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FPOHEWORL

This document comprises Volume II of a four volume ilechnical report
aimed at developing car/trailer handlirg and standards. A condensed exe-
2utive summsry of the program and key results is given in Volume I. This
volume coatains the main techrical discussion, and summary tesi results
of Phase I, for rear wheel drive tow cars. Volume III contains appendices
providing raw dsta and other supportive material for the Phase ] tests.
Fesults of Fhase II testing, using two front wheel drive cars, are pre-
sented in Volume IV, This latter phase represents az velidetion and revi-
slon of the requirements proposed in thisg volume,

The research program was accomplished by Systems Technology, Inc.,
Hawthorne, California, for the Office 2f Passenger Vehicle Resesrch of the
National Highway Traific Safety Administration, under Contract DOT-HS-T-
01T2C, The Contract Techmical Manager was Dr. J. Kanlanthra, and the STI
Project Engineer was Mr. R. Klein. The STI Technical Director was Mr. I.

2t e o o
Aulmcuu.s‘s .

Significant contributions made by STI staff members include Mr. H.
Szostak for test direction and data aralysis, Mr. L. Ingersoll for vehicle
instrumentation and maintenance, Mr. 7. Walsh for test driving, and Mr. G.
Teper for development of sutomated data reduction technigues

Speciel acknowledgment is given for the fine cooperation and assisztance
extended to this program by the following organizations and individuals:

® Mr. J. Abromavage, U-Hewl International; Chalrmen
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Mr, J. Shumway, Prowler Industries
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Mr. J. Carr, Shasta Trail~rs
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HECTION I
INTRODUCTION

This repert describes the development of braking and handling per~"
formance criteria and compliance formats that can be usged to devaiop ine
foundaticn for passenger car/trailer satety standards, The need for this
work stems fr-m the consideradbly higher accident rate for vehicles pulling
trailers than for passenger cars alone (Ref. 1). Critical parameters in
car/trailer combiastions (as opposed to passenger cars alone) are frequently
determined by the driving publie, via "rules of thumb," often with little
regard to the few recommended practices available. As a resuli, accidents
involving car/trailer vehicles can be caused by loss of control during
straight-ahesd and sub-limit {normal) driving, as well as during accident
avoidance and limit-of-performance conditions, Accordingly, a need exists
for a basic, uniform, performance-related handling criterion to improve
product safety. The criterion must be directly relevant to dominant
physical varameters and not legislate minor design details which might
gtifle competition. The related tests and measures must be simple and
easily performed 80 as to not work a hardship on the smaller manufacturer.
Tinally, the criteria, tests, and measures must take intc account the fact
that the trailer manufacturer has no direct control over what the customer
will do with the other two companion elements - the tow vehicle and hitch
device — whlch have a profound interactive influence cn the conmbined
vehicle handling and safety.

In thig regard, this program is a direct extension to prior work
addressing the underlying problem of devising handling and braking tests
and key performance parameters Cor automobile /trailer combinations. This
prior work was nccomplished by 871 to develop "Handling Test Procedures
for Pngsenger Cars Malling Trailers' and to determine the "Effects of
Weight Distributing Hiten Torque on Car-Trailer Directiomal Control end
Broking" (Refs, 2 and 3, respectively)} and by the University of Michigan,
Highway Sefety Research Institute (HSRI) to evaluate "Trailer Brake Per-

formance" {Ref. 4), As an extension, “his program takes full account of

TR=1114-1 1

&ﬁk%a‘.&' o o

Il IR AT A T T T e,

CFRE A A TS SN . L il S S T I kiR




the analytical methods, test procedures, performance measures, and test
apparatus used in accomplishing the preceding research. The major thrust
of this effort, however, was to define the performence criteria, recommend
compliance test procedures, and produce the foundation for a trailer
handling/oraking safety standard.

