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ADDENDUM TO FINAL TECHNICAL REPORT
TREILER BRAKE PERFORMANCE

Contract No. DOT-HS-5-01152

In the "Acknowledgements" the Airstream Representative is
Mr. K. Kroll.

The abbreviation "gvw" means "gross vehicle weight".
On page 59, the second footnote to Table 3.11 should read "tandem."

In the third paragraph on page 96, the third sentence should read
“In this way, calculations can be . . ."

On page 153, the GMC C5500 pickup listed in Table A.2 is an
error, the tow vehicle was a GMC C3500 pickup.

On page 172, in the fourth paragraph of Section B.6.2 Vehicle Loading,
the text should read ". . . such that (1) with the tow vehicle

and trailer load and trailer properly hitched (i.e., with proper

Toad equalization) to its nominal match tow vehicle, the static
trailer axle load was equal to the manufacturer's recommended

gross axle weight rating, and (2) with . . ."

In Figure 5,1, page 132, the notations "STV" and "XCV" should read
“Yry" and "ch“, respectively.
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1.0 INTRODUCTION

This document constitutes a final report on a research
study entitled "Trailer Brake Performance" which was conducted
by the Highway Safety Research Institute of The University of
Michigan. The study was supported by the National Highway Traffic
Safety Administration of the U.S. Department of Transportation
under Contract DOT-HS-5-01152.

The goals of the research were threefold, namely

a) to elucidate the mechanics of combination vehicle* (CV)
braking,

b) to structure a rationale for measuring trailer
braking properties, and

c) to formulate a set of guidelines by which tow
and trailing vehicles can be properly matched to
provide acceptable combination vehicle braking
performance.

The next section of this report gives an overview of the
project, providing a rationale for our interest in the braking
performance of trailers taken alone.

Following this background information, a section concerned
with empirical work is presented. This section is divided into
two parts, the first discussing component testing for items such
as trailer brakes, tires, suspensions, and inertial broperties;
the second presenting the results of the full-scale vehicle tests.

Next, in Section 4.0, a summary of the simulation and
analysis performed in support of the testing is presented. The
simulation is concerned with providing a detailed understanding

*Throughout this document, the term "combination vehicle" will be
used to refer to passenger car-trailer and pickup truck-trailer
types in which the tow vehicle is commonly equipped with an
hydraulic brake system. Specifically excluded are the larger
articulated vehicles in which both tow vehicle and trailer commonly
employ air brake systems.



of the mechanics of the brake performance of the vehicles tested
and the analysis builds on the simulation and test results in
order that a methodclogy for formulating guidelines for the proper
matching of tow and trailing vehicles might be obtained.

HSRI's view of appropriate guidelines for the matching of
tow and trailing vehicles to ensure a minimum level of combination-
vehicle braking performance is presented 1in Section 5.0.

Finally, conclusions and recommendations are presented in Section
6.0.




2.0 BACKGROUND

2.1  The Objectives

NHTSA has stated two primary objectives for this research
study, namely: i

1)  To determine the characteristics of the towed
and towing vehicle, including geometry, brake
design features, and usage factors which have a
major influence on the brake performance of the
vehicle combination.

2) To develop and recommend a specification and test
rationale by which satisfactory brake performance
of the combination can be assured by controlling
the brake performance of the towed vehicle in a
safety standard.

In the Introduction to this report, these two objectives were
restated, dividing the second into two elements, namely, the
measurement of trailer brake performance and a rationale for the
matching of combinations.

From the onset, it was quite clear that the first NHTSA
objective could be met. The state of the art of vehicle dynamics
is sufficiently advanced such that the tools required to
satisfactorily meet this goal are available. But it was not
obvious, a priori, that NHTSA's second stated objective would
yield to satisfactory solution. In particular, the possibilities
for success in meeting this second objective hinge on the
findings associated with the first.

Consider two extreme possibilities. First, that many
characteristics of towed and towing vehicles might be found to
have a major influence on the braking performance of the combina-
tion vehicle. In this case, the possibility of success in meeting
the second objective would be severely limited. Any proposed



guideline with sufficient technical complexity to simultaneously
deal with several important factors would Tikely prove to be
impractical. Conversely, a gquideline of sufficient simplicity
to be practical would probably be inadequate.

At the other extreme, consider a finding suggesting that
only one or two important factors affect combination vehicle
braking performance. In this case, success in the second objec-
tive would be assured simply by placing adequate bounds on these
factors.

To be sure, the real situation lies between these extremes.
But the statement of the two extremes serves to illustrate an
important, implicit element of the first objective—to identify
and remove from consideration those factors which, due to the
physics of the process or the influence of common practice, have
secondary or negligible influence on combination vehicle braking.

Whatever the complexity of the braking process, it is
important to note that NHTSA's second objective has two implicit
requirements. First, it is the brake performance of the towed
vehicle which is to be controlled. Thus, a methodology for
measuring the inherent braking capability of the trailer, indepen-
dent of the tow vehicle, is required. Second, by regulating the
towed vehicle's performance, the combination vehicle performance
is to be assured. The implication here is that the potential
degradation of braking performance accruing from the addition of
a trailer to a tow vehicle must be satisfactorily limited. This
report will show that this can be accomplished through a pro-
cedure whereby the measured capabilities of a given trailer are
employed to define an acceptable class of tow vehicle for that
trailer.




2.2 The Methodology

Both analytical and empirical activities were undertaken
to address the objectives of the study. The work done can be
classified into several areas, primarily analysis, component testing,
and full-scale vehicle testina. Figure 2.1 illustrates the
interactions between the several activities of the program.

The diagram shows that analysis was the central element
of the program. This activity began early and continued through-
out the study. Early in the study, a program of trailer component
testing was undertaken to provide the necessary parametric data
for analysis. The analysis led to a fuller understanding of the
mechanisms of CV braking, and to the development of the vehicle
test methodology. This methodology was implemented in a vehicle
test program whose results supplemented and validated the
analytical results. As a final stage of analysis, guidelines for
the matching of CV's were developed and their validity tested by
comparison with test results.

This document will show that the study was successful in
the attainment of NHTSA's goals. Because of a fortuitous com-
bination of basic mechanics, common design practices, and the
influence of established safety standards (particularly FMVSS
105-75), it is possible to recommend test procedures and quide-
lines for matching tow and trailing vehicles to achieve acceptable
CV braking performance.

This report, then, will conclude by describing a two-step
process. The first step is composed of a test methodology for
the determination of the inherent braking properties of trailers
taken alone. The second step is the use of this "trailer alone"
information to determine a category of tow vehicles for a given
trailer which will provide reasonable assurance of acceptable
combination vehicle braking performance.
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3.0 EMPIRICAL WORK

This section presents the data which derive from
measurements made on five tow vehicles and five trailers
identified in Table 3.1. The tow vehicles included a compact,
an intermediate, and a full-sized passenger car, plus 3/4- and
one-ton pickup trucks. The trailers included a small, inter-
mediate, and a large conventional hitch travel trailer, a large
fifth wheel-type travel trailer and a fifth wheel-type farm
trailer. Note that the tow vehicles are numbered 1 through 5
and trailers A through E. These designations will be used
throughout this text. Further identification and general data
for these vehicles appears in Appendix A.

Data gathered fall into two general categories, viz.,
component parameters and full-scale performance data. In the
following sections, findings concerning components of the vehicles,
including trailer tires, brakes, inertial and suspension proper-
ties, electric brake and surge brake actuators, and load
equalizing hitches, will be discussed. Later, full-scale test
results from tow-vehicle-alone testing, trailer-alone testing,
and combination-vehicle testing will be reviewed.

3.1  Component Testing

A substantial amount of component testing was conducted on
the five test trailers to gather parametric data descriptive of
the trailers as vehicle/tire systems reacting to the braking
process. There were three classes of measurements, namely, tire,
brake system, and chassis parameters. These parameter measurement
activities will be discussed in the following subsections.




Test Vehicle

Table 3.1. Tést Vehicles

Designation Manufacturer Model Type
Trailers: ;

A Starcraft Starmaster 6  Pop-Up Camper '
Trailer

B Fleetwood Prowler "H" 20-ft. Travel
Trailer

o Airstream Sovereign 31-ft. Travel
Trailer

D Holiday Rambler 5th Estate 32-ft. 5th
Wheel Travel
Trailer

E Donahue 5th Wheel Farm
Utility

Tow Vehicles:

1 Chevrolet Nova Compact

2 AMC Matador Intermediate

3 Chevrolet Impala Full Size

Wagon

4 GMC K2500 D 3/4-ton
Pickup

5 GMC C3500 1-ton Pickup



3.1.1 Tire Testing. Tire tests of the five trailer tires
were conducted using the HSRI Mobile Tire Tester (Figure 3.1).

This work was done at the Bendix Automotive Development Center
at New Carlisle, Indiana. Tire tests were conducted on the
same surface as were vehicle tests.

The five tires and the vertical load test conditions for these
tires appears in Table 3.2. The tires associated with the two

Table 3.2. Tire Test Conditions

Vertical Tire Load (1b)
Empty Vehicle Loaded Vehicle

Trailer Tire Simulation Simulation
A Mobiliner 5.30x12 720 1000
B Dayton-78 7.75x15 720 1250
C Goodyear 7.00x154 1200 .-
D Goodyear 8.55x15 STS 1260 --
E Sears 12.00x16.5LT 1000 --

smaller trailers were tested at vertical loads which simulated
wheel loads under trailer loaded and trailer empty conditions.
For tires of the three larger trailers, only trailer empty loads
were simulated since the brake torque required to produce
significant longitudinal slip at higher loads exceeded the
capability of the Mobile Tire Tester.

The peak and slide values of normalized brake force attained
for each tire tested appear in Figure 3.2. The values shown
derive from the average of five runs conducted at each test
condition.

It is of interest to note that the peak-to-slide ratios
of normalized brake force displayed by this tire sample range
from 1.19 to 1.50 and averages 1.38. Such high ratios are more
typical of truck tires than passenger car tires.*

*As reported in [1], the peak-to-slide ratio of normalized longi-
tudinal shear forces on dry pavement ranges from 1.2 to 2.0 for
truck and bus tires, while values of 1.0 to 1.2 are more typical
for passenger car tires. g
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3.1.2 Brake System Testing

Friction Brake Tests

The effectiveness of the trailer brakes was examined
through inertial brake dynamometer testing. The dynamometer
test program was conducted at the facilities of the Greening
Testing Laboratory of Detroit, Michigan.

Table 3.3 identifies the brakes for each of the trailers.
Four different brakes are represented. Three are electric brakes
and one is an hydraulic brake actuated by a surge hitch. The
Kelsey-Hayes 12 x 2 inch electric brake was employed on two of
the test trailers.

Table 3.3. Trailer Brakes

Trailer Brakes
A Benqix 7 x 1-3/4 Hydraulic
B Fayette 10 x 2 Electric
C Kelsey-Hayes 12 x 2 Electric
D Dexter 12 x 2 Electric

E Kelsey-Hayes 12 x 2 Electric

In the dynamometer program, five sample brakes were tested.
Two samples of the Kelsey-Hayes brake were employed, one with
a hub and drum assembly from trailer C and one with similar
hardware from trailer E. The hydraulic brake was actuated in
the usual manner used in the dynamometer testing of automobile
hydraulic brakes. However, it was necessary to construct special
equipment for the actuation of the electric brakes. As shown in
the schematic diagram of Figure 3.3, the hydraulic pressure signal
produced by the standard dynamometer actuation system was con-
verted to a high current electrical signal which actuated the
electric brakes.

12



Instrumentation

cos Voltage to
X Amplifier
Hyd. Signal Press P Electric Brake
P v
|

Strain Guage

Press Transducer Variable Control
D.C. Power Supply

Figure 3.3. Electric brake actuation system.

Each of the five brakes was tested for. pre-burnish and
post-burnish effectiveness. Inertial loading was equivalent to
the static gvw wheel load of the-trailer on which the brake was
used.

Each effectiveness test consisted of six stops from an
equivalent dynamometer speed of 60 mph.* The highest level stop
was conducted at an actuation level yielding a brake torque equi-
valent to a 1.2 g deceleration (based on static fully loaded
wheel loads and the rolling radius of the trailer tire) or at the
maximum brake torque available, whichever was less. (In any case,
electric brakes were limited to 12 volts actuation.) The remaining
stops were conducted at actuation levels of 1/6, 1/3, 1/2, 2/3,
and 5/6 of this maximum. Initial brake temperatures for each stop
were between 150°F and 200°F.

*The prake from trailer A was an exception. The
combination of dynamometer top speed and the small

rolling radius of the trailer tire limited maximum speed to
48 mph.




The burnish procedure consisted of 200 stops from an
equivalent dynamometer speed of 40 mph at an actuation level
producing an average deceleration of 12 fpsps.* Brake tempera-
tures at the initiation of each burnish step were held between
230°F to 270°F. '

The results of the dynamometer effectiveness tests appear
in Figures 3.4 through 3.7. Note that on each graph a reference
torque level, equivalent to a deceleration of either 5 or 10
ft/sec?, has been indicated to facilitate interpretation of the
data. At this torque level, the wheels-unlocked brake force
would be sufficient to decelerate, at the indicated level, a
vehicle whose weight equaled the simulated static wheel loads.

Figure 3.4 shows the results for the trailers C and E
electric brakes tested. Since these were two separate samples
of the same model brake, the variance in the results is surpris-
ing, even in view of the fact that different hub and drum hardware
(as used on trailers C and E) were employed, as well as different
inertial loadings appropriate for the two trailers. Although we
have no evidence to implicate the source of variance between the
two sets of test results, possible candidates include test pro-
cedure, hub and drum differences, inertial load differences, and
inherent variance between brake samples. However, in view of the
fact that brake torques substantially different from any of these
dynamometer values were apparently measured during vehicle testing,
variance between samples seems to be a reasonable explanation.

An examination of all the dynamometer data indicates that
the burnish process tended to reduce the maximum brake torque
available from the electric brakes tested. This appeared to result
from earlier saturation of the brake rather than a change in the
brake torque/voltage gain. The post-burnish 12-volt values for

*It was initially planned to accomplish the burnish in a constant
torque control mode. However, hysteresis and variability in the
input/output relationships, particularly of the electric brakes,
made this impractical.

14
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the electric brakes were surprisingly low, reaching a maximum
of 800 ft-1bs for one 12 x 2 inch brake (Figure 3.4) and falling
below 400 ft-1b for another (Figure 3.5).

Results from the hydraulic brake tests were somewhat
different from those for electric brakes. As in the case of the
electric brakes, burnish appeared to decrease brake effectiveness,
where, in this case, the decrease was effected by a distinct
change in the brake torque/line pressure gain. But, in both pre-

and post-burnish states the maximum brake torque attained 1000
ft-1b.

Evaluating the results of the hydraulic brake tests may be
somewhat more difficult than it is in the case of the electric
brakes, because the maximum available actuation level is not
readily apparent. For electric brakes, the maximum actuation
level is determined by the tow vehicle electric system and is well
. represented as 12 volts. Further, the actuation Tevel may be
considered as an independent variable, controlled directly by the
driver. For the hydraulic brake system using surge actuation,
however, the actuation level is a dependent variable, affected
by the weight of tow vehicle and trailer as well as the level of
tow vehicle brake force.

