on the

road. Also, in selecting vehicles, there was an
attempt to obtain original equipment (OE)
componentry. Although some of the wehicles did

have aftermarket brake linings, most of the
linings, and essentially all other brake gystem
components such as valves, drums, etc, ware OE.
Reducing the number of components involved should
have reduced the variability in test results
between vehicles. On the other hand, some of the
OE components were low production components that
were unique to particular fleet specifications
which might inflate the variability *band"., For
discussion purposes, it will be assumed that the
variability seen here is possible in the fleet at
large and the effect of this variability on
compatibility will be assessed, This may not be
sound from a purely statistical standpoint but it
provides some useful insights.

AS RECEIVED ADJUSTMENT -- Adjustment is an
important ingredient in compatibility because it .
impacts the force that a brake can generate and
thus affects the brake force distribution in the
combination.

Table 2 glves a summary of the as-received

adjustment for the 15 test wvehicle
combinations, It can be seen from Table 2 that
17 (11.3 perecent) of the 150 brakes (10 brakes
per wvehicle) checked were out of adjustment or
beyond the manufacturers recommended limit. The
bulk of these (9.3 percent) were those brakes
with manual adjusters. Table 2 also indicates
that an additional 17 brakes (11.3 percent) were
right at the recommended limit. Although these
brakes are technically in adjustment, they were
at the "ragged edge." References 2 and 11 indi-
cate that brakes at this level of adjustment have
significantly reduced torque capability. It is
somewhat troubling that 10 (5.6 percent) of the
brakes with automatic adjusters were running at
the manufacturers recommended 1limit and that
another 3 (2 percent) were actually beyond the
limie,

brake

TABLE 2 -- As-Recelved Brake Adjustmentw

Total No. Beyond At Below
of Brakes Limit _Tiwmit [imit
Brakes With
Auto Adjusters 96 3 10 83

Brakes With

Manual Adjusters _54 14 1 33

TOTALS 150 17 17 116
(11.3%) (11.3%) (77.3%)

*Checked at 100 psi as per MVMA Truck/Bus/School
Bus Inspection Handbook (13),

Recent on-road survey data (l14) indicate

that the adjustment situation on more repre-
sentative samples of vehicles is considerably
worse, Of the 390 wvehicles checked in this

survey, the average vehicle had 30 percent of its

H1
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brakes out of adjustment. It is not possible to
tell from these data, however, the breakdown
between manual and automatic adjusters.

PNEUMATIC TIMING -- As discussed above,
relative pneumatic timing between the tractor and
trailer(s) affects the transient brake force
distribution and stability of the combinatiom.
If tractor brakes apply significantly ahead of
the trailer brakes an inordinate amount of
trailer "bumping" will occur. If the trailer
brakes are slow to release the drivers ability to
recover from a wheel lockup situation {and poten-
tial trailer swing-out) will be hampered.

Figures 4a and 4b show the apply times for
brakes on the tractor semitrailers and doubles,
respectively, Time shown 1is that required to
reach 60 psi in the brake chambers measured from
first movement of the treadle valve. It can be
seen from Figure #4a that all of the 3 axle trac-
tors except tractor number 1 have drive axle
{which provide
apply times less than 0.2 seconds. Trailer apply
times on the other hand range from 0.3 seconds to
over 0.5 seconds. 0f particular interest are
vehicles 2 and 9 where the apply time differen-
tials between the tractor drive and trailer axle
brakes are relatively large (0.35 sec on vehicle
2 and 0,40 sec on wvehicle 9). It should be noted
that in all cases in Figure 4a, the trailer lags
the tractor drive by at least 0.1 seconds. Two
other sources of data (5,10) indicate that these
data are not atypilcal.

! e
0nlh {_Joarve

B2} A sLER

VEHICLE HO.

Fig. 4a - Apply time at each axle set --
nine tractor semitrailers
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Figure &b indicates, as expected, that the
differentials in apply time for doubles are even
greater than for “singles." Differentials be-
tween the drive axles and second trailer axles
varied from 0.2 seconds to over 0.5 seconds.
Reference 5 indicates the existence of even
larger differentials (as high as 0.9 sec) for
doubles although many of the wvehicles in
Reference 5 were older models than those shown in

, Figure 4b,

Releage timing for the nine tractor semi-
trailers are shown in Figure 5a, It can be seen
that trailer release times are quite long in four
of the mnine wvehicles, (over 1.0 seconds}.
Tractor drive axle release times on the other
hand were 0.4 seconds or less. Again these data
are iIn line with the data shown in References 5
and 10, Figure 5b shows the release time data
for doubles. Surprisingly, the doubles trailer
and dolly release times are not significantly
different than the single trailer release times
in Figure 5a. One vreason for this is the
presence of quick release valves in the control
lines of the trailers used in doubles. FMVSS 121
performance requirements dictate the use of such
valves in trallers equipped to tow other
trailers. Similar release timing data are shown
in Reference 5.

It should be mnoted that the recent NHTSA

Notice of Proposed Rulemaking. (Docket 85-07
Notice 1) proposes changes intended to improve
combination wvehicle pneumatic timing. This
o
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Notice proposes minimum tractgr gladhand apply
and release times (in a 50 in” test reservoir)
thereby placing requirements on the tractor’s
ability to deliver and release air from the
trailers econtrol line. Currently there are no
requirements on this interface and some tractors

are relatively slow in both apply and release at
this connection,

The Notice also proposes a new device {or
mini tractor) for determining trailer timing
performance and proposes modified requirements

for trailer apply and release times. The mini-
tractor serves as a simulated standardized
tractor and 18 used by traller manufacturers to
certify their trailers to FMVSS 121. The current
mini-tractor is not truly representative of
actual tractors and results in less than optimum
trailer plumbing.

Finally, the MNotice proposes a slightly
xlonger maximum brake apply time for tractors
4{0.50 versus 0.45 seconds) in order to reduce the

difference in brake apply time hetween tractor
and trailer(s).

This proposed change, when finalized, should
result in faster trailer apply and release times
and reduced apply time differentials between the
tractor and trailer. As a result, combination
vehicle transifent brake force distribution;
stability and stopping distance capability should
be improved.

STEADY STATE  PRESSURE DIFFERENTIALS --
Steady state pressure differentials in the
pneunatic system do not, per se, provide a

measure of compatibility -- it is the steady
state brake forces that are important., In facet,
looking only at steady state pressure differen-
tials can be misleading. Pressure is an
"intermediate" quantity in the chain of events
that takes place between the driver applying the
treadle wvalve and brake force being developed at
the tire/road interface. This is also true for

timing since timing is a measure of how fast
ressyre rises- or falls; however, pneumatic
“timing is the only convenient means of assessing

transient brake force distribution. In the case
of steady state brake force distribution, other
ditect means are available,

Consider the example of a cam type drum

brake tractor connected to a wedge type drum
brake trailer. It 1s well known that wedge
brakes require higher chamber pressures to begin

developing brake torque than cam brakes. If one
attempts to balance the brake system by insuring
that pressure differentials between the various
axles are close to zero, the system will actually
be unbalanced at low pressures with the ‘cam
brakes doing most of the work. In such a case,
some amount of pressure differential is actually
desirable. Foundation brake characteristics as a
function of pressure must be known for pressure
information to be meaningful. If the foundation
brakes are similar, the existence of pressure
differentials between axles may Indicate lack of
compatibility,. In any event It may also be
desirable to determine pressure differentials in
order to diagnose a problem no matter what the
characteristics of the foundation brakes are.