The approach taken in this program to accomplish the above task was
threefold, Tirst, preliminary enalysis was performed to suggest the rule
format and trends to be expected. This was documented in Ref. 5. Second,
a full-scale test program was performed in which over G. different hoockup
configurations were tested using eight trailers and three tow cars, as
degcribed in the next section, Primerily, only the four key test maneuvers
recommended in Ref. 2 were used, These included straight line braking,
step steer, pulse steer, and brake in turn, which ara also described in
Section 1I. The final data analysis effort used the results of the test
phase to provide a reference for the anaiytical trends and an "in use"

basis for performance criteria selesction and loecation of final boundary
lines.

subsequent zections of this report are organized in parallel, accord=
ing to the four %ey test procedures. That is, each section represents one
test maneuver and stands alone in its treatment of analyticel foundatlcens,
full-scale test results, development of tentative standards format, selec-

tion of performance criteria, and, finally, reccmmendations for a rule
tormat and compliance tesgt procedure.

Straight line braking performance is presented first. Modifications
o the proposed rule format presented by HSRI in Ref. 4 are suggester’ and
compared to the full-scale test data. Results show that s combination-
vehicle deceleration criterion of O.4 g can be met hy all tegted configura-
Licng, Based on this critericn a minimwn tow car weight requirement ac a

function of trailer braking capability is derived and a trailer-slone brake

Legt requirement similar to that proposed by the Canadian Stendards Asso-

ciolion {ref. () is recommended,

Section |V degcribes itrailer swing damping as evaluated by a “"pulse
sloert test procedure. This mede of trailer dynamic behavier is critical

beenuase large trailer oscilliations can lead to tow car Jackknife, toailer

TR- 1110 -]
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separation, and/or combination-vehicle {(CV) rollover. For example, in a
1970 survey conducted by UCLA (Ref. 7) 39 percent of their trailer towing
regpondents (1331 people) had developed "snaking” probléms with their
trailers, Accident date from California, New Mexico, and Ontario, Canada
{aiso tabulated in Ref, 7) showed that nearly all traller towing accidents
had developed anaking or weaving problems prior to the accident. These
statistics point to the importance of urailer stability in car/trailer
salety and lead to such questions &8: how can trailer designs be improved?
how can the proper range of trailer hitch load bz more quantiiatively
determined? and how can trailers be tested to insure that stability is
gufficient for a sof'e combination-vehicle configuration at highway Speeds?
Resurts of this program show that trailer damping can be improved by designs
that stress low iaertia, long wheelbases, heavy-duty tires, and large tow
car to trailer weight ratios. By selecting a minimum trailer storiiity
eriterion (e.g., 0.15 damping ratio or 3/i4 cycles to 1/2 smplitude “as
recommended in this program), 1t was possible to derive and validate a

minimum hitch load bowidary as a function of the tow car to trailer weight
ratio.

Section V describes the charnges in tow car steady turn stability (in
termg of understeer gradient) due to increased hitch loads and lateral
acceleration, This problem 1s :uch more difficult to identify from an
accident dats basis or from any standards for passenger cars alone (since
there are none), However, it has been well dccumented that the above fac-
tors do cause large adverse changes In the basic tnw car’s static sva-
tility. In this progranm a performance criterion of 'maintaining a positive
tow car understeer gradient during cornering wp to 0.3 g was selected, and
full-scale test results were used to adjust the analytically derived boun-
daries. This procedure produced maximum hitch lead boundaries consistent

with current trailering practice and those allowsble by tow car manufac-
turers.,

Combining the trailer damping and tow car stability criteria results
in an integrated wllowable hitch load range unigue to each trailer and
tow cnr welight, and thus would be useful to s trailer owner by helping

sclecl Llhe proper hiteh load for o given tow car size or to s trailer

PR=1110=1 3



manufacturer by helping srecify the minimm weight tow car for s given
trailer model,

Section VI discusses results pertaining %o the combinad cornering and
braking test procedure., Since all combinationevehicle configurations
tested were able to meet (or exceed) the straight line deceleratlon per-
formance criterion of 0.4 g while simultanecously not losing control quring
the steady cornering performance test at C.3 g, no changes were recom-

mended for the preceding integrated handling and braking formeats.

The final section summarizes the recommendstions presented in each of
the individual sections,

TR=11 =1 4



BECTION II
TEST PROGIAM

In order to validate the propused rule formats descrived in Ref. 4 and
suggested in Ref. 5, a 6 month test program was undertaken. This section
presents details of the test vehicles, combination-vehiecle configurations,
ari test procedures gernens Lo the full-scale test portion preganted in
tiis volume. Additioral vehicle specifications, instrumentation detsils,
corplete run logs, and raw data are presented in volume III.