The simplified block diagram of Figure 3.8 illustrates the
interrelationship of vehicle parameters and trailer brake actua-
tion level under the conditions of a constant deceleration, no-
wheels-locked stop. In order to examine the maximum trailer brake
actuation level that might be available, consider the trailer sub-
system alone and assume a maximum deceleration level of 32.2
ft/sec2. This acceleration level implies a total trailer
retarding force * equal to the trailer weight. Using this retarding
force, the parameters of the loaded trailer A as used in the
vehicle test program, and the dynamometer curves of Figure 3.7,
it can be shown that the maximum line pressure would be approxi-
mately 680 psi using post-burnish effectiveness curves or 520 psi
using the lower of the two pre-burnish effectiveness curves.

*That is, brake force plus compressive longitudinal hitch force.

19
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Given these pressures, the maximum available brake torque for
this brake system ranges from 700 ft-1b in the pre-burnish state
to 620 ft-1b post-burnish. However, these values apply only to
the given vehicle/brake/applicator system under the assumed
conditions expressed above.

Actuation System Tests

Brake system parameter testing also included an examination
of the brake application devices to be used in the vehicle test
program. This included the Bendix "Sur Act III" surge hitch used
on Trailer A and a Kelsey-Hayes No. 81740 electric brake con-
troller which was used to apply the trailer brakes on the other
four trailers. Trailer A was delivered with the surge hitch,
and the Kelsey-Hayes controller was chosen because of its high
market penetration.

Figure 3.9 is a simplified cut-away drawing of the‘surge
hitch. In this device, compressive longitudinal hitch forces
are transmitted to the master cylinder and are thus used to apply
the trailer brakes. The spring and shock absorbers are serial
elements which enhance dynamic performance by preventing "chugging"
between tow vehicle and trailer, but they have no effect on
steady-state performance. The desired gain of the surge hitch
(KSH)’ i.e., the relationship between hitch force and output fluid
pressure, is therefore determined by master cylinder area. How-
ever, Coulomb friction between the sliding torque and the bearing
pads also affects steady-state performance. '

Parameters measured for the surge hitch were those affecting
steady-state performance, viz., master cylinder area and Coulomb
friction coefficient of the bearings. Master cylinder area was
determined to be one in?. The friction coefficient was determined
by experiment based on the model of Figure 3.10. In this pro-
cedure, the master cylinder was removed from the hitch such that
the only resistance to motion of the sliding tonque derived from

21
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the friction forces (Ff] and Ffz)' A constant FZ force (as

shown in the figure) was applied, followed by the application of
sufficient FX to produce motion of the tongue. Repeat tests were
conducted at various levels of FZ commensurate with the tongue
load range expected for trailer A. The results indicated an
apparent friction coefficient (u' = FX/FZ) of u' = 0.54, which
reduces to a bearing friction coefficient (u = Ffl/Fn1 = FfZ/FnZ)
of u = 0.14, according to the following analysis.

Summing the forces in Figure 3.10 in the vertical and
horizontal directions, respectively, yields:

+ F

]
o

Fo-F

L (3.1)

n2

Fx = Fr - Fro

"
o

(3.2)

Summing moments about the point of intersection of the Tines of
action of FX and Fnl yields:

1.6Ff] - 1.6Ff2 + 5.4Fn2 - 7.3FZ =0 (3.3)
For impending slip,

Ff] = Fnl (3.4)

Ff2 = u Fn2 (3.5)

Fx =y Fz (3.6)

From Equations (3.1), (3.4), (3.5), and (3.6) and from (3.2),
(3.4), (3.5), and (3.6) the following expressions obtain:
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Brake Line
F essure

Substituting (3.

nl 2u

U=y F

Fr2 2 z

10+ /100-17.28y"

3.2

(3.7)

(3.8)

7) and (3.8) into (3.3) and solving for u yields:

(3.9)

where the negative sign corresponds to the desired solution.

(The positive sign yields a negative value for the normal force
Fn2')

ally, in the schematic diagram of Figure 3.11.

L]
L]
[ ]
[
L)
L]

Figure 3.11. Electric brake control system schematic.
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‘measurement activity was undertaken to establish the Tine
pressure/resistance relationship of the Kelsey-Hayes controller
used for the electric trailer brakes throughout this project.
The range of results obtained over the full range of onset rate
adjustment is shown in Figure 3.12. The segmented character of
the measured results is indicative of the low resolution of the
controller. Note that segments of very high slope will lead
to extremely rapid changes in trailer braking with tow vehicle
line pressure, and horizontal segments indicate areas of little
or no change in trailer braking with changes in tow vehicle line
pressure.

3.1.3 Trailer Chassis Parameter Testing. The final

category of parameter measurements were those of the trailer
chassis. Included in this category were geometric measurements
(wheelbase, etc.), pitch plane inertial properties (center of
gravity position, weight, and moment of inertia in the empty
condition), and vertical suspension deflection characteristics.

Inertial properties were measured using the HSRI Pitch Plane
Inertial Properties Measurement Facility. This device is pic-
tured in Figure 3.13 with testing on trailer C in progress. The
results derived for the five test trailers appear in Table 3.4.
The probable error estimates indicated in the table derive from
an error analysis of the test procedure and are based on the
expected accuracy of the instrumentation and of various geometric
and inertial properties of the test facility.

In measuring suspension properties, two different setups
were used. The first two trailers (A and C) were tested using
temporarily constructed equipment as shown in Figure 3.14. Later
in the program, a permanent suspension test facility was completed
and used for testing of the remaining three trailers. Figure 3.15
shows trailer E being tested on this facility.
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Electrical Resistance, ohms

104
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0 200 4b0 656 850
Brake Line Pressure, psi
Figure 3.12. Electric Brake Controller Properties
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Suspension testing varied somewhat, depending on the con-
figuration of the particular trailer suspension. The differences
in testing depended on whether the vehicle was equipped with
single-axle, multiple-independent-axle, or multiple-tandem-axle
suspensions. The different procedures used are reflected in
the coordinates used for the plotting of the resultant data.

The data are displayed in Figures 3.16 through 3.20.

Later, in the discussion of the vehicle tests, it will
become evident that, in some cases, suspension properties had
a significant effect on braking performance through the mechanism
by which they distribute vertical Toad among the axles of multiple-
axle trailer suspensions. Thus, brief consideration to the load
distribution properties of the multiple-axle trailer suspensions
used in the program will be given here.

Trailers B and D were'equipped with four leaf spring
and walking beam tandem suspensions, respectively. Each of these
suspension types have geometric properties that distribute the
static suspension load nearly eqha]]y between the two axles.

Trailer C was equipped with two independently-suspended
axles. Thus, the distribution of static suspension load between
axles is dependent on the pitch attitude of the vehicle. To
examine the sensitivity of load distribution to pitch angle for
trailer C, the model of Figure 3.21 will be used. In the model,

a total axle spring rate of 1330 1b/in approximates the suspension
data shown in Figure 3.18. The total axle tire spring rate of
3570 1b/in (1785 1b/in per tire) is taken from tests made on

the trailer C tire. The axle spread is shown to be 33 inches.

The model yields a sensitivity for small angles of

-g-F— = 280 1b/deg

That is, for one degree change in pitch angle, 280 1b. will trans-
fer from one axle to the other when total suspension load is

held constant. Using the wheelbase of the trailer to convert

this sensitivity to a function of hitch height variation (aH)
yields aAF/aAH = 110 1b/in.
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Average vertical wheel load, 1b./1000

0 !
l

0 1

2

Average vertical spindle deflection, inches

Figure 3.20. Vertical suspension deflection characteristics: trailer E,

. center axle of three indenendent axles.
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l—<—33 m—»{ 0

Suspension Spring 1330 1b/in

Tire Spring 3570 1b/in

Figure 3.21. Independently suspended two-axle suspension model.

A similar analysis for the three independent-axle suspension
. of trailer E can be performed. In this case, assuming constant
suspension load, load is transferred from the leading to the
trailing axle (or vice-versa) while the center axle load remains
constant. For this vehicle the sensitivities calculated are:

AF

T - 1320 1b/deg
AF .
i 350 1b/in

Suspension Toads can also be affected during braking both
by interaxle load transfer resulting from the application of brake
torque and by the effects of Coulomb friction in the suspension.
The independent suspensions of trailers C and E preclude inter-
axle load transfer due to the application of brake torque, while
the geometry of the tandem suspension of trailers B and D result
in transfer due to brake tordue.

For trailer B, the four spring suspension results in load
transfer off the leading axle onto the trailing axle under the
actions of brake torque [2]. The opposite is true of trailer D, whose
walking beam suspension transfers load from the trailing axle to
the leading axle during braking [3].
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Coulomb friction, as indicated by the suspension data of
Figures 3.16 through 3.20, is fairly low for four of the trailers.
On a per axle basis, at rated load, this parameter ranges from
about 175 1b. for trailer D to 300 1b. for trailer B. However,
for trailer E, Coulomb friction was found to be about 1800 1b.
per axle at rated load. '

3.1.4 Load Equalizing Hitches. Parameter measurements

were not undertaken directly on load equalization hardware, but
rather, in conjunction with the vehicle test program, measurements
were taken of the resultant effect (on axle loads) of the use of
such hitches. In practice, this is a more informative and an
easier measurement. However, it is convenient to examine the
purpose and nature of load equalization hardware at this point.

The hitch position in a passenger car/trailer combination
vehicle is generally far aft of the tow vehicle rear axle. Thus,
" the imposition of the trailer's vertical tongue load onto the tow
vehicle at the hitch position can cause appreciable unloading of
the car's front axle accompanied'by Toading  of the rear axle.
The distance from the rear wheels of passenger cars to the loca-
tion of the trailer hitch is typically about half the wheelbase of
the car. Using this estimate we can calculate the effect of
hitch loading on the loads on the car tires.

Consider Figure 3.22. Summing moments at the front wheels
yields

FIR - WB = w~A+FZH--g—NB (3.10)

But the static load on the rear tires is W -« A/WB, so that

3

FIR = FZRstatic t2

FZH (3.11)

and the sum of the vertical loads yields

1

FIF = FlRgtatic © 2

FZH (3.12)
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FZH / I \

FIR FZF

%’_B__» WB

-

Figure 3.22. Schematic diagram, tow vehicle with hitch load.

In short, on this typical car, the front axle load is reduced
by half of the hitch load and one and one-half times the hitch load is
added to the rear axle load. Since the relative distribution of
vertical load between the front and rear axles is a first-order
determinant of tow vehicle braking performance, this redistribution
of loads can be a significant problem.

A more readily apparent problem (to the motorist) regards the
resulting static trim condition of the car. If the total rear
spring rate is KR and the total front spring rate is KF, the
front and rear deflections of the suspensions due to the hitch
loads are

FZH

sF >KF

(3.13)

FZH
R

3
R -5 (3.14)

x|

where the negative sign indicates compression.
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These deflections can be rather formidable, easily on the
order of three inches rear and one inch front. This leaves the
typical car with a cosmetic problem, in the form of a readily
noticeable pitch angle, and a ride problem in that the rear
suspension is likely to bottom out on the compression stops.

It is common practice to deal with this situation in either
of two ways, viz., (a) the rear suspension trim position can be
altered, e.g., with "air shocks," or (b) a "load equalizing
hitch" can be used.

The "air shocks" alter the trim position by "expanding" the
rear suspension and thus raising the rear end of the car. This is
accomplished without change in the hitch load or the loads under
the tires and is thus ineffective for dealing with the braking
performance problem.

The more common methodology is the use of -the load equalizing
hitch, which is a spring bar assembly permitting application of
a moment through the coupler. Figure 3.23 is a photograph of the
hitch assembly just prior to connection of tow vehicle and trailer.
Figure 3.24 illustrates the mechanism by which the "load equali-
zation moment" is attained. By adjusting the amount of preset
flexture of the spring bar (by the choice of the chain link used
at the attachment point between chain and trailer), the amount of
moment developed by the hitch is determined.

The moment applied by the hitch is shown in Figure 3.25.
Note that the hitch load is now FZH rather than FZH as in
Figure 3.22. The axle loads are now

i M
FIR = FIR, ..+ T M (3.15a)
FIF = FIF L (3.15b)
static 2 WB :
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The ar.nount of load equalization is
adjusted by the selection of chain
attachment 1link.

i | | T

Compression Load
at Ball Hitch
Resulting Moment : B
on Trailer ‘ +

\TY,

Tensile Load *
(F in Chain !
Spring Bar . \ ' -
’ Resulting Moment T g J
Figure 3.24. The ](‘J’ad equalizing trailer hitch.
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Figure 3.25. Schematic diagram, tow vehicle with load equalization.

Clearly, the moment applied by the load equalizing hitch
aids in the solution of both the static trim and brake performance
problems by unloading the rear axle and Toading the front axle.

A further benefit, at least as far as the reattainment of a
reasonable trim, is that FZH drops with M. This can be shown by
the trailer free-body diagram of Figure 3.26.

WBT .

1

7\

A
s
FZH

FZT

Figure 3.26. Schematic'diagram, trailer with load equalization.
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The moment sum at the rear wheels yields

ZH -« WBT = WT - d - M (3.16)
Since the hitch load with no equalization is WT - d/WBT = FZH,

=i M

FZH = FIZH - WB—T (3.]7)

Use of a load equalizing hitch results in an increase in

load on the trailer wheels, viz.,

M

FZT = FZTstatic * WRT

(3.18)

In summary, Equations (3.15), (3.17), and (3.18) indicate
that the load equalizing hitch results in a sha]]er hitch Toad,
added load on the tow vehicle front axle, decreased load on the
tow vehicle rear axle, and increased load on the trailer axle.

It is important to reemphasize that Toad equalizing hitches
and air shocks do not have the same effect on braking performance.
Air shocks do not alter the normal load under the tires, thus
from Equations (3.11) and (3.12) it is obvious that the hitch load
can significantly unload the front tires and load the rear tires.
A load equalizing hitch, on the other hand, improves braking
performance of car-trailer combinations by increasing the load
on the front wheels of the car and thus postponing front lockup.
This is not to say that extreme load redistribution cannot degrade
braking performance, but for the car-trailer combinations tested,
calculations indicate that reasonable use of load equalizing
hitches can Tead to improved wheels-unlocked stopping capability.
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3.2 Vehicle Testing

A detailed explanation of the test procedure used in this
study is presented in Appendix B of this report. However,
before proceeding to discussion of test results, a brief over-
view of the test program and its procedures will be presented.

The vehicle testing portion of this study was conducted at
the Bendix Automotive Development Center (BADC), New Carlisle,
Indiana. The program was structured to examine basic questions
addressing combination vehicle braking performance, viz.,

1) What is the braking capability of the tow
vehicle alone?

2) What is the inherent braking capability of
the trailer alone?

3)  What penalty or burden in stopping capability
derives from uniting the towing and trailing
vehicles into a combination vehicle?

Three distinct test sequences were employed to probe these
questions. These were:

1) Tow vehicle alone effectiveness tests
2) Trailer alone effectiveness tests

3) Combination vehicle effectiveness tests

Additional testing was conducted to examine the fade properties
of trailer brakes.

The five tow vehicles and five trailers identified in
Table 3.1 were tested. With these ten unit vehicles, five
"nominal match" combination vehicles, i.e., 1-A, 2-B, 3-C, 4-D,
and 5-E, were defined. These five combinations all conform with
manufacturers' recommendations for towing combinations except 5-E
which violates the pickup manufacturer's recommendation for gross
combination vehicle weight (gcvw). Where load leveling hitches
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were appropriate for use, their adjustment was according to
manufacturers' recommendations,* except in a épecific case
involving trailer A equipped with surge brakes. In the test
program, each unit vehicle was subjected to the appropriate
"vehicle alone" effectiveness test. Also, combination vehicle
tests were conducted on eight combinations, the five "nominal
match" plus three mismatch combinations (1-A with no trailer
brakes, 1-B and 2-C).