9

Such an approach can be used to identify a faulty
valve that is causing an unbalance in braking
force, for example. Given these limitations on
pressure differential information and the fact
that more direct brake force information was
determined for the 15 vehicle sample, pressure
differential data collected will not be presented
here; only the more useful brake force data will
be presented. Pressure data will be utilized in
some of the analysis which follows, however.

BRAKE FORCE THRESHOLDS -- It takes a certain
amount of iInput at the brake control valve to
initiate brake torque (and brake force) at each
wheel. This input level is necessary in order to
open valves In the system and to provide a pres-
sure  level in the brake chamber that is
sufficient to overcome friction in the brake and
the force of the brake shoe and brake chamber
return springs, Opening of the valves requires
overcoming valve internal friction and wvalve
return springs. Valve characteristics as well as
foundation brake and brake chamber characteris-
tics are, therefore, important in establishing
the input level necessary for the initiation of
brake force (threshold pressure).

From a work balance standpoint, brakes on
all axles should start to generate force at the
same control input level. Brakes that start to
develop force at a lower input level than other
brakes will do more work and, therefore, overheat
and wear fagter, particularly in low pressure
applications which are quite common in everyday

driving. In fact, if the threshold pressure at
an axle is lower than at the other axles, the
brakes on this axle may be the only ones doing

any work at all (i.e,, 100 percent of the
braking) in low pressure applications., It is,
therefore, very {mportant that the input level
necessary for the initiation of brake force
(threshold pressure) at each axle be determined
when assessing compatibility.

SAE J1505 describes the method of making the
threshold pressure determination as follows:

"Determine the control (service) glad-
hand pressure level at which braking
starts to occur at each brake by rais-
ing the wvehicle and rotating the wheel
by hand while gradually inereasing
input to the brake system (slowly
applying the treadle wvalve). Record
the control gladhand pressure level at
which brake torque (and force) is first
evident. Continue to increase pressure
to approximately 40 psi and then slowly

decrease it wuntil the point at which

the brake is fully released is
determined; record the result. The
average of these two recorded values is
defined as the Tbrake threshold
pressure."

Figure & provides a graphical definition of

the brake threshold pressure. It can be seen in
Figure 6 that hysteresis exists in the system and
that the release pressure is somewhat below the
apply pressure. This is a typical characteristic

“HI1
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BRAKE FORCE

BRAKE FLLLY
RELEASED [Py}
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[
/ | | 40 psi
— CONTAOL LXNE PRESSURE INPUT

IMEASURED AT BLADHAND)

Fig. 6 - Graphical definition of brake force

threshold pressure

of air brake systems and 1s due to hysteresis in
the pneumatic wvalves
Selection of the average of these two pressures
as a measure of threshold pressure was made by
the SAE Brake Systems Subcommittee after analyz-
ing test vesulte from dynamic tests where brake
force as a function
Extrapolation of this relationship to zero force
shows the threshold pressure to be somevwhere
between the two pressures near the average value.
This is so even though the dynamic data were
gathered from constant pressure stops where
overshoot was mnot allowed. Apparently as the
vehicle wvibrates or "bounces" on the road, the
frietion in the valves and foundation brakes is
"relaxed" and the force-pressure relationship
geeks the middle of the hysteresis loop.
Otherwise the threshold pressure predicted by the
road test results would have corresponded to the
apply (torque starts) pressure measured in the
static tests.

Table 3 lists threshold pressures for the 15
test vehicles and Figure 7 is a graph of the
ranges of threshold pressures found on the axles
of the vehicles. In establishing these data the
average threshold pressures for the two brakes on
a single axle or four brakes on a tandem were
used, If individual brake thresholds had been
plotted the ranges in Figure 7 would have been
even broader since the individual brakes on an
axle or axle pair varled somewhat f£rom this
average value.

In order to assess the significance of Table
3 and Figure 7 on compatibility, it is helpful to
first consider the results of a recent series of
tests conducted by VRIG with a three axle tractor
coupled to a tandem axle semitrailer.

The purpose of these tests was to determine
how differences in threshold pressures between
the tractor and trailer affect compatibility.
The VRTC test vehicle was specially prepared so
that the brake linings on all axles were the same
with the tractor drive and trailer axles having

and foundation brakes.

of pressure was measured. -
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TABLE 3 -- Threshold Pressures (psi)
Determined for Nine Tractor Semitrailers
(3-82) and Six Doubles (2-51-2)

Combination Trailer Trailer
Vehicle Front Drive 1 Dolly 2
1 8.6 6.5 4.4
2 11.3 8.4 5.6
3 5.3 5.6 4,7
4 5.6 5.0 5.9
5 11.4 5.2 4.4
6 12.3 4.9 4.8
7 9.8 8.4 3.9
8 15.0 6.2 4.3
9 10.6 8.8 5.5
10 5.7 4.2 4.0 3.3 4.0
11 4.5 6.0 4.0 4.0 4.1
12 13.1 4.7 5.7 8.8 5.6 |° j
13 7.7 6.6 4.0 4.2 4.0
14 8.8 6.1 5.4 4.2 5.6
15 10.6 5.5 5.4 5.7 7.0
15
g s
; .
[T]
g B l.
.

STEER DAIVE THLR STEER DRIVE TALA DOLLY

3-82'S p-5i2'S
Fig. 7 - Range of brake force threshold”

pressures measured In nine tractor semitrailers
(3-52) and six doubles (2-S1-2) '

the same size brakes (16-1/2 x 7 inch), same size
brake chambers (type 30), same length slack
adjusters (6 inch}) and same relay type valves,
Since steering axle brakes on tractors atre almost
always "smaller" than drive axle brakes no at-
tempt was made to match these brakes with the
drive and traller axle brakes, The steering axle
brakes were 15x4 inch with type 16 chaimbers and
5.5 inch slack adjusters.

After setting up the vehicle, brakes were
burnished with a 500 snub burnish; snubs were
made from 40-20 mph with 10 ft/sec” decelerations
at 1-1/2 mile intervals. Brake force distribu-
tion was then determined using the SAE J1505
procedure, )

This brake distribution test indicated that
the trailer axle brakes were developing ap-
proximately 40 percent less force for a given
control input pressure than the tractor drive
axle brakes. This difference in effectiveness
was unexpected since brake components on both
sets of brakes were very similar with easentially
the same threshold pressures. The only major
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difference was the fact that the foundation
brakes on the tractor were made by a different
manufacturer than those on the trailer. Both
sets of brakes were of the same basic type
(double anchor pin, S-cam drum brakes).