A. TRAILER SEIECTION

Characteristics considered in selecting the test trailers were type,
weight, ¢lass, number and position of axles, brake type, and suspension
design. The major overlap occurs between type and weight, since the other
features generally correlate with weight, Although there are literslly
hunireds of trailer types, they can be divided nicely by their representa-
tion on the highway (Ref. 1) into the following four classes:

& ‘Travel trailers

® Boat trailers

® Camper (or utility) frailerg
& Horse trailers

Each can then fall into one of the four weight class:es defined by the SAE
Standard for trailer couplings and hitches (Ref. 8):

# Clats I. GVW £ 2000 1b
@ Class II: 2000 <~ GVW £ 3500 1b

& Class III1:; 3500 < oW

{r

5060 1b
@ Class IV 5000 < CGWW < 10,000 1b

where Classg ] trailers are light duty, can be towed with small compact cars,
and generally have hitch loads less than 200 lb. Class II ere medium dutv,
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such a8 travel treilers up to 18 £t or small power«boat trailers, and can
be towed by a mid-gized car. C(Clags III 18 generally the highest claszs
towed by passenger cai s, Since the hitch loads can be as high a3 T50 1lb.
Class IV trailers such as larze tandem axle travel trailers up to 31 £t
might be towed by & large passenger cer, although their hitch iload may

exceed those allowsble {or recommend:d) by the automobile manufacturers.

In general, trailers over 4000 1b GAWR have tandem axles: boet trail-
ers or utility trailers over 1500 ‘b huove surge braked; and Class II or
above travel trailers have electric Trakes, Currently, there are no regu-
lations or formal, i.e., SAE, recommendations for load distributing hitches

as a function of trailer weight; although they are generally used when hitch
loads exceed 300 1b.

Combining all these factors led to the selection of the eight trailers
deseribed in Table 1, This includes four travel trailers {(two Class IIT
single axle, one Class III tandem axle, and one Class IV); one Class II
gingle-axle boat trailer with surge brakes; two Class I camper and utility
trallers with single axles and no brakes; and one Class IV horse trailer
(since its short wheelbase, wide track, and brakes on only one axle make
it an uausual configuration}.

B. TOW VEHICIE SELECTION

Based on contract reguirements, three tow cars, represgenting an inter-
mediate, c.mpact, and subcompact, wers to be selected. To provide s range
of design differences each was to be represented by a diiferent major auto-
mobile manufacturer, i.e., GM, Ford, and Chrysler. All were to be 1976

medel year or newer, 30 that they would comply with the passenger car brake-
ing standard FMVSS 105-7% (Ref. 9).

e Cinal selcetion of fow vehicleg i1s described in Tahle 2. These

inclwle o 1970 Chevrolet Monte Carlo, 197G Plymouth Volare, and 1978 Ford

Mustang . The iest weighls used throughout the remainder of the report
nre B O, 100, and 3400 1b, vespectively, and represent that given in

Cotumr, 3 of Table P, plus the additional 30 I1b for the third class hitch

nend, load "eveling bare, and Instrumentation,
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TABLE 2. TEET TOW CARS

. . CURB WEIGHT
”Lﬂ%gﬁﬁRfyph S1ZE TRST WEIGHTS | WHECLBASE | TIRRS
(1b) {in.)

1976 Chevrolet GRT-1%

Monte Carlo Intermediste 4140 /4660 16 S
o TPC 1007

(55i3)

1976 Plymouth

Volare Conpact 3400/4030 112.5 D78-14

(L775)

1970 Ford .

Mustarg I~ Subcompa ot 2715 /3330 96 BR-T78-13X

(3861)

BIrcludes iriver (180 1b), instrumentation (275 1b)}, hitch recep-
tacle {U% 'b) and one-half fuel.

Kote; hiten head, hitch angle sengor, and load leveling bhars
add 80 ib to "test car alone weight* and are not included as
part of trailer hitch load.

C. TLST PROCEDURES AND COWDTIIONS

Four basic test maneuvers were usged. These included straight line
braking tests, handling tests {stev steer and pulse steer), and a combined

handling and braking test {brake in turn). Fach is discussed below.