Most of the effectiveness tests were conducted
from an initial velocity of 40 mph. This was done to provide
acceptable test safety in the combination vehicle tests, parti-
cularly those of the "mismatch" combinations, and to enhance the
comparative analysis of the results of the three test series. (A
limited number of tests were conducted at 60 mph to examine higher
velocity effects.)

Except for the initial velocity, tow vehicle alone effective-
ness tests were conducted essentially as prescribed by FMVSS
105-75 with the test vehicle loaded to gvw. Trailer alone
effectiveness tests consisted of snubs in which the combination
vehicle was decelerated through the application of trailer brakes
only. The final velocity of these snubs was determined
individually for each vehicle such that the trailer brakes were
subjetted to an energy absorption level equal to that which they
would experience in a full stop of the mass equivalent of the
trailer axle static load. In these tests, the trailer was fully
loaded and the tow vehicle lightly loaded. Application of trailer
brakes was accomplished by specially designed equipment capable
of precise application Tevel control.

Combination effectiveness tests were conducted based on the
specifications of FMVSS 105-75 subject to the altered initial
velocity. The results of these tests were intended to indicate
the performance of the combination vehicle system in normal use.
Thus, standard consumer-available trailer brake application
devices were employed.

*Loaded CV 3-C required full application of equalizer plus air
shock assist to obtain good trim.
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In all effectiveness tests, the appropriate brake line pressure or

electric trailer brake voltage was held steady during the tests,

and the test result was characterized by the deceleration of the

test vehicle. This methodology was preferred to measuring

stopping distance because wheels-unlocked stopping distance

measures are a sensitive function of pressure apply rate, and

because the trailer-alone tests required a snub rather than a

stop. There are drawbacks to the deceleration measure, however.

Consider Figure 3.27 which displays measured data from one
run of the combination vehicle 5-E testing. The line pressure
and trailer brake voltage are obviously holding constant, yet the
deceleration increases significantly during the run because of a
general increase in brake effectiveness. The drop in the com-
pressive loading across the hitch during the latter stages
of the run indicates that the trailer brakes are increasing in
effectiveness relative to the tow vehicle brakes. These changes
perhaps are a result of decreasing spin rate and changes in thermal
loading.

A single deceleration characterization of this test
requires careful consideration. The procedure followed in
reducing the data was to read an "average" value, ignoring the
rise time and any Tow speed transients. Figure 3.27 indicates
the value used to characterize the example test.

The following subsections will review the results of the
vehicle test program.

3.2.1 Tow Vehicle Alone Tests. The five tow vehicles

were tested to determine their maximum wheels-unlocked decelera-
tion on the dry asphalt surface at BADC.

The primary purpose of this test was to define the maximum
wheels-unlocked stopping ability of the tow vehicle. This
baseline performance will be used as a reference in analyzing
the "burden" imposed by the trailer in CV braking. Thus, the
vehicle was tested in the Toaded condition since this condition
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Figure 3.27. A time history of a 5-E CV test vehicle.
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was considered as representative of loads commonly carried by

CV's on the highway. Forty mph was chosen as the initial velocity
tO-faci1itate comparison with CV effectiveness test results.
Selected tests were repeated at sixty mph in an attempt to
investigate higher speed effects.

The test procedure was as follows:

1)  New linings were installed and the brakes were
adjusted.

2) A 200-stop burnish was performed as per
FMVSS 105-75. '

3) The brakes were re-adjusted.

4) Iterative stops were conducted to establish the
brake Tine pressure, Py, at which maximum
wheels-unlocked deceleration occurs.

5) An effectiveness curve was established by
conducting additional stops at .8 Po’ .6 Po’
4 Po’ and .2 Po‘

A summary of the results is presented in Tables 3.5
through 3.9. In each case, effectiveness is listed for the tests
from an initial velocity of 40 mph. Iﬁ addition, results are
presented for the 60-mph initial velocity of tow vehicles 1 and
2.

Several facets of these results are of special interest.

1)  Four of the test vehicles exhibited remarkable
braking performance, surpassing the average
deceleration levels now required to meet
FMVSS 105-75.

2) The other vehicle, the Tighter of the two pickup
trucks, exhibited poor wheels-unlocked braking

performance resulting from premature rear-wheel
Tockup. A substantial activity was undertaken
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Table 3.5. Tow Vehicle Alone Effectiveness
Test Results: Vehicle 1

Deceleration, f/s?

Brake Line

Pressure 40 mph test 60 mph test
psi Run #1 Run #2 Run #1 Run #2

160 6.2 6.4 6.4 6.7

320 13.0 13.3 » 1.5 11.2

440 18.3 19.0 15.4 16.3

590 . 19.6 18.9

640 24.4 25.5

720 26.6* 25.5% 21.0*

760 23.5

*Left front wheel lock
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Table 3.6.

Tow Vehicle Alone Effectiveness

Test Results: Vehicle 2.

Deceleration, f/s2

Brake Line
Pressure 40 mph 60 mph
psi Run #1 Run #2

140 3.9 3.4 4.0

320 12.8 12.2 9.0

475 20.2 14.0

620 26.7 29.3 18.3

730 29.3* 22.6
29.3* 25.5

- 800

*Left front wheel lock
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Table 3.7. Tow Vehicle Alone Effectiveness
Test Results: Vehicle 3

Deceleration f/s?

Brake Line

Pressure 40 mph
psi Run #1 Run #2
130 2.3 3.0
300 8.1 9.2
480 13.9 14.7
580 19.6 19.6

700  25.5% 25.5%

*Rear wheels lock
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Table 3.8. Tow Vehicle Alone Effectiveness
Test Results: Vehicle 4

Deceleration f/s?

Brake Line

Pressure 40 mph

~psi Run #1 Run #2
160 3.7 3.7
230 7.5 6.5
280 10.1 10.6
340 12.2%
360 - 13.3 14.0
380 14.6%*

*Right rear wheel lock
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Table 3.9. Tow Vehicle Alone Effectiveness
Test Results: Vehicle 5
Brake Line Déce]eration, f/s2
Pressure 40 mph
psi Run #1 Run #2
200 5.0 5.0
390 11.7 11.0
560 17.8 16.8
750 22.6 21.7
850 25.5
900 25.5% 25.5%
*Left rear wheel lock
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to determine the cause of this behavior, but a
satisfactory answer was not found. It should

be noted that some time following the comple-
tion of this study's test program, a brief test
series was conducted with this vehicle in which
it also surpassed FMVSS 105-75 required decelera-
tion performance.

3) The high decelerations indicate that a substantial
amount of braking is being done by the front
brakes. (In fact, tow vehicles 1 and 2 exhibited
initial front wheel lockup at over two-thirds g.)
This factor is of critical importance in the
consideration of passenger car CV performances
which were invariably limited by front wheel
lockup. |

3.2.2 Trailer Alone Tests. The term "trailer alone" (TA)
as used in this report implies trailer brakes alone. Of course,

these tests were conducted with the trailer coupled to a tow
vehicle. Each of the five trailers was tested in this fashion
on the dry asphalt surface at BADC.

- The purpose of the TA effectiveness tests was to determine
the trailer's inherent braking capability in its burnished and
unburnished conditions. In both pre- and post-burnish effective-
ness tests the following procedure was followed:

1) Voltage (for the electric brakes) or line
pressure (for the surge brakes) were applied
to the trailer brakes by an HSRI controller
developed for the TA tests. Incrementally in-
creasing voltage (pressure) levels were applied
until wheel lock occurred.*

*For multiple-axle trailers, it was originally planned to allow
one axle of a tandem set to lock and continue until the next
axle locked. In practice, this proved untenable due to rapid
tire wear on the locked axle.
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2) The tests were repeated, again starting at the
lowest voltage (pressure) levels and working up
to wheel lock.

Most tests were run from an initial velocity of 40 mph. (Selected
tests were repeated at 60 mph.) The final velocity was

V. = 404/1 - =2 mph (3.19)

where “cv is the weight of the combination vehicle and NTA is
the static weight on the trailer axles. Snubs of the combination

vehicle from 40 mph to V., using the trailer brakes only, re-

f
sulted in the trailer brakes absorbing energy equivalent to a
stop of a vehicle of weight,wTA from 40 mph. In these tests the

trailer was fully loaded and the tow vehicle lightly Toaded.

The trailer burnish procedure was modeled around the burnish
prescribed by FMVSS 105-75. The-burnish consisted of 200 snub
stops from an initial velocity of 40 mph to a final velocity of
Vf as prescribed by Equation (3.19) and at a deceleration level
of:

W
12 _TA

Wey

fps? (3.20)

As 1in the case of the effectiveness tests, V. was established

f
to provide an appropriate energy absorption level. The deceleration
prescribed by Equation (3.20) provided for a trailer brake torque
which would decelerate a vehicle of weight Wpp at 12 f/s2,

Further details of the test procedures appear in Appendix B.

The pre-burnish and post-burnish trailer-alone test results
are summarized in Tables 3.10 through 3.14. In each case the
test results include the deceleration of each CV as a function
of the voltage (or pressure) applied by the HSRI controller.
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Table 3.10. Trailer Alone Effectiveness Test
Results: Trailer A, 40 & 60 mph.

Calculated
Trailer Brake Calculated Total Brake
Line Pressure Deceleration Total Brake Force from

psi f/s2 Force, 1b Dyn. Tests, 1b
40 mph 240 4.0 830
Pre- 260 3.1 650
Burnish ’
300/300 4.3/4.9 900/1020
340 4.5+ 940
380 5.0% 1040
420 5. 0% 1040
40 mph 180 1.2 250
st 200 1.5 310
260/260 1.9/2.5 400/520 380
340/340 2.5/3.1 520/650 550
400 4.0 830 700
420 3.7 770 700
480 4.7 980
500 5.0 1040 930
520 5.2 1083
560 5.6 1170 1100
600 6.2 1290 1240
640 5.9 1230 1400
720 6.8% 1420 1680
800 6. 2%+ 1290 2050
60 mph 180/180 1.4/1.2 290/250
st 260 2.8 580
340 2.5 520
360 3.4 710
440 3.7 770
520/520 5.0/5.6  1040/1170
600 6.2 1290
680 6.5/6.5  1350/1350
760 6.8% 1420

*Right Wheel Lock

**Both Wheels Lock
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Table 3.11. Trailer Alone Effectiveness Test
Results: Trailer B, 40 & 60 mph.

Calculated Calculated Total
Trailer Brake Deceleration Total Brake Brake Force from

Voltage f/s? Force, 1b  Dyno. Test, 1b
40 mph 2.4/2.4 5.7/2.9. 1740/880
Pre-
Burnish 4.8/4.8 8.5/7.1 2590/2160
7.2/7.2 9.9%/8.5*% 3010/2590
9.6/9.6 10.7**/9.2* 3260/2800
12.0/12.0 11.0%*/9.9* 3350/3010
40 mph 2.4/2.4 4.2/2.1 1280/640 940
Post-
Burnish 4.8/4.8 5.7/5.0 1740/1520 1540
7.2]/7.2 7.8/6.4 2370/1950 1880
9.6/9.6 8.5/7.8 2590/2370 1990
12.0/12.0 8.5/8.5 2590/2590 2070
60 mph 2.4 4.3 1310
Post- :
Burnish 4.8 7.1 2160
7.2 8.5 2590
9.6 9.9 3010

*Both lead tandem wheels lock

**Both lead tendem wheels and left rear tandem wheels Tlock
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Table 3.12. Trailer Alone Effectiveness Test
Results: Trailer C, 40 mph

Calculated Calculated Total
Trailer Brake Deceleration Total Brake Brake Force from

Voltage f/s? Force, 1b Dyno. Test, 1b
Pre- 3.8 1.4 570
Burnish 3.9 1.4 570
5.8 3.6 1460
5.9 2.5 1010
7.8/7.8 5.0/4.3 2030/1740
9.7/9.7 7.3%/7.1%  2960/2880
Post- 3.9/3.9 2.8/2.1 1130/850 462
Burnish 5.8 4.3 1740 980
5.9 4.3 1740
7.8/7.8 6.0/6.4 2430/2590 1560
9.7/9.7 7.0%/7.1%  2380/2880 2350

* eft lead tandem wheel Tlock




Table 3.13. Trailer Alone Effectiveness Test
' Results: Trailer D, 40 mph

Calculated Calculated Total
Trailer Brake Deceleration Total Brake Brake Force from

Voltage f/s2 Force, 1b  Dyno. Tests, 1b
Pre- 2.8/2.8 3.1/2.5 1390/1120
Burnish 4 2/4.2 5.6/5.9 2520/2650
5.6/5.6 7.6%/7.4  3330/3330
6.5 8.7 3910
7.0 8. 7%+ 3910
Post- 2.8 0.9 400 190
Burnish 4.2 1.7 760 500
5.6 2.2 990 680
7.0/7.0 2.5/2.8 1120/1260 1030
8.4/8.4 2.8/2.5 126071120 1160
9.8/9.8 3.1/3.3 1390/1480 1220

*Right rear tandem wheel lock

**Right lead tandem and both rear tandem wheels lock
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Table 3.14. Trailer Alone Effectiveness Test
Results: Trailer E, 40 mphw~

Calculated Calculated Total
Trailer Brake Deceleration Total Brake Brake Force from

Voltage f/s? Force, 1b Dyno. Tests, 1b
Pre- 4.5 1.9 1510
Burnish 5.0 2.5 1990
6.0 3.7 2950
6.8 4.7 3750
7.0 4.7 3750
9.0/9.0 5.9/6.2  4700/4940
1.0 7.1% 5660
11.3/11.3 7.4%/7.8%  5900/6220
12.0 7.8% 6220
Posts 3.2/3.2 1.2/1.2 960/960 770
Burnish 4.8/5.8 3.1/3.1  2470/2470 960
6.4/6.4 5.0/4.3  3990/3430 1680
7.0 4.3 3430 1920
8.0/8.0 5.9/5.0  4700/3990 2350
8.5 6.9% 5500 2740

*Left rear wheel lock
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Note that for the electric brakes, the table gives voltage across
the trailer brakes, and for the surge-braked vehicle, line
pressure at the trailer master cylinder is given. In addition

to vehicle deceleration, the table gives the calculated total
brake force necessary to decelerate the total CV mass at the
indicated level. For the post-burn%sh condition, this figure is
compared to the total brake force that the results of the dyna-
mometer test would predict at similar input levels.

Several features of the tables are worth noting.

1)  The hydraulic brakes of trailer A were shown by the
dynamometer tests to be as effective as the larger
electric trailer brakes. The relatively lower
maximum values given in the table for the surge
brakes indicate wheel lockup Timits, not torque
Timits.

2) The 12" x 2" electric brakes of trailers C and E
increased effectiveness slightly with burnish.
This trend in the resﬁ]ts agrees with the
dynamometer tests for trailer E brakes, but not
those for trailer C.

3) The 10" x 2" electric brakes of trailer B decreased

| effectiveness slightly with burnish. This result
is generally in agreement with dynamometer test
results for this brake.