Tt was suspected that variation in perfor-
mance of the linings may have caused the
difference. therefore, linings were replaced and
burnished and the test repeated., The second test
still showed the trailer brake force to be lower
but by only 10-23 percent (depending upon control
pressure level). It was decided that thils was
the best balance that could xeasonably be
achieved and the program continued. A series of
tests with different levels of threshold pressure
difference between the tractor drive and traller
axle brakes was then conducted. Four different
tests schedules or duty cycles were utilzied with
‘ach level of threshold pressure difference as
~ollows:

1. Golumbus city traffic schedule. 2

2. 25 snubs, 40-20 wph at 6 ft/sec”, 45 sec
interval.

3. 6 percent grade descent simulation - constant
drag for 3 miles at 30 mph.

4. 4 percent grade descent simulation - constant
drag for 5 miles at 45 mph,

Each of these schedules was repeated twice
for each threshold pressure difference and the
results of the tests were averaged,

The Golumbus city traffic schedule, an
actual on-road schedule, was run with the com-
bination wvehicle fully loaded (80,000 1b). The
route utilized subjected the wvehicle to high
speed freeway driving as well as lower speed
heavy traffic situations. This test was always
run at the same time of day on weekdays so that
variation in- traffic density between runs would
“a minimal. '

! The other three test schedules were run with
the fully loaded combination on the
Transportation Research Center (TRC) 7.5 mile
high speed track. The 25 snub (40-20 mph)
schedule was an attempt to represent downhill
braking using the snubbing technique (also repre-
sentative of driving in city traffic). The 6

-percent and 4 percent grade simulations were run
to represent descending grades using the constant
drag technique. Both techniques are used today
by drivers when descending grades. These con-
stant drag simulations were performed by towing
the combination vehicle with a high powered
tractor using a drawbar instrumented with a load
cell, Figures 8 and 9 show the test set up. In
these tests the driver of the towing tractor
maintains a constant speed, The driver of the
towed vehicle (i.e., the combination under test)
uses his service brakes to maintain a constant
drawbar force equivalent to the component of
gravitational force that would be acting on the
vehicle on an actual hill (i.e., percent slope
times the weight of the wvehicle).

Five different levels of threshold pressure
difference between tractor drive and trailer
brakes were evaluated in each of the tests. The

11

Fig. 8 - Tow tractor and combination vehicle
used in grade descent simulations

Fig. 9 - Instrumented draw bar used In grade
descent simulations

first or vreference 1level was that which waz
achieved with nominally the same relay valves on
both sets of brakes. In this case, there was
actually a slight threshold pressure difference
of 0.3 psi with the trailer having the lower
threshold pressure. For the other four levels,
traller relay valves with progressively higher
crack open pressures were utilized to achieve
progressively higher differentials in tractor and
trailer thresholds, Threshold differences of 0.4
psi, 2.3 opsi, 4.3 psi and 6.3 psl were achieved
with the tractor having the lower threshold
pressure in all cases.

Final brake lining temperature was utilized
as the indicator of compatibility for the tests.
Final tractor drive axle brake lining tempera-
tures were averaged and compared to the average
of the final trailer brake lining temperatures.
Front (steering) axle brake temperatures, al-
though measured, were not of particular interest
since these brakes were much "smallexr" amnd pax-
formed significantly less work. They typically
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ran at or below the temperature of the drive axle
brakes during the tests. Threshold pressure of
the steering axle brakes was approximately 0.5
pasi higher than the drive axle brakes; an
automatic pressure limiting valve was not used.

In order to evaluate the effect of brake
lining conditioning during the tests, the
reference level of threshold pressure differen-
tial (i.e., 0.3 psi trailer "leading") was
reestablished after each trailer relay valve
change and the four test schedules were repeated,
These tests indicated that the relative level of
tractor and trailer temperatures did not change
significantly during the tests and that con-
ditioning was not a significant factor to be
considered in Intrepreting the results.

Figures 10, 11, 12, and 13 give the results
from the four test schedules. Figure 10 shows
the Columbus city traffic results. With essen-
tially zero difference in threshold pressure, the
tractor drive axle brakes ran approximately 60°F
hotter than the trailer brakes. This was prob-
ably due to the fact that the drive axle brakes
were more effective. As threshold pressure
differential increased this temperature dif-
ference increased. With the maximum threshold
pressure differential evaluated (6.3 psi), the
difference between tractor and trailer brake
temperatures was approximately 230°F.
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Fig. 10 - Brake temperatres in Columbus city
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Figure 11 gives the results from the 25 snub
test, Here again It can be seen that the tractor
brakes ran hotter. In thie case, however, the
temperature difference was mnot as sensitive to
threshold pressure difference. This 1is at-
tributed to the higher control pressures used in
these snubs (20-25 psi) compared to those used in
the city traffic schedule; threshold pressure
became less significant as the brake application
pressure  increased. Temperature differences
ranged from approximately 100°F at zero threshold
pressure differential to approximately 200°F at
the 6.3 psi differential.

Figure 12 shows the results from the 6 per-
cent grade simulation. Again the more effective
tractor brakes ran hotter; but in this case the
temperature difference increased significantly
with increasing threshold pressure differential,
reaching 350°F at the 6.3 psl threshold pressure
differential. Again, the higher degree of sen-
sitivity to threshold pressure is attributed to
the relatively 1low control line pressures (7-12
psl) used in these constant drag tests,

Figure 13 shows the results of the 4 percent
grade descent simulation. Here it can be seen
that the tractor and trailer ran at essentially
the same temperature when the threshold pressure
difference was essentially =zero, This is sig-
nificant because 1t 1indicates that even if the
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tractor is more effective than the trailer, which
it was for this wvehicle, matching threshold
pressures will result In matched temperatures or
essentially “good" compatibility during very low
pressure  brake applications. Sensitivity of
temperature difference to threshold difference
was dramatic in this test. With only a 2 psi
difference in threshold pressures, the tempera-
ture difference was almost 250°F.

The results of this 4 percent grade test
indicate that threshold pressure, and not byrake
effectiveness, established compatibility in very
low pressure brake applications. Grades of 4
percent or less are relatively common on the
nation's highways, Drivers  typically must
lightly drag the brakes to maintain vehicle speed
on such grades. Although most brake drags do not
last for 5 miles as in the test, svery low pres-
} sure application with threshold pressure
* differences affects the brake work distribution
and the cumulative effect on brake wear over many
miles of driving can be significant.