1. Straight Line Braking Tedt

Braking “esto were tailorved after FMVSS 105-75 (Ref, §), HSRI (Ref. &)
and SAE Recommended Practice J134 (Ref. 10) for th: tow car alone, trailer
alone, and combination-vehicle, respectively. They were shortened, how-
gver, to include only the preburnish effectiveness, burnish, and second
effectivaness tests. The sequence is given in Table 3, although this was
nol alwoys followed exactly for all vehicles. Appendix D of Vol. IIT gives

the exnol sequences and raw data results for each vehicle.

Ye'reral points are worth noting in Tabhle 3. First, a test speed »f

" omph was selected. This was done to tie in with the previcus HSRI and

TR-1115=1 8
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STI work that used 40 mph as the test speed. Second, the trailer-alone

and combination-vehicle (CV) procedure allowed trailer lockup. This was
consistent with 3AE Ji134 and that recommended by HSRI. Third, the CV tests
were aimed at maximum performance. This wag defined as "incipient" tow

cer wheel lockup; hence the fixed pressure brike actuator mechanism was

set to provide at least three stops Jjust below lockup and at least three
stops at partial Jcockup.

2. Hendling Tests

The step and pulge steer test proucedures specified in Ref. 2 were .sed.
These sre degcribed below.

a. Step Steer Test

A consiant amplitude step steer was input and held for a minimum of
90 deg path change at constant speed. The steer amngle input was adjusted
to provide a 0.3 g turn &t 30 mph for the combination-vehicle. This was
usually bvetween 60 and 90 deg steering wheel, The test was rerun at speeds
between 10 and 50 mph in 5 mph increments to derive understeer gradient.
Wher a combination-venicle had & jackknife potential (i.e., nigh hitch lesad),
additicnal 2.5 mph test speed increments were used in -rder to obtain data
points in the transition range to jackknife. Both leifi.- and right-hand turns
were performed; however, due to data variability the righi-hand turns were

discontinued later in the test program.

An elternative test procedure tailored after SAE XJ266 (Ref. 11), "Pag-
senger Car Steady State Directional Control Response Test Procedure,' was
%lso uged. This constent radius test procedure rejuired driving the vehicle
around a 200 ft radius ~ircle at increusing speed. Data were taken with the
uteering wheel position and throttle position fixed at a steady-state condi-
tion. The venicle wa8 then accelerated tc the next sgpeed at which data were
tauken. In general, this corvesponded to 0.0% g latersl acceleraticn incre-

ments, teer angle was plolted versus lateral acceleration to determine
undergteer gradient.

Th=T1ih=] 10



b. Pulse Steer Test

The vehicle was driven in a gtraight line at 55 mph and a fixed ampli-
tude repid pulse steering wheel was applied io excite the tow vehicle and
trailer dynamic modes., Four replications were performed to provide a
meagure of the variance in damping ratio,

%, Cozbined Hendling end Breking Test
(Brake in Turn)

Constant brake level Btops were initiated from 40 mph during a steady-
gtate turn on a 355 £t radius circle. Thig provided 0.3 g latersl accel-
eration. BPBrake pedal presgure levels were increased on succeeding runs up
to lockup of one tire on one axle of the tow car. In all cases the steer-
ing was held fixed during the deceleration interval. Tne test was slso per-
formed with full and with partisl itrailer brakes.

k. Additional Teats

Several other peripheral tests were performed to check analysis or data
consistency. These included a trailer~-alone damping test (external input
applied at axle); tests to determire effects of speed, inertia, and lateral
acceleration on trailer damping; and coast-down versions of step steer and
congtant radius circle tests to determine power effects. These are described
in detail in Appendix B (Vol. III).

5., Test Conditione

All tow vehicles and itrailers were new or put in "as new' condition
with OEM brakes, tires, and adjustable air sghocks. Each tow vehicle was

algo esquipped with a Clasg I7I frame-mountod hitch and Kelsey-Hayes elec-
tric brake controller.

Tire inflation presgure of all vehicle tires was masintained at the
manufacturers' recommended cold inflation pressure for the test loading
conditicn. The vehicle was then dviven at 40 mph for 15 mi to establish
the "hot" inflation pressure. This inflation press.re wa.s then maintained
for all tests conducted under the given loading condition. In addition to

TH=11 et 11



maintaining inflation pressures, all new tires were '"broken in* prior to
effectiveness testing. For the tow vehicles, the burnish procedure was
sdequate for this purpose. For the trailers, several turns (both left and
right) around the 200 ft radius cirecle were performed.