4) The 12" x 2" electric brakes of trailer D decreased
drastically with burnish.* This trend was also
apparent in the dynamometer curves.

5) The early lockup of the axle of trailer B in a pre-
~ burnish condition results from interaxle load transfer
off the front tandem onto the rear. The trailer D
pre-burnish lockup data indicate load transfer from
the trailing tandem onto the leading tandem.

*Note that the maximum brake voltage indicated for post-burnish
effectiveness tests is 9.8v, even though wheel lock has not
occurred. This voltage was measured at the input to the brake
itself while approximately 12v was applied at the input to the
trailer wiring harness indicating a voltage drop in the trailer
wiring. 63



In each case, these interaxle load transfers are
of the polarity to be expected, given the geometry
of the particular suspension. Note that in the
post-burnish tests, lockup did not occur because
the torque values were not high enough.

The occurrence of Tock on the left wheel of the lead axle
of trailer C is believed to be a result of higher

torque generated by this brake. The two axles of
trailer C are independent, thus precluding inter-

axle load transfer. The measured static tire loads

of this trailer were quite evenly distributed and

the dynamic reactions during deceleration would tend

to pitch the trailer forward, thus slightly

increasing the load on the lead axle.

The occurrence of lockup at the rear axle of trailer
E is initially quite surprising considering that the
total trailer brake force was approximately 6000 1b,
while the total trai]ér axle load was approximately
18,000 1b. Two factors probably contribute to this
premature lockup. First, this trailer was plagued

by erratic brake behavior during its burnish indi-
cating wide variance in the effectiveness of
individual brakes. With substantial effort, this
problem was greatly reduced and burnish success-
fully completed. However, the presence of some brake
imbalance certainly is indicated. Second, the three
axles of this trailer suspension are independent,
and, in laboratory testing, the suspension was found
to have high values of stiffness and Coulomb friction.
Although care was taken to provide load and trim
conditions resulting in well distributed static wheel
loads, these suspension properties combine to provide
potential for substantial dynamic load transfer during
testing. Thus, it is expected that at the time of
lockup the wheels in question were comparatively
lightly loaded and experiencing somewhat higher than
average brake torque.
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The level of agreement between brake force
calculated from road test results and dynamometer
test results varies considerably. (Of course,
this comparison is invalid whenever wheel lock
occurs in the road test.) Data for trailers A
and D compare quite well, while the comparisons
get progressively worse for the data from trailers
B, C, and E. *

3.2.3 Combination Vehicle Tests. Eight combination

vehicle effectiveness tests series were conducted. The subjects

of these tests were the five "nominal match" combination vehicles
(1-A, 2-B, 3-C, 4-D, 5-E) and three "mismatch" vehicles (1-A with
no trailer brakes, 1-B, and 2-C).

The procedure used in conducting the combination vehicle

effectiveness tests was:

1)

4)

Stops were conducted at low vehicle braking levels
of .2 Po, 4 Po, .6 Po’ etc., where P0 was
established from the tow vehicie alone tests.

This sequence was continued until wheel Tockup
occurred on the tow vehicle, or an axle locked on
the trailer. It was originally planned to proceed
past one axle lockup on a multi-axle trailer, but
this proved to be largely untenable in practice due
to rapid tire wear.

[terations were performed to determine the line
pressure for lockup within 50 psi.

The entire sequence was repeated.

Tests were conducted with the trailers in both loaded and

empty conditions, both with the tow vehicle Toaded.

were conducted from an initial velocity of 40 mph, although a

limited number commenced from 60 mph in order to examine higher

*Variability in the performance of individual brakes is discussed
further in the following technical sections and in the "Conclu-
sions and Recommendations" section of this report.
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velocity effects. In general, test conditions (brake temperature,
etc.) were controlled as per FMVSS 105-75. Further details
appear in Appendix B.

Tables 3.15 through 3.30 summarize the results of the CV
tests.

The goal of these tests was to determine the maximum braking
performance of these combinations under normal operating conditions.
Thus, in conducting these tests, standard consumer-available
hardware was used, including trailer brake actuation devices.
Whenever possible and reasonable, all manufacturers' usage
recommendations were followed. Of most significance here are
those recommendations regarding when and how to employ load
equalizing hitch equipment and those regarding brake application
devices.

For the passenger cars used in this program, and indeed,

©in general, the manufacturers recommend that load equalizing

hitches be employed whenever a trailer weighing more than 2000 1b

is towed. This recommendation thus applied to all trailers investi-
gated in this study. The manufacturer of the load equalizing hitches
used in this program recommends adjustment of the hitch such that
the pitch attitude of the tow vehicle before and after attaching

the trailer is the same. (Load equalizing hitches and their
operation were covered in some detail in Section 3.1.4.)

Trailer A, as employed in this study, was equipped with
hydraulic brakes actuated by the surge hitch mechanism discussed
in Section 3.1.2. Largely as a result of the Coulomb friction
mechanisms discussed in that Section, the surge hitch used in this
study is not compatible with load equalizing hardware, and the
manufacturer recommends that load equalizing hardware not be used
with this actuator. This incompatibility is not atypical as
witnessed by similar findings reported in [4].
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Combination'Vehicle Effectiveness Test
Results: CV 1-A, Loaded, 40 mph.

Table 3.15.

Tow Vehicle Trailer
Brake Line Brake Line
Pressure Pressure - Deceleration
psi psi f/s?
Without 160/160 0/0 3.1/3.6
Load
Equalizing 320/320 120/120 8.1/9.4
460/480 240/200 12.4/12.8
600/600 2480/240 17.0/17.0%
720/700 240/240 17.0*/17.0%
With 160 0 3.1
Load
Equalizing 320 0 7.8
440 120 11.8
600 160 15.5
700 160 16.9%

*Tow vehicle left front wheel lock.
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Table 3.16.

Combination Vehicle Effectiveness Test
Results: CV 1-A, Trailer Empty, 40 mph,
Without Load Egqualizing

Tow Vehicle Trailer

Brake Line Brake Line

Pressure Pressure Deceleration
psi psi f/s?

160/160 0/0 3.6/3.6

320/320 100/100 9.2/8.5

460/440 140/160 12.8/14.2

600/600 180/180 17.0/17.0

720/720 200/200 19.2*/17.8*

*Tow vehicl

e left front wheel Tock
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Table 3.17. Combination Vehicle Effectiveness Test
Results: CV 1-A, Loaded, 60 mph,
Without Load Equalizing.

Tow Vehicle Trailer

Brake Line Brake Line

Pressure Pressure Deceleration
psi psi f/s?
160/160 60/60 3.1/3.6
320/320 160/120 8.5/7.8
440/440 200/200 11.4/11.4

600/600/600 220/220/240 14.2/14.2/14.2

760 260 16.3%

*Tow vehicle left front wheel lock.

Table 3.18. Combination Vehicle Effectiveness Test
Results: Mismatch CV 1-A (No Trailer Brakes),
Loaded, 40 mph , With Load Equalizing.

Tow Vehicle

Brake Line
Pressure Deceleration
psi f/s?
160/160 2.8/3.6
320/320 7.8/7.8
440/480 10.7/12.1
600/600 14.2/14.2
720/720 - 15.6*/14.2%

*Tow vehicle left front wheel lock
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Table 3.19. Combination Vehicle Effectiveness Test
Results: CV 2-B, Loaded, 40 mph,

Tow Vehicle

Brake Line

Pressure Trailer Brake Deceleration
psi Voltage f/s?
140/120 1.8/1.9 3.6/2.8
300/320 3.6/4.3 8.5/9.9
460/480 6.9/7.1 13.5/14.9
600/600 7.1/7.1 17.0/18.5
680/680 7.1/7.1 18.5/19.9
720/720 7.1/7.1 19.2*%/18.5*

*Tow vehicle Teft front wheel Tock
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Table 3.20. Combination Vehicle Effectiveness Test
Results: CV 2-B, Trailer Empty, 40 mph.

Tow Vehicle

Brake Line
Pressure Trailer Brake Deceleration
psi Voltage f/s?

140/160 1.7/1.7 1 2.8/3.6

300/300 3.3/4.5 10.7/12.1

440/440 4.5/4.5 14.9/14.9%

580/600 6.7/6.7 19.9%/19.9*
720 6.7 24.1%*
860 6.9 24 . 1%*
880 6.7 22 . 7%*

*Trailer lead tandem wheels Tlock

**Tow vehicle front and trailer lead tandem wheels lock
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Table 3.21. Combination Vehicle Effectiveness Test
Results: CV 2-B, Loaded, 60 mph.

Tow Vehicle

Brake Line
Pressure Trailer Brake Deceleration
psi Voltage f/s2
120 1.3 2.1
320 4.5 1.4
480 6.7 14.2
600 6.7 17.7*
640 6.7 18.0*
680 6.7 19.1%*
700 . 6.7 19, 9%**

*Trailer left lead tandem wheel lock
**Trailer right lead tandem wheel lock

***Trailer lead tandem wheels lock
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Table 3.22.

Tow Vehicle

Combination'Vehicle Effectiveness Test
Results: Mismatch CV 1-B, Loaded, 40 mph.

Brake Line
Pressure Trailer Brake Deceleration
psi Voltage f/s?
160/170 2.0/2.4 5.0/7.8
320/320 4.1/4.4 12.7/12.7
450/460 6.1/6.1 15.6/15.6
600/600 6.1/6.1 17.0/18.4
640/640 6.1/6.1 20.5/19.2
700/720 6.1/6.1 17.0%/17.7*

*Tow vehicle front wheels lock
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Table 3.23.

Tow Vehicle

Combination Vehicle Effectiveness Test
Results: Mismatch CV 1-B, Trailer
Empty, 40 mph.

Brake Line

Pressure Trailer Brake Deceleration
psi Voltage f/s?
160/140 2.0/2.0 6.4/7.8
320/320 4.1/4.1 13.5/14.2
480/440 6.1/6.1 17.0/17.0
600/600 6.1/6.1 19.8/19.1
660/660 6.1/6.1 21.2/21.2

700 6.1 19.8%

*Tow vehicle front wheels lock
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Table 3.24.

Tow Vehicle

Combination Vehicle Effectiveness Test
Results: CV 3-C, Loaded, 40 mph

Brake Line
Pressure Trailer Brake Deceleration
psi Voltage f/s?
120/120 1.4/1.4
310/310 5.1/5.1 8.5/8.5
440/470 7.4/7.1 13.8/13.9
610/620 7.2/7.1 16.3/17.0*
720/740 7.5/7.4 18.6/18.5*%
860/860 7.3/7.1 21.3/20.2*
1160 7.1 18.5%*

*Trailer left lead tandem wheel lock

**Tow vehicle front wheels and trailer left lead tandem

wheels lock
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Table 3.25. Combination'Vehicle Effectiveness Test
Results: CV 3-C, Trailer Empty, 40 mph

Tow Vehicle

Brake Line
Pressure Trailer Brake Deceleration
psi Voltage f/s?
120/110 1.4/1.4
160/160 2.9/2.6 3.6/2.8
300/320 5.1/5.0 9.9/9.2*
440/460 7.1/7.1 14.2*/14.9*%
600/620 7.1/7.3 17.0%/17.0*
750/740 7;4/7.3 19.9%/18.5*
860/880 7.1/7.1 20.6*/22.0*
1200/1120 7.1/7.1 19.9%*/19,9**

*Trailer left lTead tandem wheel lock

**Tow vehicle front wheels and trailer left lead tandem
wheel lock
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Table 3.26. Combination Vehicle Effectiveness Test
Results: Mismatch CV 2-C, Loaded,

40 mph.

Tow Vehicle
Brake Line
Pressure Trailer Brake Deceleration

psi Voltage f/s?
140/140 1.9/1.9 1.4/1.4
320/300 2.1/2.8 4.3/3.8
440/480 7.1/7.1 16.3/17.0
600/600 7.1/7.1 18.5*/19.9
720/720/720 7.1/7.1/7.1 18.5%* /18 .5%% /22 . 7**
760/760 7.1/7.1 17.8/22 . 7%**

*Trailer left lead tandem wheel lock
**Tow vehicle right front wheel lock

***Tow vehicle front wheels lock
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Table 3.27. Combination Vehicle Effectiveness Test
Results: Mismatch, CV 2-C, Trailer
Empty, 40 mph.

Tow Vehicle

Brake Line
Pressure Trailer Brake Deceleration
psi Voltage f/s?
140/160 1.9/1.9 1.8/2.0
300/320 3.6/3.3 7.1/9.9
480/460/460 7.1/5.2/7.4 18.4/14.2/17.0
520 7.4 19.9
600/600 7.4/7.4 18.61/18.42
640/640/640 7.4/7.4/7.4 20.61/18.5/17.82
680/680/680 7.4/7.4/7.4 19.22/19.92°3/22.02°3
760 7.4 20.62°3°%

1Trailer rear tandem wheels lock
2Trailer left lead tandem wheel lock
3Trailer left rear tandem wheel lock

“Tow vehicle front wheels lock
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Table 3.28. Combination Vehicle Effectiveness Test
Results: CV 4-D, Loaded, 40 mph.

Tow Vehicle

Brake Line :
Pressure Trailer Brake Deceleration
psi Voltage f/s”
160/160 1.9/2.1 1.2/1.2
220/220 4.1/4.6 4.3/5.0
270/280 9.6/9.6 8.0/8.0
350 9.6 10.5
420/420 9.6/9.6 11.2/12.1
480 9.6 11.8
500 9.6 11.8%

*Tow vehicle right rear wheel Tlock
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Table 3.29. Combination Vehicle Effectiveness Test
Results: CV 4-D, Trailer Empty, 40 mph.

Tow Vehicle

Brake Line
Pressure Trailer Brake Deceleration
psi Voltage f/s?

160/160 1.9/1.9 1.0/1.2
220/220 4.0/4.0 : 4.3/4.0
280/280 9.5/9.5 7.8/7.5
360/340 9.5/9.5 8.0/8.4
420/420 9.5/9.5 8.6*/10.2*
460/480 9.5 9.9*%/9.9*

*Tow vehicle right rear wheel Tock
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Table 3.30.

Tow Vehicle

Combination Vehicle Effectiveness Test
Results: CV 5-E, Loaded, 40 mph.

Brake Line
Pressure Trailer Brake Deceleration

psi Voltage f/s?

200 3.3 3.1
400/400 6.2/6.7 7.4/7.7
600/600 6.2/6.5 9.6/10.8
760/800 6.2/6.5 11.1/12.4
900/950 6.2/6.5 12.2/13.6
1100/1100 6.2 12.4*

*Tow vehicle right

rear wheel lock
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Table 3.31.

Tow Vehicle

Combination Vehicle Effectiveness Test
Results: CV 5-E, Trailer Empty, 40 mph.

Brake Line

Pressure Trailer Brake Deceleration
psi Voltage f/s?

150/150 1.0/1.0 1.6/1.2

280/280 2.4/1.9 4.0/5.0

420/420 3.3/3.3 9.0/9.0

560/560 3.3/3.8 12.5/12.5*

*Trajler right recr wheel lock
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The nature of the problem is illustrated in Figure 3.28.
When surge hitch and equalizer hardware are combined, the moment-
producing mechanism of the equalizing equipment greatly increases
the vertical load acting at the ball of the hitch, for, as the
figure shows, one force of the couple which produces the moment
is a vertical, compressive load at the ball. Relating this to
the earlier analysis of the surge hitch, the force, Fz’ as shown
earlier in Figure 3.10, is greatly increased relative to its value
if load equalization is not used. Thus the over-running force
(similar to Fx of Figure 3.10) required to overcome Coulomb
friction forces within the hitch can be equal to a very large
fraction of the trailer's weight, and the remaining portion of
the over-running force available as an actuation force for the
trailer brake system may be quite small, or, indeed, zero.