Another  significant finding from the
threshold pressure differential tests 1s that
making snubs to control speed on grades as op-
posed to applying a constant drag will minimize
the effects of threshold pressure differentials
and promote .improved compatibility. This is
because snubs use higher application pressures
than constant drag applications. If the brake
force versus chamber pressure is not balanced,
however, brake temperature balance will still not
be achieved even in the snub approach,
Additional research 1s needed to study the snub

versus constant drag approach before it can be
concluded that one method 1is better than the
other in general, There may be othexr factors

that make the snub approach unsuitable.

With the results of the threshold pressure
differential tests in mind, the significance of
the threshold pressure data for the 15 vehicle
sample (Table 3 and Figure 7) on compatibility
can be assessed. From Table 3 it can be seen
that differences in threshold pressures between

the drive axles and trailer {(and dolly) axles for.

the 15 wvehicle combination
essentially =zere to as high as 4.5 psi
(combination wehicle 7). In addition, if the
"high" tractor from combination 9 were coupled to
the "low" trailer from combination 7, threshold
pressure difference could go as high as 4.9 psi.
Figures 10-13 (particularly Figure 13) indicate
that such a threshold pressure difference could

sample varied from

produce a large temperature difference between
the tractor and traller brakes and, thus, poor
compatibility. The Thigh front axle brake

threshold pressures seen in Table 3 and Figure 7
indicate that front axles generally do less than
their "fair share" of the braking in low pressure
applications; in fact, in grade descents where
the contrel 1line pressures are low, front axle

brakes would never apply in many cases. This
places more of the braking task on the tractor
drive and trailer axles causing them to wear out

and/or overheat faster.
The pressure differential measurements made
on the 15 combination test vehicles Indicate that
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most of the differences in threshold pressures
between axles and vehicles were due to differ-
ences in relay, quick release or autematic front
axle limiting valves. Most of the foundation
brakes, all of which were cam type drum brakes,
required similar pressures in the brake chambers
at the brake force threshold. Usually 3-4 psi
was required at the brake chamber to start brake:
force on apply and a reduction to 1-3 psi was
necessary before the brake would release. 1In
some cases front axle brakes required slightly
higher pressures in the brake chambers for apply
and release. '

On combination vehicles that wutilize cam
type drum brakes exclusively, threshold relation-

ships are primarily a function of wvalve charac-
teristics, Those axles with high thresholds are
those that wutilize high crack pressure (input
pressure to open) valves, The very high thresh-

hold pressures found on the front axles in the 15
vehicle sample were caused by the use of auto- -
matic limiting valves with high crack pressures,
Balancing brake threshold pressures on cam
braked wvehicles, therefore, appears to be a
function of pneumatic system design and the
selection of appropriate valves. In those cases
where different design brakes (wedge or disc) are
mixed with cam brakes it is important that brake
characteristics also be considered along with
valve characteristics Iin the overall brake syste
design. . :
BRAKE FORCE DISTRIBUTION (STEADY STATE) - In
the previous section it was shown that brake
force thresholds (which in effect establish the
starting points for the brake force versus con-
trol line pressure relationships that determine
brake force distribution) affect brake tempera-
ture distribution. It was also shown that brake
force distribution at higher pressures affects
temperature distribution, particularly in situa-
tions where the brakes are repeatedly applied at
pressures well above the threshold levels, Brake
force distribution, therefore, impacts wear (or

durability) and fade resistance since both of
these are dependent upon brake temperature
distribution.

Brake force distribution also has a sig-
nificant effect on the maximum deceleration that
a vehicle 1s capable of achieving before wheel
lockup occurs. It is an important paramster to
consider in assessing compatibility. As men-
tioned earlier, "nominal" design practice in the
U.S. 1is to balance brake forces in accordance
with GAWRs. The brake force distribution data
obtained on the 15 combination wvehicles were
treviewed to determine how close they came to such
a design target.

Table 4 gives the GAWR distribution and
brake force distribution for the 15 test wvehicle
combinations. Brake force distribution shown was
that determined at 40 psi, the highest pressure
used In the J1505 procedure. This level was
chosen for comparative purposes because it is
well above the threshold level and tepresents
approximately the middle of the actual opera-
tional pressure range on most vehicles, At
pressures closer to the threshold levels, brake
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force distribution can change rapidly with pres-
sure if threshold levels are significantly
different. Distribution typlcally begins to

reach a relatively constant level when pressure
is increased to 40 psi. Above 40 psi, relatively
small changes 1in distribution occur because of

threshold pressure difference. The primary
purpose of Table 4 is to identify vehicles that
have brake force distributions significantly

different than thelr GAWR distributions; these
vehicles were studied in detail.

TABLE 4 -- GAWR Distribution and Brake Force
Distribution at 40 psi

—Distribution, Percent
Combination Trailer Trailer
Vehicle Front Dxive 1 Dolly 2
1 GAWR 15.2 43.0 41.8
Force 8.0 54.0 38.0
2 GAWR 14,0 39.5 46.5
Force 10.1 51.7 38.3
3  GAWR 13,7 3B.9 47.4
Force 12.5 49.7 37.8
4 GAWR 15.0 42.5 42.5
Force 7.4 42,9 49.6
5 GAWR  14.0 39.5 46.5
Force 7.3 49.6 43.1
6 GAWR 15.0 42.5 42.5
Force 4.5 46.8 48.7
7 GAWR 15.0 42.5 42.%
Force 6.4 46.5 47.1
8 GAWR 13.4 43.3 43.3
Force 5.5 32.5 62.0
9 GAWR 14.0 39.5 42.5
Force g8:8 53.3 37.8
10 GAWR 14,7 24.5 20,2 20.2 20.2
Force 10.5 26.9 19.2 20,4 23.0
11 GAWR 12.7 23.5 22.0 19.7 22,0
Force 11.5 18.5 26.4 18.5 25.1
12 GAWR * * * * *
Force 8.6 25.5 23.4 19.2 23.2
13 GAWR 12,0 22.3 22.3 21.2 22.3
Force 8.1 17.4 28.4 19.1 27.1
14 GAWR 12,9 22,7 21.5 21.5 21.5
Force 6.4 21.5 22.0 24.4 25.8
15 GAWR 13.0 21.7 21.7 21.7 21.7
Force 7.0 29.2 22,4 22.2 19.3

*Not vpossible to
was not recorded.

calculate since GAWR of dolly
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It can be seen from Table 4 that a number of
the combination vehicles have brake force dis-
tributions that are different than their GAWR
distributions. Vehicle 6, for example, has a
relatively low percentage of braking on its front
axle. Most of the vehicles are "underbraked" on
their front axles due primarily to the use of
automatic pressure limiting valwves; but wvehicle 6
has the least percentage of braking on the front
axle. Vehlcle 8 is the tractor semi-trailer and
vehicle 13 1is the doubles combination with the

_highest deviation from GAWR distribution at the

trailer axles. Vehicle 9 is the tractor semi-
trailer and vehiecle 15 is the doubles combination
with the greatest deviation at the drive axles.
In order to show the effect of these deviations
on braking performance, the braking efficiencies
of wvehicle combinations 6, 8, 9, 13 and 15 were

calculated with the vehicles both empty and
loaded. These braking efficiencies were compared
to the efficiencies that would have existed had

the brake force distributions been equivalent to
the GAWR distributions.