Trailer electric brakes were get up vsing an exfternal resistor mounted
in the tow car. Since no quantitative procedure was provided by the manu-
facturer for selecting the resisior value it was set up such as tc provide
a minimu of 10 véltﬁ at the trailer brakes with full controller applica-
tion. Measured trailer brake woltages for each test are recorded in Appen-
dix I of Volume III. In the tests of decressed trailer brake effectiveness
the registor value was increaged accordingl&.

D. TEST CONFIGURATION SUMMARY

In addition to the 24 potential combination-vehicles (% cars x 8 trail-
ers), several other variables were considered in order to develop meaning-
ful handling and braking performance standards. These were the trailer
weignt, hitch load, load leveling torgque, air shocks, and trailer brake
authority. In general, =each combination-vehicle wag tested through s range
of hitch loads. At the heavier hitch leads a minimum of twoc vaslues of load
leveling were then used. These corvesponded to the current recommended
practice of "+&7 percent” (i.e., 25 percent of the hitch load is trans-
ferred t0 the tow vehicle front axle) and that recommended by STI in Ref. 3

of "only that necessary to relevel the combination vehicle after air shocks
have been uzed to thelr fullest."

The resulting matrix of test configurations is given in Table 4. This
table shows 92 different configurations tested in seven different maneuvers.
The matrix is not full factorial, however, since the irailer damping test
(pulse steer), for example, is only relevant with light hitch loads, and
tow car stability and braking tests (step steer, straight line brake, and
brike in lurn) are only significant with heavy hitch lcads. Thig selection
process rusulted in 250 total configuration/mansuvers requiring a total of

vver 00O aelund Lest runs.  The aciual run log summary is contalned in
Appendix  of Vol. TlIl.

TR=1114=1 12
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TABLE L. JULL~3CALE TEST SUMMARY

T U CONF LEDRATTON Pl PROCYIIRE S
. T — -
TRy e fwmae | xonb | Awe | oosT oerr | oes | osia | BIT | @TA | UTHER
“ LOAD | LEVELINGC [3HOCKM (T CSl1CSjlEesjTICS 1(.‘_;5 1081 CE
1500 0 N wmssmaigns | [} m—_ X X
2.5 ¥ x
5 NYY b x *
Utility 7.5 v ”
10 NI Y |x X|x xX|IxxXxixxxix x
0 Y x x X ¥ X X
1600 v N et | N et XK A
5 Y st | X %X ] %
Camper 10 X x X®XX|jx X% X
15 x b x x x
20 hd % x® x »
3000 13 ) N x x x b b X
N b b b s x x
Shan 5 N ¥ X x X
T.5| W Y » »
18 £+ 3887 5 H 00 31| N K X X x
Travel T.5 21 x
1Q 25 35 M l % x ¥ XEN x|
13 23 2% *® X X * » ® »
20 -5 : X X b x x
20 25 ) b x ¢ * X
Looo 5 H ¢ N YWNY ® KK
19 £t 10 N 10 O YNY XXX
Travel 15 25 I X ® x X % x
15 32 ¥ x -4 b3
Looo 0 N il x
5 N | Y et b4 X » R K
7.9 o Vot S X x X
10 N Y x x " x %
23 1t 10 0.2 0] Wy ¥ lwxx x X PxxxIx xix X
rravel 10 o5 ] % ® » % b
12,5 -6 ¥ ® X %
15 -7 b x 3 b *®
1% ¥ N X x x x X * x
7.5 L ¥ b x x
20 25 N X b3 X x ®
6000 5 N 13 Y N X X
10 =15 Y x
19 25 15 IN X % X x X ES X X
27 Tt N -2 Y »
Travel L] o Y » L4 bt
- 25 B ¥ x x by %
2278 °h 28 N b X X
2000 B N i | N e X ®| x %X x
? N Y b3
o) W | * XI W ®x
Boat 5 ¢ ki X X x
. 1.5 0 H X
10 TN O3 TYN|x wlx xixxx|x ®x xix
1= N 14 Yy X ® X ¥
1, 25 35 21 NN W= xix x| xxx]xx
800 | 10 L rot | Y—=| x ® X
15 pogaible X X
Horse TO0e "y with l X X
w0 this | % X % x » .
SO0 10 tralfler + ~
Ei_k.llu.'.:;
Hiteh Jwnd — poreant of trajler welght P53 — palee gteer (steer pulse at 5% mph)
fanal tovellng - perveent of biltek load