Horizontal components of the tensile chain force can also
affect surge hitch performance, but generally to a smaller degree.
Assuming that original chain orientation is vertical, if the
internal friction of the surge hitch is overcome, motion of the
sliding tongue occurs resulting in an inclination angle of the
chain. This non-vertical orientation results in the chain tensile
force having a horizontal component which serves to partially
react the over-running forces, further tessening the level of brake
system actuation force.

For our test purposes, this situation meant that for CV
1-A, all manufacturers' recommendations could not be met simultan-
eously. Thus, tests were conducted using recommended equalization
and no equalization.

Table 3.15 presents data for this combination vehicle
(1-A) under similar load and velocity conditions, but with and
without Toad equalizing. The high level of trailer braking, as
indicated by high trailer brake line pressure, results in improved
braking effectiveness for the combination vehicle without load
equalizing. Load equalization has the largely counter-balancing effect,
in this case, of delaying front wheel lock of the tow vehicle.,
allowing this, unit of the CV to achieve higher braking effort than
is possible without equalization.
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The basic incompatibility of load equalization and surge
hitch hardware can present the user with a difficult problem. It
"would appear that he should, in fact, elect not to use an equalizing
hitch, to use air shocks to cure any ride problems due to rear
suspension compression, and to then carry on as best he can with
the rear and front axle loads biased by the "unequalized" hitch
load. This situation can, however, be unacceptable if the hitch
loads are high.

Another major concern in CV testing was the proper adjust-
ment of the electric brake application system. This system was
described in some detail earlier in Section 3.1.2. The equipment
supplied by the manufacturer provides for several possible values
for the external gain resistor. The "proper" resistance may be
selected through reference to a table based on total trailer weight
and the number of trailer brakes and axles, with the added advice
to change the setting to obtain "firm braking action just short of
skidding on dry pavements" with the controller fully on. Further,
it is recommended that the onset rate adjustment "be made to pro-
vide for a slight lead of trailer brakes over tow vehicle brakes."

In general, these recommendations were followed in this
program. However, unless the gain resistance indicated by the table
resulted in an obviously poor adjustment, this setting was not
altered. This procedure results from a judgment as to what probably
represents the normal in-use situation. First, it was judged that
the average user was likely to depend heavily on the table because
of a general lack of understanding of the mechanisms of the braking
process, and because of limitations either in his willingness to
perform tests, or in roadway facilities available on which to per-
form tests necessary to make further adjustments. Second,
if the user were to perform the implied tests, the resultant
setting could largely depend ubon the chance occurrence of the
friction properties of the chosen test surface.

For trailers B and C, this procedure resulted in rather
good combination vehicle braking performance. Consider
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Tables 3.24 through 3.27, presenting data for 3-C and 2-C combina-
tions. Ignoring the premature lockup of the left wheel of the lead
-tandem axle of the trailer, these combinations achieved deceleration

Tevels of nearly 20 ft/s? or better in both trailer loaded and
empty conditions. Tables 3.19 through 3.23 indicate that trailer
B performed nearly as well in combination with tow vehicles 1 and
2. In the unloaded condition, however, this vehicle suffered from
interaxle load transfer as evidenced by Tead axle locking shown

in Table 3.20.

Tables 3.28 through 3.31 indicate that CV's 4-D and 5-F
did not achieve such good braking performance. Vehicles 4 and D had
both demonstrated relatively low performance in their respective effect-

iveness tests. Thus the results of this combination's effectiveness
tests are consistent with earlier resylts.*

‘ Combination 5-E suffered from the limitations of the

standard electric brake application device combined with the pre-
viously discussed (Section 3.2.2) problem of interaxle load distri-
bution for this trailer. In the loaded trailer condition and with

no external gain resistor used in the trailer brake application
system, trailer wheel Tockup was experienced at low levels of

brake application. Thus, for these tests, the lowest available
external gain resistor was used in the brake application system.
However, because of the nature of the trailer brake system, this
proved in practice to be a very coarse adjustment. Trailer E was
equipped with six brakes, thus drawing approximately 50% more
current than a four-brake system at a given application level.

This higher current draw results in a similarly higher voltage

drop across the external gain resistor. This resulted ina voltage drop
at the brakes of approximately six and one-half volts. Thus, the
trailer brakes probably were not being used to full advantage

during these tests. ‘

*It should be noted again, as was done in reporting the results of
trailer alone effectiveness tests tor trailer D, that the

maximum trailer brake voltage indicated in the table was measured
at the input to the brake while approximately 12 volts were

input to the trailer wiring harness.
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With trailer E in the empty condition, simi]ar}adjustment
of the external gain resistor was made. In this case, however,
a setting could be achieved which prevented trailer wheel lock
until relatively high application levels.

3.2.4 Trailer Fade Tests. The trailer fade test procedure

was patterned after the first fade and recovery test of FMVSS
105-75 for vehicles in excess of 10,000 1b. gvw. That is, they
consisted of baseline, fade, and recovery snubs conducted from
initial velocities of 40 mph and subject to temperature, time, and
distance constraints as per FMVSS 105-75. Modifications were
made to the final velocity of the snubs and to deceleration rates,
however. In particular, the final velocity and deceleration rates
were prescribed, respectively, as

Wrp
ve = Va0 - 2 a0z - 202) mpn (3.21a)
eV
W
a = ww—”i fps? (3.21b)
oV .

where
WTA is the total static trailer axle load

WCV is the combination vehicle weight

Snubs from 40 mph to Vf at deceleration, a, using trailer brakes

only, result (1) in the trailer brakes absorbing the energy of a 40-
to 20-mph snub of a vehicle equal in weight to the trailer axle
static load, and (2) in the trailer brakes operating at a torque level
which would decelerate the same vehicle at 10 fps<.

Additionally, trailer A was subjected to a similar program
using an initial velocity of 60 mph (requiring that "60" be substi-
tuted for "40" in Equation (3.27a)).

In all of the fade tests, trailers were in their ioaded
condition and tow vehicles were empty. The combinations employed
were: 1-A, 1-B, 2-C, 4-D, and 5-E. In the tests, it was intended
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that the driver would maintain the prescribed constant deceleration
through modulation of the trailer brakes only while observing a
U-tube decelerometer.

Tables 3.32 through 3.37 summarize the results of the tests.
Two points are noteworthy. First, the sustained vehicle declera-
tions* attained by the driver often varied by significant percentages
from the desired deceleration Tevel. At least two factors are
contributory to this error. The desired deceleration levels are
generally small, thus taxing the useful resolution of the U-tube.
This problem would be relieved somewhat by conducting such tests
with as light a tow vehicle as possible, thus increasing desired
deceleration levels. A more confounding complication derives from
the hysteretic and high gain characteristics of trailer brakes,
particularly the electric brakes, which make the constant torque
mode of operation very difficult to achieve.** This is illustrated
in the extreme of Figure 3.29 which presents data gathered in one
test run. The figure indicates that once the brake has been
applied to a relatively high level, hysteresis in the voltage/
torque relationship apparently prevents the brake from reacting
to large reductions in input voltage. This not only makes the
conduct of a fade test difficult, but also complicates data
reduction. In Tables 3.32 through 3.37 sustained brake application
Tevels are indicated.

A second point of interest in these tests concerns the inter-
relation between aerodynamic and other drags and deceleration.
Although the Tower deceleration rates experienced in testing
do not alter the kinetic energy lost by the vehicle during a
snub, they can lower that portion of the energy absorbed due
to the braking process while extending the time period of
absorption slightly. The remaining portion of the energy

*Deceleration levels indicated in the tables derive from the
electronic accelerometer mounted on a stabilized platform ond
not from U-tube readings.

**This was also seen in dynamometer testing (Section 3.1.2) wherein
servo-controlled constant torque testing was not achievable.
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Table 3.32. Trailer Fade Test Results: Trailer A, 40 mph.

Drag Deceleration: 0.6 f/s?
Target Deceleration: 3.15 f/s?

Trailer Brake Average Brake
Line Pressure Deceleration Temperature
Run No. psi f/s? °F
Baseline 1 260 2.5 166
Baseline 3 270 2.8 188
Fade 1 270 2.5 125
Fade 10 270 2.5 305
Recovery 1 270 2.5 271
Recovery 5 270 2.5 222

Table 3.33. Trailer Fade Test Results: Trailer B, 60 mph

Drag Deceleration: 0.6 f/s?
Target Deceleration: 3.15 f/s?

Trailer Brake | Average Brake
Line Pressure Deceleration Temperature
Run No. psi : f/s? °F
Baseline 1 260 2.5 159
Baseline 3 260 2.5 186
Fade 1 260 2.3 142
Fade 10 260 2.1 484
Recovery 1 260 1.9 425
Recovery 5 260 2.5 325
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Table 3.34. Trailer Fade Test Results: Trailer B.

Drag Deceleration: 2.1 f/s?
Target Deceleration: 5.0 f/s?

Average Brake

Trailer Brake Deceleration Temperature
Run No. Voltage f/s? °F
Baseline 1 3.0 5.0 187
Baseline 3 3.0 5.0 193
Fade 1 3.0 5.0 157
Fade 10 3.0 5.0 248
Recovery 1 3.0 5.0 228
Recovery 5 3.7 5.0 185

Table 3.35. Trailer Fade Test Results: Trailer C.

Drag Deceleration: 0.6 f/s?
Target Deceleration: 5.17 f/s?

Average Brake

Trailer Brake Deceleration Temperature
Run No. Voltage f/s? °F
Baseline 1 2.7 5.0 158
Baseline 3 3.4 5.0 190
Fade 1 3.0 5.0 147
Fade 10 6.2 5.0 341
Recovery 1 6.1 5.0 319
Recovery 5 4.1 5.0 269
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Table 3.36. Trailer Fade Test Results: Trailer D

Drag Deceleration: 0.6 f/s?
Target Deceleration: 5.0 f/s?

Average Brake

Trailer Brake Deceleration Temperature
Run No. Voltage f/s? °F
Baseline 1 9.0 4.3 126
Baseline 3 9.0 4.3 154
Fade 1 9.0 4.3 124
Fade 10 9.7 4.0 ’ 342
Recovery 1 9.7 5.6 291
Recovery 5 9.7 5.6 257

Table 3.37. Trailer Fade Test Results: Trailer E

Drag Deceleration: -0
Target Deceleration: 4.0 f/s2

Average Brake

Trailer Brake Deceleration Temperature
Run No. Voltage f/s? °F
Baseline 1 6.2 3.1 142
Baseline 3 6.2 3.7 182
Fade 1 6.2 3.1 143
Fade 10 6.7 1.3 590
Recovery 1 7.2 1.8 523
Recovery 5 7.2 : 2.5 485
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Figure 3.29. Anexemplary time history of a trailer fade snub.

loss is attributable to drag forces which can be significant due
to the Targe frontal area of these vehicles relative to their mass.
If we assume that the drag forces are constant for a given vehicle
across the small velocity change of the snubs, it can be shown
that:

B .2 (3.22)

where

is the portion of the deceleration attributable

to drag
is the total deceleration
is kinetic energy Toss due to braking forces

is total kinetic energy loss
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Equation (3.22) indicates that, as total deceleration decreases
and drag deceleration remains constant, the percent of energy
absorption attributable to braking decreases.

The data presented in the tables, then, indicates that
(a) fade tests of trailers B and C were conducted essentially as
desired, (b) the test of trailer E was conducted at a lower
deceleration Tevel than desired, but this probably did not signi-
ficantly disturb the results since deceleration due to drag forces
was very small, and (c) tests for trailers A and D were probably
less severe than desired because of low acceleration levels. For
trailer A, Equation (3.22) would indicate approximately 80% energy
absorption due to braking at the proper deceleration level and
approximately 75% at the actual level. Similarly, for trailer D,
proper deceleration would result in a calculated 88% while actual
deceleration results in approximately 86% energy absorption due to
braking.

The test results further indicate that for the 40-mph test,
‘trailers A and B exhibited virtually no fade. Trailers C and D
exhibited some fade and generally good recovery. Trailer E
suffered the most from fade with the least complete recovery.

The general ranking between the performance of the sample of
trailers is largely in line with their ranking based on average
wheel load, and hence, the energy absorption requirement per brake.
In the 60-mph test of trailer A, some fade is in evidence, but
recovery is good.
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4.0 COMPUTER SIMULATION AND ANALYSIS

An appropriate role of computer simulation is to aid in the
understanding of vehicle test results by simulating the tests.
If the calculations yield results largely in agreement with the
measurements, or if the discrepancies between test results and
simulated results can be reliably accounted for, the indication
is that the tests are well understood.

Much of the success of this exercise depends on one's point
of view. In fact, in most simulations of vehicle tests, there
are enough important pieces of information that are unknown that
one can fit the test data by choosing the input parameters properly.
Whether this process entails the science of "fine-tuning" or the
art of "fudging" often seems to depend on the eye of the beholder.

Simulation of braking tests is a prime example of this mixture
of science and art. This occurs because the bfake torque, which
is always a key part of the input data, is extremely difficult to
determine accurately without resorting to road tests. Thus,
although the response of a vehicle to a given brake torque presumably
may be accurately computed, it is not reasonable to assume, a priori,
that the torque used as input to the simulation is in fact a
reasonable analog for the torque actually generated by the vehicle's
brakes. To remedy this situation, a few vehicle tests are fre-
quently thought of as laboratory measurements of brake torque
designed to determine a reasonable torque versus line pressure
relation, and the line pressure is used as input to the computer
simulation, as in [5].

This was the procedure used to gather the trailer brake
parameters for use in this simulation activity. In particular, the
trailer alone test results were reduced to find brake forces corresponding
to each voltage (pressure for the surge brakes).
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The gathering of data to describe the brake torque of the tow
vehicle is potentially more difficult, largely because the five
tow. vehicles make use of hydraulic valves which alter the front-
to-rear proportioning of brake torque distribution and the over-
all system gain as a function of master cylinder pressure. But
since the analytical activity at hand was concerned, in the main,
with 1imit braking performance, the master cylinder pressures to be
considered fall within a rather narrow band. Thus, it was
reasonable to model the tow vehicle as having fixed proportioning
and to employ those brake system parameters descriptive of the
real system performance within the Timit range of interest. The
parameters used were derived from the tow vehicle alone
effectiveness test results.

It is important to note here that CV test results were not
used to garner brake torque values for use in simulating further
CV tests. (In that case, the calculated results would obviously
closely match the test results.) Rather, we have used trailer alone
results and tow vehicle alone results to procure parameters for CV
simulation. The discrepancies between computed and measured results
are then indicative of either (a) the measurement errors, or
(b) parametric changes during, and possibly as a result of, testing,
or (c) simplifications in the analysis.

Another role of simulation is to simulate tests that were not
run. (It is, of course, a desirable precondition that the tests
that were run are well understood.) In this was, calculations can
be substituted for expensive and/or dangerous tests.

Initially, this section will present a short explanation of
the quasi-static simulation used to perform the calculations. This
will be followed by calculated results for the tests that were run
and calculated extensions of the test results.
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4.1 The Quasi-Static Simulation.