‘Braking efficlency is a measure of a
vehicle’s ability to utilize available tire/road
friction, It 4is defined as 100 times the ratio
between the deceleration a vehicle can attain on
a given surface without locking any wheels and
the maximum possible deceleration without wheel
lockup for that surface. The maximum possible
(or ideal) deceleration is simply the decelera-
tion due to parasitic drag plus the peak
coefficient of friction of the surface times g
{acceleration due to gravity)., This ideal level
is only possible when brake force distribution is
equivalent to mnormal forece distribution at the
axles, It should be noted that balancing brakes
such that brake force distribution is equivalent
to GAWR distribution does not approximate jdeal
braking or 100 percent efficiency except for the
case where the vehicle is loaded such that all
axles are at GAWR and being braked on a wet ice
surface (essentially zero deceleration).
due to the fact that normal loads change due to
inertial effects when non-zero decelerations
exist, Also, when the vehicle is empty, weight
distribution on the axles 1s wusually sig-
nificantly different than the GAWR distribution.

Braking efficiency corresponding to the
actual measured brake force distribution was
determined for combination vehicles 6, 8, 9, 13
and 15 as follows:

1. A linear brake force versus control line
pressure relationship was established for axles
on each vehicle wusing data obtained in the SAE

J1505 tests and the least squares fitting tech-
nique, forcing the line through the threshold
pressure, zero force point. This line was then

extrapolated to 100 psi the maximum pressure that
typically can be achieved on most vehicles (SAE
J1505 only provides data to 40 psi which is
insufficient to predict braking efficiency when
the vehicle is loaded and operating on high
coefficient of friction surfaces). A review of
the J1505 data indicates that the linear assump-
tion is reasonable, The exceptions to this
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linear assumption were those front axles where
automatic limiting valves were utilized. Such
valves introduce a non-linear relationship since
control line pressure is "modified" by the valve
before reaching the brake chamber. For these
cases, the measured pressure differential data
wag utilized to determine valve characteristics,
Utillzing the valve characteristics and the front
brake force versus brake chamher pressure
relationship, which was assumed to be linear, the
non-linear brake force versus control line pres-
sure relationship was established,

2. Brake force versus control line pressure
relationships for each axle established in step 1
were utilized to determine total brake force and
corresponding- vehicle deceleration for an input
contyrel line pressure of 2 psi. Vehicle
parasitic drag deceleration (also determined in
the SAE J1505 test) was added to thig decelera-
tion to cbtain total vehicle deceleration during

—

braking. This step was repeated in 2 psi control
line pressure increments up to 100 psi with the
vehicles empty and fully loaded. For the empty

measured when the wvehicles
utilized, For the loaded
cases, a ‘"standardized" loading arrangement .was
utilized. Although loaded axle weights were
available from the SAE J1505 tests, it was
decided to use the standardized level for com-

cases, axle weights
were received were

parative  purposes since loading is somewhat
arbitrary, With the tractor semitrailers, a
12,000 1b (15 percent) front, 34,000 1b (42.5
percent} rear, and 34,000 1b (42.5 percent)
trailer (80,000 1lb total) loading was assumed
since this is in accordance with Federal weight
limits, For the fully loaded doubles, a 10,000

1b  (12.5 percent) front, 17,500 1b (21.9 percet)
drive, trailer 1, dolly and trailer 2 loading
(also 80,000 1lb total) was assumed. Since
Federal 1limits allow up to 20,000 1b per single

;Daxle, the load distribution to arrive at the
80,000 1b total weight limit can be achieved with
a wide wvariation of load distributions on
doubles. The front axle loading of 10,000 1b is
typical based on a review of the loaded test
weights for the 6 doubles in the SAE J1505 tests.
(Operatoxrs have relatively little contrel over
front axle weights; they are primarily determined
by tracter characteristies and do not change
significantly with the trailer loading). Drive
trailer 1, dolly and trailer 2 axle load levels
were established by simply dividing the remalining
70,000 1b load equally among the axles,

. It should be mnoted that the loaded weight
distributions assumed do not necessarily cor-
respond to GAWR distributions, This 1is wnot
unusual since in many cases distributing loads in
accordance with GAWRs will not allow a vehicle to
reach 80,000 1b without exceeding the 34,000 1b
tandem or 20,000 1b single axle Federal limits.
In addition, the total of the GAWRs in many cases
exceeds the 80,000 1b 1limit. Therefore, in
actual practice, operators do not necessarily
load in accordance with GAWRs, The specific
impact of this phenomenon on braking efficiency
will be addressed in more detaill later,
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3. Using equations written from free body
diagrams of each wvehicle in the combinatioen,
normal forces at each axle were calculated as a
function of the total deceleration existing at
each control line pressure input level. It was

necessary to use vehicle dimensions measured at
the time they were tested as input to these
equations, Several required parameters not

measured were assumed based on data avallable for
similar wvehicles; these assumed parameters in-
cluded fifth wheel heights, dolly hiteh and
center of gravity (CG) heights. Since trailer
loaded CG height depends on loading the assump -
tion of this wvalue was somewhat arbitrary; 66
inches "was used for all trailers as this is the
test CG height specified in FMVSS 121. Reference
1 includes free body diagrams and the equations
necessary for calculating normal forces on a
tractor semitraller. Equations for a doubles
combination are derived in a similar manner but
are more complex algebriacally. :

4. The ratio of the braking force (F) to
the normal force (N} was then calculated for each
axle at each control line pressure input level.
The axle with the highest value of F/N would lock
up first at a given input level and corregponding
deceleration rate if the tire/road coefficient of
friction was less than this maximum value of F/N.

5. Braking efficiency was calculated at
each input level and iz simply 100 times the
total vehicle deceleration (d) existing at the
input level divided by the coefficlent of fric-
tion equivalent to the highest value of F/N
existing among the axles.

Braking Efficiency = E%E x 100 Eq. ()

6. Braking efficiency was
function of tire/road

(E/N).

plotted at a
coefficient of friction

Braking efficiency versus tire/road coeffi-
clent of friction curves for the cases where the
brake force distributions were equivalent to GAWR
distributions were determined in a similar
fashion except that in Step 1, linear brake force
versus control pressure relationships with slopes
in the same proportion as the GAWRs were assumed.
Also, 1t was assumed that thresholds for each
axle were identical, Front axles were asszumed
not to have limiting wvalves and, thus, their
brake force was linear with respect to control
line pressure.