teansiorred to front wxile
Aly Ghavks — Yes 1f used to izvel OV
No 1f pot used
581 - slep steer test {r% -erving set for
0.3 g at 3 mph)
CUT = constant radius turn (LOO £t di-
ameter clivis at 0.5 g at 30 epb)
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818 — straiszn’ line breke (meximum decelera-
tizn from 40 mph)

BIT ~ brake in turn {maximum deceleration
from 40 uph at 0.3 g cornering)

BTA -~ traller-alone broke capability test

Other - miscellaneous tests (calibrations,
darping, inertia, braking, ote.)

I — intermediate; C - compact; 5 -« subcompact

15



BECTION ITI
BTRAIGHT LINE BRAKE PERFORMANCE

A significant problem in trailering safety is increased stopping dis-
tance due to increased total vehicle mass without proporticnal increase
in braking effectiveness. At the present time there are no federal brak-
ing performance standards for recreational or utility trailers designed
for towing by passenger cars or light trucks. There are, however, breking
standards for the tow vehicles, i.e., FMVSS 105-T5 (Ref. 2). In addition,
even if there were a traller brake standard, the many variebles present in
tow car/trailer hookups have sufficient ilafluence such as to alter the
exyected “combination-vehicle" stopping distances., In other words, the
total may not necessarily be ecual to the sum of the parts., With thig
problen in mind, the bagic objective of this portion of the program was to;

‘v...conduct sufficient tests to identify appropriate
braking reguiirement levels for combinationevehicles
and trailers alone to form the bamis of a federsal
standard. "

The approach taken (in thias program) to accompligh this objective was
to invesiigate rational combinaticn-vehicle stopping distance requirements
baged on traller-alonse deceleration capabilities. This is simllar to that
accorplished by HSRI in Ref., 4, Many combination-vehicles and hookup
variables were then tested to develop practicel limits for (he réquire—

ments.

The loilowing subsections pregent anzlytical models that can be used
to estimate the influence of trailer and tow vehicle factors on CV braking
perfOrmanée. The ille-scale regulis are then presented and compared to
the proposed rule format of Laf., - and our analysis resgults. To aid in
selecting braking criterils, existing recommended practices and fest proce-
dures ere discussed. The end products are recommendations for meaningful

trailer brake performence standards, test procedures, and hockup prac-

tices.

TR«111h=1 1k
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A. ANALYTICAL CONBIDERATIONS

The analysis presented in Ref, ! assumed ideel conditicns of Llow car
and trailer such that the combination-vehicle deceleration could be derived

from the sum of ithe braking forces divided by the sum of the nagses, i.e.,

a‘xc Wc + a‘xtawt

(1
We + Wt )

v

where
oy Combination-vehicle deceleration in g units
8x. Tow car deceleration capability “-~ g units

axy, Traller-alone deceleration capsbilit, in
g units

We Tow car weight (1b)
Wy Treiler wzight including hitch losd (1b)

In essence, the penalty for trailer braking performance poorer than the
combination-vehicle is shifted to the tow car in terms of au welght differ-
ential. For example, if we assume a minimum tow car brake capability of

0.6 g (i.e., thet compatible with FMVSS 105-T5) and furthermore arbitrarily
gselect a combination-vehicle decelzration criterion oI .5 g, then the tow
car to trailer weight requirement, as a function of trailer brake capability,
would be as shown by the upper boundary line in Fig. 1. Weight ratios sbove
the boundery would ideelly provid.: decelera’ion exceeding 0.5 &, whereas
welght ratios below the boundary would not meet the criterion. Note that
anr&kéd trailers would require a tow car welgh: about five times the
trailer weight if the tow car can only provide the minimum decelerstion
gpecified by FMVSS 105-75. 1If the tow car had greater deceleration capa-
bility, i.e., 0.67 g as assumed in Ref. 4, then the tow cur weight boundary
in Fig. 1 is reduced. L “