The quasi-static simulation, BRAKESZ2 [ 6], was used through-
out this research program to illuminate and extend the test results.
The term quasi-static indicates that the pitch and bounce and wheel
spin degrees of freedom often associated with braking calculations
were neglected—the input is the brake force, the c.g. and axle
positions, and tire-road interface data, and the output is the
steady-state deceleration of the simulated vehicle.

The straightforward nature of the program allows the user
exceptional utility in performing calculations—calculations can
be performed interactively at a very rapid rate and at a low cost.
This utility is gained at the expense of several simplifying
assumptions which are listed below:

1) The brake torque is assumed constant throughout
the run.

2) The quasi-static nature of the normal Toad
calculations neglects the time lag required to
attain the quasi-static loads. In practice,
however, the brakes are applied while the axle is
still loaded to approximately its static load—
i.e., before the load transfer takes place.

3) Tandem axle dynamics are neglected. Thus the
calculations tend to predict initial Tockup at
higher line pressures than one would expect to
find if suspension kinematics lead to appreciable
inter-axle load transfer during braking.

4) Changes in the properties of the tire-road inter-
face with load and speed are neglected.

Of these four simplifications, the first turns out to be the
most significant. It is eminently apparent from our test data
(and, typically, from any data in which severe wheels-unlocked
braking plays a role) that, given constant line pressure or
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voltage, the brake torque cannot be expected to remain constant
during the course of a stop. As far as we know, the prediction of
- torque variations during a stop is beyond the current state of the
art.

It is appropriate here to reconsider the example presented
in Figure 3.27 which displayed measured data from the 5-E combina-
tion vehicle testing. The simulation, of course, cannot predict
the effectiveness changes so obvious in the test results and thus
must remain a limited, albeit useful, tool in the understanding of
the total system.

4.2 Simulation of Test Vehicle Performance

The BRAKES2 simulation was used to calculate the vehicle test
results. The comparison between the calculations and the measured
.data will be presented in this section. These results will be
presented in five subsections, with one subsection devoted to each
trailer. Further calculations will be presented later which
extend the test results.

4.2.1 Trailer C. Braking data for the 12" x 2" electric
brakes of trailer C were gathered from the trailer alone tests as
shown in Section 3.2.3. These data are repeated here for
convenience in Figure 4.1.

The voltage is applied to the trailer brakes as a function of
tow vehicle line pressure as determined by the controller used in
the combination vehicle tests. Figure 4.2 presents a bilinear fit
to the measured trailer brake voltage versus tow vehicle line
pressure for the controller, with the gain and 1imits as set for
the CV tests. Note that the controller does not yield such smooth
curves in practice. (See, for example, Figure 3.12.) However, our
main interest is in the flat 1imit portion of the curve which is
quite repeatable.
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-Figure 4.1. Total brake force versus applied voltage.
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Figure 4.2. Simulated electric brake controllers.
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Constant brake proportioning values for each of the tow vehicles was
estimated based on the tow vehicle alone tests, and are tabulated
in Table 4.1. Note, we estimated 70-30 for vehicles 1 and 2 as they locked
front wheels first at very high decelerations. This performance is some-

what surprising, particularly for vehicle 2 which had no rear
proportioning valve.*

Table 4.1. Estimated Constant Proportioning
for the Tow Vehicle.

Vehicle Proportioning
1 70-30
2 70-30
3 55-45
4 ‘ 55-45
5 55-45.

Using the assumed proportioning of Table 4.1 in conjunction
with the car-alone results of Tables 3.5-3.9, we can estimate the
relationship between trailer brake force and the brake force at
each axle of the tow vehicle. Trailer brake force is plotted as a
function of tow vehicle front-wheel brake force in Figure 4.3.

Most of the data required to simulate trailer C is presented
in Figure 4.4 which presents input/output (I/0) for a computer run of
the loaded tow vehicle 2 pulling the loaded trailer C.

*Vehicle 2 makes use of "metering" or an initial limiting of the
front disc brakes for wear reasons, but not variable proportioning,
which would Timit the rear line pressure at high decelerations.
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Some interesting calculations of the trailer C performance are
presented in Figures 4.5 and 4.6, where maximum wheels-unlocked
deceleration for passenger cars 2 and 3 pulling trailer C are
presented. The calculations indicate that the maximum burden of
the trailer occurs at high decelerations, a direct result of the
high gain and flattening of the trailer C brake force as a function
of the applied voltage. In both these figures, the change in slope
of the CV curve at about u = .4 indicates the break point in the
controller response curve shown in Figure 4.1.

The CV curves in Figures 4.5 and 4.6, which were based on
the data in Figures 4.1 and 4.2, show that the calculated CV
deceleration was at least fifteen percent Tower than the measured
values. Some insight into this discrepancy can be gained from the
hitch transducer measurements. In both the 3-C and 2-C combinations
the maximum measured compressive force at the hitch was close to
1000 1bs. The calculation in Figure 4.4b, however, shows a far
higher compressive force. The indication is that during and perhaps
as a result of the trailer alone testing and the CV testing, the
trailer brakes increased in effectiveness.

Further calculations verified the obvious—an increase in peak
trailer brake force will increase the deceleration and thus move
the CV curves on the figures up toward the tow vehicle alone curves.
The results of Figure 4.4b, for example, indicate that the trailer
brake force could be significantly increased without causing trailer
wheel lockup.

In practice, however, the voltage level used in the calcula-
tions was the setting recommended by the cdntro]]er manufacturer
for the trailer weight. Further, the 7.1-volt setting shown in
Figure 4.2 for trailer C was sufficient to cause occasional lockup
of the left lead trailer tandem, indicating an appropriate setting
(see Table 3.12). This leads to the conclusion that the rather
rough controller resolution and the varying nature of the electric
brakes leave little opportunity for the consumer to fine-tune his
CV to achieve the potential trailer braking which is suggested by
the simulation.
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Figure 4.5. Simulated braking performance for loaded 3-C.
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Figure 4.6. Simulated braking performance for the loaded 2-C.
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Since both the calculations and tests* indicated that the
combinations under study were limited by front wheel Tockup on the
tow vehicle, it is not surprising that later calculations indicate
that hitch load and Toad equalization are of extreme importance and
that many other vehicle parameters are not. These matters will be
discussed further in Section 4.3.

4.2.2 Trailer B. The braking data for the four 10" x 2"
electric brakes of trailer B were gathered from the trailer alone
tests shown in Section 3.2.3. These data were repeated for con-
venience in Figure 4.1. Measured voltage versus tow vehicle line
pressure was presented in Figure 4.2. The constant proportioning
assumed for the tow vehicle was presented in Table 4.1.

Much of the data required to simulate trailer B is given
in Figure 4.7, which presents I/0 for a computer run of loaded tow
vehicle 2 pulling loaded trailer B.

Some interesting calculations of trailer B performance are
presented in Figure 4.8, where maximum wheels-unlocked deceleration
of tow vehicles 1 and 2 pulling the loaded trailer B are presented.
As in the case of trailer C, the calculations indicate that Tockup
occurs first on the front wheels of the tow vehicle on all surfaces.
Again, this result is explained by the application of the vertical
component of the hitch Toad behind the rear wheels.

4.2.3 Trailer A. Trailer A is the surge-brake-equipped
trailer which, for all the simulation runs, was loaded to 2222 1bs.
The gain of the surge brake system, i.e., total trailer brake force
per unit over-running force at the hitch, was calculated from trailer
geometry and dynamometer curves to be 1.9. Trailer A was coupled
to tow vehicle 1, which was assumed, based on tow vehicle alone
results, to have 70-30 proportioning. Much of the data required to
simulate the 1-A combination is presented in Figure 4.9.

*We are ignoring here the occasional measured left-lead tandem
Tockup, which is more indicative of a "grabby" brake than a bona-
fide lockup limit.
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The loaded truck, as simulated, performs adequately, thouc-
not as well as the one-tan pickup whose calculated performance

presented in Figure 4.1i. This finding is explained, in part, -

the higher c.g. deriving from the four-wheel drive geometry o~
vehicle 4.

As one would expect with the weight of the trailer beinc
significantly greater than the weight of the tow vehicle, the
of trailer braking is an extremely important determinant of CV
braking performance. Three levels of brake force are shown in

figure, namely: (a) no brakes, (b) 1450 1bs (as measured in tr.
trailer alone tests), and {c) an "improved" level of 3115 1bs ¢

brake force.

The "improved" traiier braking results in quite reasonablz
performance, yielding atmgst 20 ft/sec? on 2 .3 surface. The

rationale behind the cheice of 3115 1bs is presented in Secticn .

4.3 Sensitivity Study

A sensitivity study was performed for ccmdinations 2-B, 2-

4-D to find, via computer simulation, the parareters most impc--

in CV braking performance. Some results from the study are pr-
sented in Figures 4.15 through 4.20. 1In each figure, the ver:
axis presents the peak friction coefficient, -, necessary to ¢
wheel lockup on the indicated axle at a vehicia deceleration -
of 1/2 g. The vehicle parameter being varied is plotted on th:
horizontal axis. In each case, the range of oarameter variatic
Judged to be large relative to variations which are likely to ¢

use.

Figure 4.15 presents the sensitivity to rear-axle-to-hits:
(This is of particular interest here since or vehicles 2 and = .

hitch was extended about twelve inches in the test program to : -

date the hitch transducer.)} Altering this parameter affects t&
distribution of axle leads on the tow vehicle. Thus, for CV's

2-8 and 3-C, the load egualizer moment was also varied such the-

the fore/aft distribution of additional (where additional impl:
those resulting from trailer hitch vertical lcad and moment) s*

wheel loads on the tow vehicle remained constaent. (This is cor-

with recommended hitch adjustment practice.) Note that the CY
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Minimum Required Surface Friction to Prevent Wheel Lock at Indicated Axle
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Minimum Required Surface Friction to Prevent Wheel Lock at Indicated Axle
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Minimum Required Surface Firction to Prevent Wheel Lock on Indicated Axle
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always limited by front wheel lock except for an extreme forward
position of the fifth wheel of CV 4-D, and that severe changes, :

the order of twelve inches, require less than .05 change in fror
wheel peak friction coefficient.

Figure 4.16 indicates the sensitivity to the longitudinal
location of the c.g. of the trailer (load equalization was agai-
varied to hold constant fore/aft distribution of additional sta-
loads on the tow vehicle axles), and Figure 4.17 indicates sens-
tivity to trailer wheelbase (the trailer c.g. location was also
to give constant distribution of static trailer hitch and axle i
In each case, the system was found insensitive to large changes.

Figure 4.18 indicates sensitivity to trailer c.g. height.
4.19 indicates the sensitivity to hitch ball height. Again, in
each case the combination is relatively insensitive to large ch:

Figure 4.20 presents the sensitivity to the level of load
equalization as a function of the static load added to the front
tires via load equalization (i.e., zero on the horizontal scale
indicates no load equalization moment). Clearly, these finding:
indicate that load equalization is a most influential variable.
CV's shown require an increase of surface friction of about .15
load equalization is decreased from the baseline level to zer-

The sensitivity of braking performance to load equalizati:
changes is obviously a direct result of the redistribution of :
axle loads. Alteration of other parameters, particularly tow ..
hitch position (Figure 4.15) and trailer c.g. position (Figure
can also alter static Toad distribution. As explained earlier.
however, this effect was largely negated through compensating .
ment of the load equalizing hitch. Such compensation is justi-
if it is assumed that the user will properly adjust the load
equalizing hitch. Figure 4.20 indicates the potential changes
performance if this assumption does not hold. It is also impor
to note that for CV 4-D, load equalization is never used. Thus.
Figures 4.15 and 4.16, the sensitivities demonstrated do includ-
those effects resulting from changes in static axle loads.
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5.0 A PROPOSED RULE FORMAT

In the preceding discussion of the simulation activity,
the relative unimportance of several combination vehicle parameters,
including center of gravity position, wheelbase and hitch position,
to maximum CV braking performance was demonstrated. The remaining
significant parameters are the weight and brake force capability
of the combination plus the in-use factor of load equalizer
adjustment. Further, it has been shown that the maximum wheels-
unlocked brake force of the tow vehicle remains about the same
with or without a trailer, given that the load equalization adjustment
is maintained within reasonable bounds. This finding leads us to
propose a simplified analysis of combination vehicle braking which will
result in a utilitarian methodology for trailer brake performance
testing in a standards/guidelines context.

Consider first a combination vehicle using electric trailer
brakes. Let us assume a maximum (high u surface) wheels-unlocked
brake force capability of FTV 1bs for a given tow vehicle,
weighing Wy, 1bs. Similarly, assume the trailer (weight Wy 1bs)
has a maximum brake force capability of FT 1bs. Finally, we assume
FTV and FT are not altered by the forming of the combination. Then
from the free-body diagrams of Figure 5.1, we find the
deceleration capabilities (in g's) to be

F
. v
X = (5.1)
vy
Xy ° ————:TV : ‘ZT (5.2)
v

for the tow vehicle alone and the combination vehicle, respec-
tively. Solving Equation (5.1) for FTV and substituting into
(5.2) yields

WT - FT

.
" - °cV

X = Xpy - (5.3)
cv TV wTv
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Equation (5.3) indicates that in hitching a particular
trailer and tow vehicle, a "deceleration penalty," P (in g's),
is paid. That is, the combination vehicle deceleration is degraded
relative to the tow vehicle alone deceleration by

XMW - F
b - cva T (5.4)
TV
where
Xey = Xqy - p (5.5)

Now, substituting ;CV from (5.5) into (5.4) and solving for wTV
yields
waTV - F )

- T
WTV = B (5.6)

Equation (5.6) may be used to define a minimum weight tow vehicle
appropriate for use with the given trailer. For example, let us

define the minimum tow vehicle deceleration as ;105, i.e., that
sustained deceleration generally required by FMVSS 105-75. Further,
define the maximum acceptable deceleration penalty to be Pm.

Then

X1y 2 X105 (5.7)
P < Pm (5.8)
Substituting (5.7) and (5.8) into (5.6) yields
WoXqne - F
77105 T
Wy 2 —p—— - W (5.9)

m

Thus, if Equation (5.9) is satisfied, and given the assumptions
of the analysis, then '
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Xy 2 %105 " P ' (5.10)

In implementing Equation (5.9), the trailer manufacturer
might perform a trailer alone braking test (using virtually any
tow vehicle) from which the maximum trailer brake force would
be obtained. Using this result and the trailer gww as wT, the
manufacturer would calculate wTv and publish this figure as a
guideline to the consumer, indicating the minimum weight tow
vehicle acceptable for use with the trailer.

For trailers equipped with surge hitch braking systems, the
actuation level of the brake system is a dependent variable
determined by a closed-loop mechanism (as discussed earlier in
Section 3.1.2). Thus, the direct measurement of Fr is not
reasonable and the above analysis must be modified to be appropriate.

It can be shown that

XCVWT = FT + FH (5.11)

where FH is the compressive longitudinal hitch force (in 1bs)
acting on the trailer. Solving Equation (5.11) for F,y and
substituting into Equation (5.3) yields

F

L (5.12)

> @
_'
=
=

where the notation ?H indicates the value of FH occurring at a
combination vehicle deceleration of Xcy g's. Thus, in this case,
the deceleration penalty is

F

p = M (5.13)

TV

|

=
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If we again specify that

P o< P (5.14)

and

Xty 2 X105 (5.15)

then from Equations (5.5), (5.14), and (5.15)

X105 " Pm (5.16)

>

Xev

Substituting (5.14) into (5.13) and rearranging yields

: H
Wy > 5 (5.17)
TV Pm
where ;CV is limited by Equation (5.16).