Figures 14 through 18 show braking ef-
ficiencies as a function of tire/road coefficient
of friction for wvehicles 6, 8, 9, 13 and 15,
respectively. 1In each figure, both the empty and
fully 1loaded vehicle cases are shown. The solid
lines in the figures represent efficlfencies with
"as-is" distributions (i.e., as determined by the
SAE J1505 test results); the dotted lines repre-
sent the efficiencies that would exist if brake
forces were distributed in the same ratios as the
vehicle GAWRs and the threshold pressures were
the same,
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Fig. 14 - Braking efficiency for combination
vehicle 6 (3-52)

Figure 14 is for combination vehicle 6, the
combination in Table 4 with the lowest percentage
. of braking on the front (steering) axle, Figure
14 indicates  that the ™as-is™ distribution
produced efficiencies lower than the GAWR dis-
tribution would have for both the empty and
loaded cases. With the low level of braking on
the steering axles, lockup of trailer axles or
drive axlég occurs at a low deceleratien.

Figure 15 1s for combination vehicle 8, the
tractor-traller in Table 4 with the highest level
of trailer braking. It can be seen from Figure
15 . that a GAWR distribution would have produced
significantly higher braking efficiencies both
empty and loaded, The high "as-is" trailer
braking resulted in premature trailer wheel
lockup. :

Figure 16 is for combination vehicle 13, the
doubles combination in Table 4, with the highest
level of braking on the trailer axles. Again,

"the "as-is" distribution produced lower ef-
ficiencies, both empty and loaded, than these
that would have occurred with a  GAWR
distribution. In this case, the efficiency curve
calculations iIndicated that rear trailer wheel
lockup limited performance with the "as-is"
distribution. In a doubles combination, the rear
trailer axle unloads more than the front trailer

during braking and thus everbraking on this axle
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Fig. 13 - Braking efficiency for combination
vehicle 8 (3-52)

is more critical than overbraking on the front
trailer axle.

Figure 17 is for combination vehicle 9, the
tractor-trailer in Table 4, with the greatesty
percentage of braking on the drive axles. It cany
be seen that when the combination is loaded, the

"ag-1is" distribution produces lower efficiencies
than the GAWR distribution. When the combination
is empty, however, the "as-is" distribution

generally produces better efficiencies except on

very low coefficient of friction surfaces (mu
less than 0.13). One of the reasons that the
"ag-ig" distribution produces lower efficlencies

on low f£riction surfaces ia the relatively low
trailer threshold pressure (5.5 psi on trailer
versus 8.8 on tractor drive) results in somewhat
premature trailer wheel Llockup. This drop in
efficiency at low mu would not occur if the
thresholds were equal.

Figure 17 Indicates that for tractor-
trailers there may be an advantage in having
tractor drive axle braking somewhat higher (or
the trailer lower) ‘than the GAWR distribution
dictates. Although loaded efficiency drops with
a relatively high level of drive axle brake force
(or low level of trailex brake force), the empty
efficiency improves. Since it 1is the empty
efficiency that is the poorer of the two loading
cases, "worst case" efficiency of the vehicle
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Fig. 16 - Braking efficiency for combination
vehicle 13 (2-81-2)

would be improved with such a distribution.
Increasing drive axle brake force above the
Qércentage dictated by GAWR will be discussed in
dore detall later.

Figure 18 shows efficiencies for combination
vehicle 15, the doubles combination, with the
greatest percentage of braking on the tractor
drive axle. Tigure 18 indicates that the "as-is"
distribution produces significantly lower ef-

ficiencies with the loaded vehicle than the GAWR
distributien. With the "as-is" distribution,
premature drive axle lockup occurs loaded. With

GAWR distribution, rear trailer lockup limits
efficiency but the efficiency is significantly
higher. With the empty doubles combination, both
distributions produce essentially the same ef-
ficiency although the GAWR distribution provids
slightly higher efficiencies on very low coeffi-
cient of friction surfaces,

In summary, Figures 14-18 {ndicate that
vehicles with GAWR distributions and equal
threshold pressures would have produced higher
braking efficiencies than those with significant
deviations from the GAWR distributions and dif-
ferences in  threshold pressures, The only
exception was the case of the empty tractor
semitrailer (vehicle 9) where an increase in
tractor drive axle braking above (or decrease in
trailer braking below) the level corresponding to
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Fig. 17 - Braking efficiency for combination
vehicie 9 (3-82)

the GAWR distribution produced an improvement in
efficlency. On this combination, however, loaded
efficiency was lower with the "as-is" distribu-
tion than the GAWR distributioen,

To study this phenomenon further, another
tractor semitrailer combination (vehicle 6) was
evaluated over a range of distributions to deter-
mine what distribution would have produced
optimum efficiency. This evaluation was per-
formed as follows: A reference level of
efficlency was established by first assuming GAWR
distribution and equal thresholds. Without
changing thresholds, trailer braking was then
decreased (placing a higher percentage of the
braking on the tractor) in increments until empty
efficiency peaked. Corresponding loaded ef-
ficiencies were also calculated. As the trailer
braking was decreased, the corresponding increase
on the tractor was distributed onto the tractor
axles in the ratio corresponding to the tractor
GAWRs (i.e., 12:34). In effect, this produced an
increase in the percentage of braking at both the
front and drive axles above the GAWR percentages.

Figure 19 gives the efficiencies for the
reference GAWR distribution (15 percent front/
42.5 percent drive/42.5 percent trailer) and the
"optimum” distribution (16.3 percent front/46.1
percent drive/37.7 percent trailer). It can be
seen from this figure that empty efficiency is
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Fig. 18 - Braking efficiency for combination
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Improved but loaded efficiency drops with the
reduced traller/increased tractor braking. Since
the empty efficiency is the lower of the two
loading cases, the .minimum efficiency of the
vehicle is raised with .this "optimum"
distribution.
trailer braking and (increase in tractor braking)

Is the fact that tractor brakes would be doing
more - work in sublimit, “everyday" braking
situations. This could result in premature wear

out or possibly overheating of tractor drive axle
brakes unless appropriate adjustments are made in
the brake system design to balance temperatures
and wear rates,

Before
tributions on tractor semitrailers
different than CGAWR distributions
Eractor  braking/less trailer braking), more
research would be needed to determine the overall
impact = on vehicle durability and safety,

should bhe

Although empty braking efficlency (which is lower

than loaded braking efficiency)  could be im-
proved, there might be negative safety impacts
related to the reduction in loaded efficlency
that occurs with such "non-GAWR" distributions.