Due to the general nature of the format shown in Fig. 1, this approach
ig highly desirable as a standard., However, since it is generalized, 1t
does not account for load transfer, tow car brake proportioning, lcad
equslization, ete., that will vary from one hookup to another. T0 inves-
tigate these factors, the complete braking equations presented in Appendix D

TRa111) -1 15
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Tow Car/ Troiler Weight Ratio, We /W,
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of Vol, 11l were applied to a varlety of actunl trailer configurations.
The results are shown in Fig., 2 for a tow car capable of decelerating at
0.0 g. This required a minimum friction coefficient, u, of 0.6 lor n
tow car brake proportioning of (C percent front, 40 percent rear. When
compared to the simplified model ol Ref. 4 {corrected for static hitch
load transfer) it can be seen thut both models wre similar when the tow
car is much heavier than the trailer, i.e., W/ is high. Cbviously, at
this weight ratio there is only & small influence of the trailer on the tow
car. However, at the smaller welght ratioas (elloweble with active trailer
brakes), the complete model requires significantly more trailer braking
capablility than the simplified version would predict. Viewed another way,
the complete formlation ghows a heavier tow car would be required to atop
the CV at the specified deceleration rate. The main reagon asccounting for

the different golutions is the large dynamic hiteh load which reduces the
tow car iront tire brake forces.

With load leveling, the curves are shifted down {to lower tow car
weight requirements) since the front axle maintaing a larger vertical load.
Tow car front wheel lockup is still the limiting condition.

One of the mogt significant factors in the proposed rule format of

Fig. 2 is the selection of the combination-vehicle deceleration criterion.
This ie especially pertinent to unbraked trail:rs where any CV decelera-
tion requirement will result in a maximum alloweble trailer weight for each
tow car GVWE. To show the gengitivity of tow car welght to CV deceleration
requirements, the equations of Appendix I were simplified to that shown in
Fig. 3. This sssumes optimaum tow car braking proportioning such as to meet
a minimm 0.6 g deceleration, a 10 percent hitch load, and the dimensions
given in Fig. 2. Two trailer weights {1500 and 3000 1b) are shown. From
thia figure it is clear that current unbraked trailers as heavy as 3000 1lb
being towed by nominal sized tow cars (i.e., L000-5000 1b) wiLl not te able
to meet a 0.% g CV decelerstion criterion. In fact, even a 1500 1lb trailer

would require a tow car exceeding 5000 1b GVWR in order to meet a C.5 g CV
rriverion.

The next step is to compare these analyticsl predictions with full-
scale test results. This is accomplished in the next two subsections for

Th~111h=1 17
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Tow Car/Trailer Weight Ratio

C«v Dimensions:
10 Percent Hitch Load
th = 5t (Overhang distance)
: 2 £t { Car ¢.qg. height)
51 i hn = 1.5 (Hitch height)

=2
€
&

ht = 3.5 { Trailer c.g. height)

@ = b =5f Cor c.g. distances)

£, = |2 # ( Hitch to axle for 3000 (b trailer)
= |81 { Hitch to axle for 60001b trailer)

£, = 10t ( Tow car wheelbase )

05q Deceleration Boundaries for
axe = 069 Minimum

i jAppendix D Model |

Db ——— ! No Load Leveling b
4‘ ( Front Lockup Limited
i

"

. Reference 4 Equation:
i b= — Including Static Hitch Load Effect
‘ ax { We+ HUL) # Gxyq (Wy=HL)

Uxey =

{Appendix D Mode! With

1

po

25 Percent Lood Leweiing
Front Lockup Limited

| We + Wy
; | ’.
o | i |
6] R 2 3 4

Trailer Alone Maximum Deceleration, Guyg (9]
( Bosed on troiler statfic axle weight }

s

Figure 2. Comparison of Static and Dynamic Brake
lerformance Models at 0.5 g CV Deceleration
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|
1
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Figure %, Deceleration Capability for 1500 and
2000 1b Nonbraked Trallers
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three tow cars, eight trailers, and 22 combination-vehicles at various
hitch loads and load leveling.