In implementing Equation (5.17), the trailer manufacturer
might perform a combination vehicle stopping test at a decelera-
tion of ;CV = 2105 - Pm.* In this test, the vehicle would be
equipped to measure FH directly. The results again would be used |
to calculate wTV which would be published as a guideline to the
consumer. In the test, any tow vehicle capable of attaining xCV
when combined with the subject trailer could be used.

Equations (5.9) and (5.17) potentially provide the basic
format for a standard or guideline. Their implementation, however,
requires an answer to the question, "What constitutes maximum
trailer brake force?" In previously promulgated Federal Motor
Vehicle Safety Standards, the answer has been, in effect, "That

*|sing the equality portion of Equation (5.16) would result in

the lowest attainable value for FH.
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only multiple axle trailers, presents resu :5 based on both

no-trailer-wheels-locked and one-axle-whes:-lock criterion for

FT'
Several f::7.. =5 of Table 5.1 are Lerest:

1)  With tha exception of the 2-C «r2els-unlocked

combiration, every CV whereir - = weight of the
tow ve-izia as tested was e, -an the calculat -
W

v exhibited less than 1/2 ¢ ~=asured decelera-

tion, ana every CV wherein trc  :ight of the

tow vehicle as tested was grea-:~ than wTV
exceeded i/2 g measured decele-:zion.

2) Trailer < apparently exhibits . :ter wheels-
uniockez TV performance in cor: . .ation with the
4808-:: ow vehicle (2) than . .- the 6216-1b

tow venicie (3). This iTlust .:25 two points,

namely: .a) the low wheels-ur . .zd deceleration
of comcination 3-C is a resu:: .- premature
Tockup of one trailer wheel. = s problem was
attenu:zzed after the 3-C test . ~ivity, apparenti
as a resuit of continued usac- : the trailer C
brakes in intervening tests. -2 that with the
wheel iockup allowed, as in n° right-hand
columns of Table 5.1, the per-.-sance of trailer
C with tow vehicle 3 is exceii-~z. (b) Tow
vehicie 2 exhibited as high a: .5 ft/sec? tow
vehiciz zlone deceleration. =~ . it is not sur-

prisina that CV's with tow ve~ :ie 2 were able tc
out-pertarm the “guideline cz - ‘ations" which
assumec anly 2/3 g decelerati<: rtor the tow
vehici= alone.
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3) Trailer B has a calculated wTV of zero pounds,
an indication that any tow vehicle is adequate
to produce 1/2 g. This is a consequence of the
fact that FT for trailer B is more than half
the trailer weight.

4) Because of low brake force capability relative to
their weight, trailers D and E require very heavy
tow vehicles according to the rule. Accordingly,
when combined with the lighter tow vehicles used
in this study, they did not meet the 1/2 g decelera-
tion level. It should be noted that in the case
of combination 4-D, this failure is partly due to
problems with tow vehicle 4, discussed previously
in Section 3.2.1 . Note, however, that the trailer
braking system could be designed to operate with
these tow vehicles. For example, Figures 4.11
and 4.13 have indicated that the use of only
3115 1bs brake force for trailer D and 8430 1bs
brake force for trailer E would yield good braking
performance for the 4-D and 5-E combinations.

These levels of brake force are the minimum required
for 4-D and 5-E to conform to Equation (5.9).

The results for trailer A, the surge-braked trailer, also
conformed to the predictions of the rule (Table 5.2). (Since
combination vehicle testing with this trailer was not conducted
at precisely 1/2 g, Fﬁ data was derived from interpolation of test
results. For the case in which this trailer is considered with no
brakes, FH is simply specified at 1/2 the vehicle weight, i.e.,
the retarding force required to decelerate the trailer at 1/2 g.)
Note, however, that in the latter two cases for this trailer,

the actual tow vehicle weight is substantially below the minimum

weight required by the rule while the actual combination vehicle
deceleration is not so far below the 1/2 g level. This is




indicative of the capability of tow vehicle number 1. In the
tow vehicle alone tests, this vehicle achieved nearly 0.8 g
deceleration without wheel lock.

In review, a scheme has been presented, and validated for
a number of sample cases, which provides for reasonable assurance
of a prescribed minimum braking capability of combination vehicles
based on a simple measurement of the trailer's inherent braking
capability and the assumption of a minimum braking performance of
the tow vehicle alone (as implied by compliance with FMVSS 105-75
and current common design practice). It must be noted, however,
that the success of the validation resulted, at least in part,
from the fact that the combination vehicle braking performance
data was gathered using procedures which adequately control in-
use factors, particularly those regarding the use of load equalizing
hardware and trailer brake application devices. Given the nature
“of combination vehicle systems, that is, that such vehicles are
not manufactured or marketed as complete systems and that they do
not become systems until their various parts are combined by the
user, it seems clear that the effectiveness of virtually any rule
could be thwarted through improper adjustment of in-use factors.
Thus, any rule or guideline should ensure that

-adequate instruction be provided to the user concerning
the proper adjustment of load equalizing devices

-an adequate trailer brake application device be pro-
vided as well as adequate instructions for its proper
use

-the use of incompatible equipment (e.g., load
equalizing equipment and certain surge hitches) is
eliminated.

A final area of concern which rule-making procedures might
deal with involves the consistency of performance of the trailer
foundation brake. Electrically-actuated traiier foundation brakes
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have certain properties which make them quite desirable for use

on trailers towed by vehicles with hydraulic brake systems.
Nonetheless, electric brakes have been found historically, as well
as in this study, to have a propensity for erratic behavior.*

This property is demonstrated both in terms of temporal variance
in the effectiveness of a single brake sample, as well as variance
in the effectiveness of different samples of the same model of
brake. Clearly, this property could hamper the effectiveness of
any rule, since the representativeness of measured trailer brake
performance to in-use performance is in question.

*Tt is not our purpose to detail here the workings of the electric
brake. Suffice it to say, the sources of this variability are
not completely unknown. The basic high gain of the device, as
well as the use of two friction surfaces (magnetic-to-drum in
addition to Tining-to-drum), are two primary sources of the
problem.




6.0 CONCLUSIONS AND RECOMMENDATIONS

This study has endeavored to apply the principles of
vehicle mechanics to the braking process of combination )
vehicles on dry surfaces in order that a thorough understanding |
of the process might result and that those vehicle characteristics
which have a major influence on the process might be identified.
The study was conducted within a context defined by current
passenger car and Tight truck brake system design practice.
(Specifically, subject tow vehicles, both experimental and simu-
lated, were limited to late models whose 1imit braking performance
was generally in compliance with FMVSS 105-75.) The finding of
primary importance is that, within this context, the proper
hitching of trailer to the tow vehicle does not Tead to gross
alteration of the brake force capability of the tow vehicle as
compared to its capability as a unit vehicle. As a consequence of
this finding, and as confirmed by sample vehicle test results, it
has been concluded that a practical "rule" can be presented through
which the minimum braking performance of combination vehicles can
be reasonably assured. The rule would combine a simple test pro-
cedure for determining the inherent braking capability of trailers
and a guideline for determining acceptable tow vehicles based on
the measurement. In addition, the rule must deal with several
peripheral points largely concerned with in-use factors.

A number of specific findings derive from the study in
support of the above. These findings are summarized below.

6.1 Findings Regarding the Mechanics of Combination Vehicle
Braking on Dry Surfaces

1)  The passenger cars tested in this program were found
to be capable of very high decelerations on dry surfaces in qvw
loading conditions, an indication that both front and rear wheels
were braked to a point near the limit of adhesion. (Two of the
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cars were limited by front Tock.) When combined with trailers
and making proper use of Toad equalizing hitches, all passenger
car-trailer combinations tested were tow vehicle front-lock
limited, and at the 1imit the tow vehicles supplied about the
same level of brake force as they had when running alone.

2)  The pickup truck-fifth wheel-trailers tested are in
contrast with the passenger car-trailer combinations in that
the vertical hitch load is applied slightly ahead of the rear axle
rather than significantly aft of the rear axle. Since the hitch
loads (vertical and longitudinal) are applied in the nominal load
area of the truck, the brake force capability of the tow vehicle
when in combination is again comparable to its capability when
operating alone (in the loaded condition).

3) Multi-axle trailer suspension systems play an impor-
tant role in trailer braking capability. Their ability to
distribute vertical load equally among trailer wheels determines,
in part, what portion of potential brake torque can, in fact, be
utilized in producing trailer brake force.

4)  The inherent braking capability of a given trailer may
be determined by combination vehicle tests employing trailer
brakes only.

5) The hydraulic brakes used on the surge-brake-equipped
trailer tested in this study were more capable and consistent
generators of brake torque than the electric brakes tested in
this project.

6) The inherent variability of trailer foundation brakes,
particularly electric brakes, puts in question the ability of a

test trailer to accurately represent a model line of trailers.

7)  Dynamometer tests of trailer hrakes have limited
usefulness in determining actual trailer braking capability due
to suspension effects and brake variability.
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8) Ancillary equipment can have an important effect on
combination vehicle performance. As implied 1in (1) above, Toad
equalizing hitch adjustment is important to tow vehicle perfor-
mance when in combination with a trailer. Electric trailer brake
controller adjustment affects trailer performance in the combination
vehicle. The coarse resolution of the adjustment plus the
testing activity required of the user can hamper good adjustment.
For surge brake systems, no adjustment of the actuator is required
(since system gain is inherent in design). However, surge brake
application hardware may be incompatible with load equalization
hardware.

6.2 Conclusions Regarding the Prospects for a "Rule"

1) A practical rule which provides reasonable assurance
of a prescribed minimum braking capability of combination vehicles
“has been presented, and has been validated for a number of sample
cases. The rule is based on a simple measurement of the trailer's
inherent braking capability and the assumption of a minimum
braking performance of the tow vehicle alone (as implied by
compliance with FMVSS 105-75 and current design practice). The
rule prescribes a minimum weight for the tow vehicle based on the
trailer braking measurement.

2) The implementation of the rule requires an answer to
the question "What constitutes maximum trailer brake force?"
That is, what conditions of trailer wheel lock should
be permissible in the conduct of trailer brake performance
testing?

3) To be successful, the rule must deal with several
in-use factors. It should ensure that '

-adequate instruction be provided to the user concerning
the proper adjustment of load equalizing devices

-an adequate trailer brake application device be pro-
vided as well as adequate instruction for its proper
use



«the use of incompatible equipment (e.g., load

equalizing equipment and certain surge hitches)
is eliminated.

4)  The most significant reservation reqarding the
effectiveness of the proposed rule involves the consistency of
performance of trailer foundation brakes. As noted in Conclusion
(7) of Section 6.1, test data may not accurately represent the
performance of a model line of trailers.

6.3 Conclusions Regarding the Range of Braking Performance
of Test Vehicles

1) A wide range of inherent braking capability of test
trailers was measured. The ratio of maximum brake force to loaded
trailer weight ranged from 0.16 to 0.52.

2) Measured combination vehicle performance demonstrated
a similarly broad range. When test trailers were combined with
tow vehicles demonstrating a braking capability compatible with
FMVSS 105-75, maximum combination vehicle deceleration ranged
from 12 f/s? to 21 f/s2.

3) In view of the variance in performance of the trailer
brakes tested, the findings of this study should be viewed only
as indicative of the performance of the individual test trailer
samples used.

6.4 Recommendations

In Targe measure, Section 5.0, "A Proposed Rule Format,"
constitutes the recommendations deriving from this study. In
addition to the content of this section, the following recommendations
are made:
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1)  The problems associated with various hardware elements, as

pointed up in the conclusions, should not be construed as general indict-

ments of any type of trailer brake system. While the variability
problems of electric brakes are real, electric brake systems have

other desirable features, including low cost and a trailer-to-tow-
vehicle coupling which is convenient and relatively secure against
contamination. Further, while some specific surge hitch hardware
is incompatible with Toad equalizing hitches and should therefore
be restricted to lighter trailers, design modifications in either
component might lead to useful systems for heavier trailers.

Surge systems do have the advantages of relieving the user of

the brake adjustment tasks and allowing the use of hydraulic
brakes on the trailer. The rule-making procedure should deal with
such problems by promoting advances in design rather than restricting
design choice.

2) The "rule" which has been recommended in Section 5.0
is quite simplistic. The price of this simplicity is recognized
to be something less than complete assurance that all combination
vehicles will be capable of the intended minimum deceieration
capability. However, the rule could assure that very poor per-
formers would be eliminated. Further, since it is in the user's
hands to perform the final combining of trailers and tow vehicle
into a total vehicle system, it would seem that virtually any rule,
no matter how complex, would yield something less than full
assurance of the desired minimum performance. In this light,
and in consideration of the nature of the trailer industry (that
is, the reduced Tevel of economic and technical strength of many
trailer manufacturers relative to the automobile manufacturer),

a recommendation is made that the government strive for simplicity

in any rule to be promulgated in the future.
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APPENDIX A
THE TEST VEHICLES

The test vehicles used in this program were chosen to
cover a broad range of vehicle types and sizes. In choosing
trailers, attention was paid to obtaining vehicles with a broad
array of the following properties:

«Size: geometry and weight

«Brakes: number, size, manufacturer, and
actuation mechanism

-Suspension: number of axles and tandem
suspension types
Table A.1 describes the trailers which were chosen.

The tow vehicles used included compact, intermediate,
and full-size passenger cars plus 3/4-ton and one-ton pickup
trucks. These vehicles are described in Table A.Z.

The ten test vehicles are pictured in Figures A.1 through

A.5.
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Figure A.2. Tow Vehicle 2 and Trailer B
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APPENDIX B

VEHICLE TEST PROGRAM
TRAILER BRAKING PERFORMANCE

B.1 Introduction

The vehicle testing portion of the "Trailer Braking Per-
formance" project was conducted at the Bendix Automotive Develop-
ment Center (BADC). The program was structured to examine basic
questions addressing combination vehicle (CV) braking performance,
viz.,

1) What is the stopping performance capability
of the tow vehicle (TV)?

2) What is the inherent braking capability of
the trailer?

3) What penalty or burden in stoppinglcapabi1ity
derives from uniting the towing and trailing
vehicles into a CV?

Four distinct test sequences were designed to probe these
questions, viz.,

1) TV effectiveness tests
2) Trailer alone (TA) effectiveness tests
3) CV effectiveness tests

4) Trailer fade tests

The five tow vehicles and five trailers summarized in Table B.]

were the subjects of the testing program. Note that the tow
vehicles are numbered 1 through 5, and the trailers are letters

A through E. (These designations will be used throughout this
document.) With these ten unit vehicles, five "nominal match"
combinations vehicles, i.e., 1-A, 2-B, 3-C, 4-D, and 5-E, can be
established. These five combinations all conform with manufacturers'
recommendations for towing combinations except 5-E. This last

161



Table B.1 Test Vehicles

1. Chevrolet Nova

2. AMC Matador

3. Chevrolet Impala Wagon
4. GMC 7500-1b GVW Pickup
5. GMC 10,000-1b GVW Pickup

A. Starcraft
B. Fleetwood
C. Airstream
D. Holiday Rambler

E. Donahue

Starmaster 6

Prowler H

31 ft. Land Cruiser

32 ft. 5th Estate
20,000-1b GVW Farm Utility

combination exceeds the pickup manufacturer's recommendation for

gross combination vehicle weight (gcww).