In addition, depending upon vehicle weights and
dimensional parameters, an increase in braking at

the tractor drive axles can result in lockup of

One draw back to this reduction in:

recommending that brake force dis- -

(i.e., more

861942
E 100,
f: -
£ 8e. M ——
i
c 6.
i
e 48 .
]
29 .
; LADEN
Y
0. | | T |
8.9 e.z2 2.4 2.6 2.8 1.0
12/34/34 Dist.
.............. Optimized Diat,
E 100.
f .
£ 00 N
1 ----------
c 60,
i
e 48,
n
20 .
€ UNLADEN
Y .
. T T T |
9.0 9.2 2.4 2.8 e.B 1.9
Peak Tirm/Road Friction (mu)
Fig. 19 - Braking efficiency for combination
vehicle 6 (3-52) with GAWR and "optimized" brake

force distributions

the drive axles well before the trailer axles.
Since the tendency for a vehicle to Jackknife,
(caused by drive axle lockup) is more difficulty
for a driver to control than trailer swing
(caused by trailer wheel lockup), maintaining

traller swing as a Iimit condition may be
desirable. . .
It was maintained earlier that GAWR dis-
tribution on a vehicle may not necessarily
correspond to fully loaded vehicle axle weight .
distribution. To study the impact that this has

on braking efficiency, the braking efficiency of
combination vehicle 9, where such a phenomenon-
exists, was evaluated in more detail. Vehicle 9
has "GAWRs of 12,000 1b front, 34,000 1lb rear,

40,000 1b trailer yet due to
limits, would usually only be loaded to 12,000 1b
front, 34,000 1b rear and 34,000 1b trailer
(80,000 1b total). Figure 20 shows braking
efficiencies for wvehicle 9 with two different
braké force distributions: 12:34:34 correspond-
ing to fully loaded weight distribution) and
12:34:40 (corresponding to GCAWRs). Threshold
pressures were assumed to be equal at all axles
in both cases. It can be seen from Figure 20
that the brake force distribution corresponding
te the fully loaded weight distribution produces
higher ©braking efficiencies both. empty and
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Fig. 20 - Braking efficiency for combination

vehicle 9 (3-52) with brake force distributions
equal to GAWR and fully loaded vehicle weight
distributions

loaded, With the 12:34:40 distribution the
trailer simply has too much braking and trailer

wheel lockup occcurs at lower decelerations.

It would appear from this analysis that when
purchasing vehicles, specifications of brake
force distribution that correspond to maximum
loaded vehicle weights 1s desirable. Many
vehicle purchasers specify high GAWRs primarily
to obtain heavy duty axles that have greater
durabllity. Unfortunately, when this happens,
the brakes on these axles are larger than needed
since they must meet FMVSS 121 requirements which
are based on the GAWR., A better approach would
be to specify GAWRs that correspond -to expected
fully 1loaded wehicle weights and then in addi-
tion, specify higher heavy duty axles (i.e.,
axles that are rated abave the CGAWR level)., 1In
this way more durable axles can be obtained along
with more appropriate brake force distributions.

Using the above calculation approach it is
also possible to determine the effect of
threshold pressures on braking efficiency.

Weights and dimensions from combination vehicle
6, a typical tractor semitraller, were utilized
in this analysis. A GAWR brake force distribu-
tion was assumed (i.e., 12:34:34), Figure 21
shows the effect of a high front axle
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vehicle & (3-82) with equal threshold pressures
and 10 psi "high" front threshold distributions

threshold pressure. For this case, It was as-
sumed that the front axle has a threshold
pressure that 1is 10 psi above the thresholds of
the trailer and drive axles (assumed to be
equal}, High steering axle threshold pressures
are mnot unusual, Figure 7 shows the thresholds
for the 15 combination vehicles to range from 4.5
te 15.0 psi. Thresholds for traller and drive
axles on the other hand varied from only 3.3 to
B.B psi. A 10 psi difference at the front axle
would, therefore, not be unreasonable. It can be
geen from Figure 21 that when compared to the
reference case of equal thresholds, a 10 psi
difference at the front axle produces lower
braking efficiencles for both the empty and
loaded cases, particularly on low coefficient of

friction surfaces. The caleulations indicate
that when the wvehicle is loaded, drive axle
lockup occurs first and is more premature with

the higher front axle threshold. In the empty
case, trailer axle 1lockup occurs first and is
more premature.

Figure 22 shows the effect of a low trailer
brake force threshold pressure, In this case, it
was assumed that the trailer brakes applied at a
pressure 4 psl lower than did the tractor drive
and steering axles. A review of the data in
Table 3 indicates that for the nine tractot
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and 4 psi "low" trailer threshold

semitrailers, trailer thresholds were typically
lower than tracter thresholds. Vehicle 7, in
fact, had a trailer threshold pressure that was

4.5 psi below the tractor drives and 5.9 psi
below the tractor fronts. It can be seen from
Figure 22 that the effect of this low trailer

threshold is dramatic, particularly in the empty
case, Trailer wheel lockup (which also occurs
before tractor drive wheel lockup even with equal
thresholds) becomes wvery premature when empty,

especially on low mu surfaces if the trailer
threshold 1s 1low. In the loaded case, the cal-
culations show that the "limiting" axle changed
from the tractor drive when thresholds were all
equal to the traller when the trailer threshold

was 4 psi low. Premature trailer wheel lockup is
very pronounced on very low coefficient of fric-
tion surfaces such as ice when the vehicle is
loaded, .

It is also possible using the braking ef-
ficiency calculation approach to study the effect
of front brake effectiveness on performance,
Figure 23 shows the effect of different levels of
front braking on braking efficiency of a tractor
gemitrailer. = The weights and dimensions of

combination vehicle 6 were utilized and the brake-

force distribution was assumed to be equal to
GAWR distribution (12:34:34). Equal threshold
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Fig. 23 - Braking efficiency for combination
vehicle 6 (3-S2) with three levels of front axle
braking

pressures were also assumed for all axles. Three
different levels of front braking are shown: 1)
Full fronts (i.e., corresponding to GAWR distri-
bution), 2) limited fronts (i.e., full front
brakes but with a typical automatic limiting
valve 1nstalled), and 3) no front brakes., The
characteristics of a typical limiting valve were
determined by reviewing the pressure differential
data available from the 15 vehicles (11 had front
axle limiting valves).

Figure 23 shows that the best braking ef-
ficiency for the empty and loaded conditions
occurs with full front brakes and the poorest
efficiency with no front brakes. Limited front
brakes produced efficiencies somewhere In-
between, When the vehicle is loaded and om high
coefficient of friction surfaces, efficiency with
limited front brakes and full front brakes is
essentially equal. This is due te the "blend
back" feature of the typical automatic limiting
valve. Between 40 and 60 psi the valve gradually
changes from 50 percent pressure reduction to no
pressure ryeduction. Above 60 psi the valve does
not . limit pressure. This blend back region can
be seen on the loaded curve in Figure 23. With
the empty vehicle, the pressures needed are below
the blend back feature of the valve even on high
coefficient of friction surfaces.
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The effect of front brake limiting valves on
efficiency was further studied by analyzing
vehicle 10, a doubles combination. This vehicle
is of particular interest because it utilizes
front brakes that are unusually "large". Vehicle
10 was equipped with 16-1/2 x 5 inch cam type
drum brakes with 5.5 inch slack adjusters and
type 20 chambers. All of the other 14 combina-
tions utilized either 15 x &4 or 15 x 3-1/2 inch
brakes with 5.5 inch slack adjusters and type 12,
16 or 20 chambers.
vehicle 10 to have front brake forces that are
higher (for a given front brake chamber pressure)
than those of any other vehicle.

Figure 24 shows the braking efficiencies of
vehicle 10 both with and without its front brake
limiting wvalve. With the wvalve, the "as-is"
distribution (determined in the J1505 tests) was

yrhutilized along with valve characteristics
73 (determined by the pneumatic system pressure
differential tests) to extrapolate the brake

veFigures 23

I,.)scale

b

force distribution from 40 psi to
Efficiency without
simply removing the
calculations,

Figure 24 indicates that for both the empty
and loaded cases, removal of the valve improves
efficiency. At both loads, with or without the
valve, drive axle lockup limits performance;
hewever with the wvalve this drive axle” Lockup
oceurs at lower decelerations, It does mnot
appear that use of the valve is desirable on this
vehicle even though it has a high level of fromt
brake forecs, There may be benefits to using
automatic limiting valves with front brake forces
greater than those evaluated here but such brak-
ing forces are not representative of current U.§.
vehicles.

The effects of front axle brake force level
on  vehicle braking efficiency indicated 1in
and 24 are In agreement with full
vehicle test data that are available.
Reference 1 describes tests that were run on a
number of vehicles with and without front brakes
and with and without automatic front brake limit-
ing valves. Straight line stops as well as stops

100 psi.
the valve was determined by
effect of the valwve in the

in a curve and lane change were performed on a
range of surfaces from ice to dry pavement. In
all cases, these vehicle tests indicated that the
shortest controlled stopping distance was
achieved with full Front brakes. Removal of the
limiting valve always produced better brake

system performance in these maneuvers.
In addition to their effect on braking
efficiency and limit braking performance, recent

The J1505 test data shows
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Fig. 24 - Braking efficiency for combination
vehicle 10 (¢2-51-2) with and without automatic

front brake limiting valve
tests conducted by the VRIC also indicate that
front axle 1limiting wvalves have a measurable
effect on brake work balance in sublimit braking
situations. By limiting the work done by the
front axle brakes, front axle limiting valves
cause more work to be done by the tractor drive
and trailer axle brakes in a given braking
situation. This results in higher drive and
trailer axle brake temperatures as seen in Table
5 which shows the results of 4 percent and §
percent grade simulations for a fully loaded
(B0,000 1b) five axle tractor-trailer combination
with and without a front brake limiting valve.

The temperatures shown in Table 5 are those.
measured in the brake linings and represent
average values for the two brakes on the front

TABLE 5 - Final Brake Temperatures (°¥) for a Loaded Tractor
Semitrailer With and Without a Front Brake Limiting Valve

Front Brakes

With Limiting

Without Limiting

108

4% Grade --
5 Miles at 45 mph
Front Drive Trailer
483 36l
432 304

496

216

6% Grade --
3 Miles at 30 mph
¥ront Drive Trailer
567 399
528 384

451
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Threshold Pressure Versus Braking Efficiency

In BSAE Paper 861942, "Tractor and Trailer Brake Systeéem Compatibility," the
effect of threshold pressure difference between tractor and trailer on

vehicle braking efficiency was addressed. Figure 22 in the paper is shown

here for reference purposes.
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Fig. 22 - Braking efficiency for combination
vehicle 6 (3-82) with equal threshold pressures
and 4 psi "low" traller threshold

This figure, based on a computer simulation, shows that a 4 psi difference in
threshold pressure has a dramatic effect on braking efficiency. If the
trailer comes on "first" (i.e., & psi "before" the tractor) the trailer will
lock up prematurely particularly when the vehicle is empty,aﬁd on a low mu
surface. Several weeks ago VRTC was able to conduct full scale vehlcle tests

in an attempt to verify this relationship. A "stock" tractor -and trailer



(being used for ABS testing) was available. This combination had a sig-
nificant threshold pressure difference. The tractor utilized a nominal 8 psi
crack pressure relay wvalve and the trailer relay valve had a nominali 4 psi

crack pressure,

Threshold pressure measurements in accordance with J1505 indicated the

following:
Threshold, psi
Tractor Front axle 7.0
Tractor Drive Axles 9.2 A= 5 psi
Trailer Axles 4.2

Tests were then run on this combination (w/o ABS) to determine stopping
performance on a Jennite curve and in a Jennite lane change with the vehicle
both empty and fully loaded. After these tests were completed, the tractor
was modified so that its relay valve was nominally the same as the trailer
relay valve (i.e., both with 4 psi crack pressure). A repeat of the
threshold meaﬁurements_showed the following: '

Threshold, psi

Tractor Front axle 7.0
Tractor Drive Axles 5.7 A= 1‘5 pei
Trailer Axles 4.2

The curve and lane change were thén repeated. Test results for the road test
are shown in the following table:
: Tablé 1 -LwStable_Stppﬁing,Disfance
for two Lévels_of Threshold Difference

Best Stop in Lane, ft

- OE Modified
mph Maneuyver#* Load (A=5.0 psi) (A=1.5 psi} . A
35 Curve ~ Empty 'f 422 Vj ; 310 | 112°
35 Lane Change Empty 435 T 294 0 - 141°
35  Curve GwR 251 233 18
35 Lane Change GVWR - 238 229 9!

*Tests run on wet Jennité (peak mu = 0;31ﬁith trﬁck tire)}
10 repeats at each condition. o '
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It can be seen from Table 1 that with the threshold difference reduced to 1.5
psi (from 5 psi in the OE configuration), stable stopping distance empty
dropped by over 100’ in both maneuvers. There was only a slight improvement

with the lower threshold difference, however, when the vehicle was loaded.

Referring to Figure 22 from the SAE paper, this is essentially what the
simulation would have predicted. ‘If we assume a peak mu on the surface 6f
0.3, wunladen efficiency should increase by 30% and laden efficiency should
increase by 5% when the threshold difference is reduced from 4.0 psi to zero.
(In our actual road test, A threshold was changed from 5.0 psi to 1.5 psi, a

reduction of 3.5 psi.)

In addition to the test track stopping tests to evaluate braking efficiency,
this vehicle (both "stock" and modified) was run fully loaded through the
city of Columbus, Ohio. Three runs were made with the OE valves (A
threshold=5.0 psi) and three runé were made with the reduced crack pressure
drive axle walve (A threshold=l.5 psi). As was the case in previous tests,
reducing the threshold differential reduced the tractor to trailer tempera-
ture differential. In this case, the differential betwéen drive axle and
trailer temperatures was reduced by 53°F on the average with the lower

threshold differential.

Conclusion

The safe braking performance of combination vehicles is greatly impadfed by
the relationship between the threshold pressures on the tractor and trailer,
Reducing the differential in thresholds between the two vehicles: 1) improves
temperature balance and 2) maximum braking efficiency. Both of these im-

provements have now been clearly demonstrated in full scale vehicle tests.
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