Figure B.1 presents the general test matrix. The following

sections present details of the particular tests. Section B.6

deals with general test conditions, including vehicle condition

and instrumentation.
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B.2 Tow Vehicle Alone Tests

The five tow vehicles were delivered to BADC with their
brake systems in "as new" condition. Thus a 200-stop burnish,
per FMVSS 105-75, was conducted on each vehicle prior to any
other activity concerning that vehicle. The brakes were adjusted
following burnish.

With the brakes burnished, effectiveness tests were con-
ducted on each vehicle. These tests were conducted on vehicles
loaded to gvwr (see Section B.6) on a dry asphalt surface, and
from an initial velocity of 40 mph. Vehicles 1 and 2 were also
tested from an initial velocity of 60 mph.

Stops were conducted in order to:

1) Establish the maximum wheels-unlocked stopping
performance. Iterative stops were conducted
to establish the brake line pressure (within
at most 50 psi), Py» at which this performance
occurs.

2) Determine an effectiveness curve for the vehicle
by conducting additional stops at .8 Po’ .6 Po’
.4 Po’ and .2 Po'

This test was repeated to examine repeatability of
results.

B.3 Trailer Alone Tests

The term “"trailer alone" as used in this document implies
trailer brakes alone. Of course, these tests were conducted
with the trailer coupled to a tow vehicle, but only trailer brakes
were used. The purpose of these tests was to establish the
inherent braking capability of the trailer.
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The tr. “2r alone tests included:

1)  Prz-burnish effectiveness

2) BRurnish
3) Pasi-burnish effectiveness

These “.-%s were conducte? on a dry aspha” - . .rface, with

the tow vehic  =mpty and the trziler in the loz~  ‘zondition,*
and from ini- ~ velocities of &3 mph. Additior:™ - :sts of

trailers A 2~ were conducted “rom 60 mph.

B.3.1 "-ailer Effectiver=ss Tests. The . = se of the
effectiveness _-3ts was to deterrine the trailer': -~ herent

braking capat - "ty in its burnisrsed and unburnis:- <ondition.
These TA effz. veness tests wer: designed very = . = iike the tow
vehicle effec” =eness test. For =ach test, pre- :-: post-burnish,
stops were ¥ Zo:

1)  E: :blish the maximum deceleration wr 3

oy

 ~2inable using traiier brakes only  in
t:- condition that wheel lock is ali= .. =2 on
or.y one trailer axlz for multiple-as .=

4

tv-ilers, and no wheel Tock is allowa® - Tor

i

‘role-axle trailers. Iterative snut: ~=om

[

" 7ph to a speed de:ignated by Equa:  B.1)
2o oW were conducted to define the t-: :

Qe

z-sation level, LO, which results ir @ s
7« imum performance. (Lo is defined ‘= “erms

7 voltage for the eiectric brake trz” :*~s and

-t

iv2 pressure for th: hydraulic brake =+ =iler.)

».ablish an effecti eness curve for ==z trailer

oM™
[aY]

»2ves by conductin: snubs at brake a:: :xion
io.2]s of .8 Lys bl 4 LO, and .2 . .. These
.05 also occur frcw an initial 40 min oo a final

(V2]

vi.acity defined by Zguation (B.1).

*See Section .
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These tests were repeated to examine repeatability of
results.

The final velocity of the effectiveness tests snubs
is:

Ve, = 40 Y1 - 54— mph (B.1)

W is the total weight of the combination vehicle

cv

Wra

is the total static weight on the trailer axles

Snubs of the CV from 40 mph to Vf, using trailer brakes only,
result in the trailer brakes absorbing the same amount of kinetic
energy as they would if they were to stop a vehicle equal in
weight to the static trailer axle loading, from 40 mph.

B.3.2 Trailer Burnish. The trailer burnish procedure was
modeled around the burnish prescribed by FMVSS 105-75. The burnish
consisted of 200 snub stops from an initial velocity of 40 mph to

a final velocity of Vf as prescribed by Equation (B.1) above, and
at a deceleration level of:

a = 12 - fps? | (B.2)

As previously explained, by snubbing to Vf with trailer brakes
only, the trailer brakes will absorb the same amount of energy

as they would if they were to stop a vehicle with weight equal to
the static trailer axle load.

In the trailer brake burnish, matters regarding brake
temperature, distance between snubs, etc., were as per FMVSS
105-75, S7.4.1.
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B.4 Combination Vehicle Effectiveness Tests

The purpose of the CV effectiveness tests was to determine
the burden suffered in braking performance due to combining the
tow vehicle and trailer into a CV. These tests were conducted on
a dry asphalt surface from an initial velocity of 40 mph, with
60-mph tests also conducted on CV's 1-A and 2-B. Tests consisted
of several full stops as described below.

The CV's tested were the five "nominal match" CV's (see
Section B.1), plus three "mismatch" CV's. The mismatch CV's were:
2-C, 1-B, and 1-A in which A was fully loaded and its brakes were
inoperative.* (Note that brakes on trailer A are optional
equipment.) Except for the mismatch vehicle 1-A, all CV's were
tested in two loading conditions, viz., trailer and tow vehicle
Toaded and tow vehicle loaded, trailer empty (see Section B.6.2.).

In these tests, brake application was accomplished in a
normal manner, i.e., the hydraulic brakes of A were actuated by
the surge hitch mechanism and all electric brakes by a commercially
available electric brake applier. The electric brake appliers
were adjusted according to manufacturer's recommendations as
described in Section B.6.

The effectiveness tests were performed in the following
manner:

1)  Stops were conducted at tow vehicle braking levels
of .2 Po’ 4 Po’ .6 PO——etc., where P0 was
established for each tow vehicle by the previous
tow vehicle effectiveness tests.

*It is primarily because of this mismatch CV testing that a
40 mph initial velocity is used in all testing. This speed
is seen as reasonable for combinations with .larger trailers
and smaller cars. It is then used throughout to enhance
analysis of results.
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2) The above sequence was continued until
a) any wheel lock occurred on the tow vehicle,

b) wheel Tock on two axles of multiple-axled
trailers occurred, or

c) any wheel lock occurred on a single-axle
trailer.

3) Braking level required for wheel lock was
determined within 50 psi of tow vehicle line
pressure.

4) (1), (2), and (3) were repeated.

B.5 Trailer Fade Tests

The purpose of the trailer fade tests was to examine the
fade quality of the brakes with which the trailer is equipped.
The fade test procedure was structured similarly to the first fade
and recovery test of FMVSS 105-75 for vehicles in excess of 10,000
1b gvw, i.e., S7.11 of FMVSS 105-75.

The fade tests were run as "trailer alone" tests, i.e.,
only trailer brakes were employed. The initial velocity of all
snubs was 40 mph (as per 105-75), the final velocity was

Wra
Ve = Y402 - T8 (402 - 20%) mph (B.3)
oV

where

NTA is the total static trailer axle load

”cv is the total combination vehicle weight.
This final velocity produces an energy absorption per snub equal
to that which would occur if the trailer brakes were decelerating

a vehicle of a weight equal to the total trailer axle static load,
from 40 to 20 mph.
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Similarly, the accelerations required in the procedures
were not 10 fps?, but rather

W
10 W—TA fps? (.4)

cv

[+Y]
0]

Thus, brake forces were equal to those which would be required
to decelerate a vehicle equal in weight to the total trailer axle
static load, at 10 fps2.

B.6 General Test Conditions

General test conditions which have not been covered
previously will be detailed in this section. Topics considered
will include vehicle equipment, condition, loading, instrumentation,
and data collection.

B.6.1 Test Vehicles: Equipment and Condition. The

vehicles employed in this test program were listed in Table B.1,
above. In preparation for testing, all vehicle brake systems were
put in "as new" condition. The three passenger cars were equipped
with springs, shocks, and brakes as recommended by their
manufacturers for trailer towing.

The three passenger cars were equipped with a frame-mounted
trailer hitch capable of using load equalizing hardware. Vehicle
4 was fitted with a fifth wheel kingpin hitch in the bed area
for use with trailer D. Vehicle 5 was fitted with a ball-type
hitch in the bed area as required for trailer E. A1l of the tow
vehicles were equipped with commercially available Kelsey-Hayes
electric brake actuators.

A1l of this "trailer equipment" was used according to
manufacturers' recommendations when possible.* Load leveling
hitches were adjusted such that

*Necessary exceptions due to conflicting recommendations from various
manufacturers were discussed in Section 3.2.3.
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1/2 inch > ABH, - ABH. > 0 (B.5)

R F

where

ABHR is the change in the tow vehicle's rear bumper
height due to hitching trailer to tow vehicle

ABHF is the change in the tow vehicle's front bumper
height due to hitching trailer to tow vehicle.

(In both cases, a downward deflection of the bumper due to hitching
trailer is positive.)

A simplified schematic of the commercial electric brake
control system is shown in Figure B.2. In operation, the

0 - ©
12 ’ to Brake
— y [l
| |
T-—"""~""~"""~"~"~"—~ R, T T |
1 [ !
| MW LA |
| T
1 , .
2 Wf‘m" . lr
| A\ e

Figure B.2. Electric Brake Contro] System.

variable resistor (R]) of the controller is "set" by the action

of a small hydraulic piston activated by brake line pressure (P)
and working against a spring. The spring is adjustable so that

the relationship between P and R] is adjustable. In one controller
tested by HSRI, this adjustment provided for controller saturation
(R] = 0) for pressure ranging from 650 to 800 psi. Thus, the
controller adjustment can affect the distribution of braking

effort in the CV at lTower levels, but not at higher application
Tevels where Tine pressure exceeds 800 psi. A second adjustment
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is provided by the selective -
four connection terminals are

resistance levels may be chesz

maximum braking effort availa:

Manufacturer's recomms
a table based on total traile-
trailer axles and brakes, wit’
choice of resistor be modifiz.
short of skidding on dry pave
Further, the controller adjuz-
a slight lead of the trailer :

As per the explanation given i-

were used unless this resulte:

Inflation pressure of =
throughout testing as follows:
inflated to the manufacturers’

for the test loading conditic- .

40 mph for 15 miles to estabi:

This inflation pressure was r: -
under the given loading condi -

In addition to mainta:

were "broken in" prior to ef® -

vehicles, the burnish procecu
For the trailers, at least 1%

testing.*

Sistor, R2. As the figure shows,
> swided on R2 so that various

.>.25 equivalent to those used for
the trailer burnish procedure

The choice of R2 determines the
: =t the trailer.

~“ans call for selecting R2 from
.zded weight and the number of

'z further stipulation that the

- obtain "firm braking action just
" with full controller application.

== should be made to "provide for

. =5 over the tow vehicle brakes."
“zztion 3.2.3, table values for R2

- obviously misadjusted brakes.

ehicle tires was maintained

‘~jor to testing, tires were

~2zommended cold inflation pressure
“he vehicle was then driven at

~ =ne "hot" inflation pressure.

~zined for all tests conducted

- inflation pressures, all tires
" seness testing. For the tow
-5 adequate for this purpose.

"z required prior to effectiveness

*The use of braking snubs, ri:
"run-in" for tire break-in, *-
reported to NHTSA in "A Brak'
(DOT-HS-031-765). In this s*.
of tires showed significant -
to 15 brake applications, rec:
in" or not.

. >less of whether they were "run

.~ than the traditional 100-mile
* line with HSRI's findings as
zfficiency Test Technique"

. 1t was found that two samples
~zion transients of the first 10




Brake lining temperature'conditions for all testing was
basically as provided for by FMVSS 105-75, viz.:

«Initial temperatures for all effectiveness stops
were 150°- 200°F.

«Burnish stops were conducted at one mile intervals
or at the time interval required to reduce initial
brake temperatures to 230°- 270°F.

-Initial temperatures for trailer brake fade snubs
were 130° to 150°

B.6.2 Vehicle Loading. Trailers were tested in two

loading conditions, empty and loaded; the tow vehicles in three,
empty, loaded, and gvwr.

The empty conditions for the tow vehicles were curb weight
plus driver, passenger, and instrumentation. For the trailers,
the empty condition was the "as delivered" condition.

The Toaded conditions were defined as follows: For the
fifth wheel-type trailers, the total Toaded trailer weight (WLT)
was brought to the gvwr of the trailer with a distribution between
axles and tongue as recommended by the manufacturers.

The loaded condition of the three standard ball nitch
trailers was adjusted such that (1) with tow vehicle and trailer
Toad and trailer properly hitched (i.e., with proper load equali-
zation) to its nominal match tow vehicle, the static trailer axle
load was equal to the manufacturer's recommended gvwr, and
(2) with the trailer unhitched, the distribution of tongue weight
to total trailer weight was as per manufacturers' recommendations
(where this recommendation was not available, tongue weight was
15% of total trai]er‘weight).

The loaded condition for the tow vehicles was adjusted
such that, when properly hitched to their nominal match trailer
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(in the loaded condition described above), their axle loads were
equal to the manufacturers' recommended maximums. When tested
alone, tow vehicles were loaded to their gvwr.

When vehicles were tested in "mismatched combinations,"
their individual loading conditions were maintained at those
determined for nominal match vehicles.

Table B.2 1ists the loading conditions used in the various
tests.

Table B.?2

Tow Vehicle Alone

Burnish
Effectiveness

Trailer Alone

Pre-Burnish
Effectiveness

Burnish

Post-Burnish

Combination Vehicle
Effectiveness

'"Nominal Match" Combina-

tions and Mismatch
Combinations 2-C and 1-B

Mismatch Combination 1-A,
No Trailer Brakes

Fade Tests

Tow vehicle loaded to gvwr
Tow vehicle Toaded to gvwr

Trailer loaded; Tow
vehicle empty

One test with both units
of combination vehicle
loaded, one test with tow
vehicle loaded and trailer
empty

Both units of combination
vehicle loaded

Trailer loaded
Tow vehicle empty




B.6.3 Instrumentation and Data Collection. An instru-
mentation package was prepared by HSRI. Table B.3 lists all
the data signals which were available. Continuous recording of
data was accomplished with a 14-channel Tlight beam oscilloscope.
Signals chosen for recording varied between tests dependent on
the nature of the test. When appropriate, signals were monitored
by driver and instrumentation operator. Figures B.3 through
B.8 illustrate certain features of the instrumentation.
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Table B.3

vehicle deceleration, measured by accelerometer
mounted on stabilized platform

vehicle deceleration, measured by U-tube

accelerometer
stopping distance measured by digital fifth wheel

brake pedal force, measured by electronic
Toad cell

Tongitudinal hitch force, measured by strain
gauge load cell

air pressure of air/hydraulic brake actuator,
measured by pressure gauge

tow vehicle front and rear brake line pressure,
measured by electronic pressure transducer

tow vehicle rear brake line pressure, measured
by pressure gauge

hydraulic trailer brake line pressure, measured

by electronic pressure transducer

up to ten brake shoe temperatures, measured by
thermocouple. Brakes numbered 1 through 10
proceeding from left front, right front, left
rear, right rear, etc., rearward through all
axles of CV

vehicle velocity, measured by digital fifth wheel
vehicle velocity, measured by tow vehicle speedometer

initial braking velocity, measured by digital
fifth wheel

electric trailer brake voltage

up to ten wheel speeds, measured by d.c. tach
generator system. Wheels numbered as under T1'T1O‘
Wheel lock, rather than wheel speed, is of

primary interest
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