B. FULL-SCALE TEST RESULTS

Straight line brake tests from 40 mph were performed with tow vehicles
sleone, with combination-vehicles, and with %rallers alone. As described
in Section II, the test procedures followed the format of FMVSS 105-T5
(Ref. 9}, HSRI (Ref. L), and SAE J134 (Ref. 10) for the tow car, trailer,
aﬁd combiration-vehicle, regpectively. The following repregents results
for the second effectiveness teats.

1. TuwICQr Alone

First, in Figs. 4-€ are the tow vehicle alone stopping distances (and
decelerationds) as & function of pedal force for each of the three tow cars,
411 three vehicles excesded the requirements of FMVSS 105-75, In fact, the
neasured deceleratior levelz ut the test weight were 0.7 to 0.75 g, as
opposed to the 0.6 g required by FMVSS 105-75. Minimum-lockup pedal forces
were about %0 1lb for wvehicles with power boost and sbout 100 1b for the
"compact® without power boost. The "intermediate” exhibited rear lockup
when lightly loaded and front lockup when heavily loaded. &Sirce trailer
hitch loads will increase the front lockup tendency, longest CV stoppirg
distances will cccur at the neavy weight condition. ﬂ

2. Trailer Alone

The next result pertains to the treiler~alone braking capability. The
measured deceleration levels are given in Table 5 for the actuel axle
welght. The minimm deceleration refers to what would have been measured
if ithe full gross axle weight rating (GAWR) had been used. It is clear
that the brake axle manufacturers are designing for O.4 to 0.45 g. Only
the Atwood asystem haed higher capability. Discussions with Dexter Axie Co.
(Ref. 12) confirmed that thelr degign axle weight rating is based on achiev-

ing 0.43 g deceleration. This value is also recommended by the Canadian
Standards Assoclation (Ref. €),

TR-1114-1 20
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TABLE 5. TRAILER-ALOKE DECELERATION LEVELS

TEST AXIE | MEASURED | GAWR | MINIMUM
TRAILER WEIGHT Ax+4g Bxig BRAKE DESCRIPTION
{1b) (g) (b} (e
Utility 1350 0] 2600 G None
Camper 1840 0 2090 ) Bendix (deactivated)
18 £t Travel 3490 0.4 135001 G.khk | Dexter, two 10 in.
19 f1 Travel 3480 O.hT 3500 0.47 Kelsey-Hayes, two
10 in.
22 ft Travel 3610 0.67 |5020{ 0.48 |Dexter, four 10 in.
27 ft Travel 5660 0.3 {68001 0.36 |Lexter, four 10 in.
Horse 5535 D.u2 5960 0.39 Interstate, two
1¢ in.
Boat 2645 0. 70 3100 0.60 Atwood, two 10 in. [

%. Combination Vehicle

Tables 6-8 present the combination-vehicle stopping distances as a
function of hitch losd, load leveling, and in some cases trailer weight.
Appendix D (in Vol. III) contains the raw data, Lockup ot one wheel on one
side of the tow car defined the meximum braking =spplied even in irailer
lockup occurred first, In general, most CVs were able to provide 2 0.5 g
deceleration level (i.e., 107 ft from 40 mph). The exceptions are high-
lighted in Tables 6-8 and discussed below.

a) Intermediate plus horse trailer. When loesded to %800 1lb
(97 percent GVWR) or greater, maximum braking could not
be applied without hititiug the hiteh hesd on the ground.
The maximum weight 1limit may be significantly less., No
loed leveling is possible, and susgpension linksge provides
an unsteble variation in hitch leoad as a funetion of hitch
height, i.e., lower ball, higher hitch load., It would have
to be recommended thet the maximum load of this trailer be
limited when being towed by a passenger car,

b) Intermediste plus large travel trailer at €000 1b. The
10 percent hitech load plus 25 percent load leveling con-
dition and the 15 percent hitch load with minimum level-
ing condition had CV decelerations of 0.47 g. This is
probably due to not being able to leoek up the trailer

TRa1110-1 ol
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e)

f)

In

brekes. Only the 15 percent hitch load with 2% percent
load leveling exceeded 0.5 g decgleration. This trailer
weight was too heavy for the two lighter tow cars.

Compact plus horse trailer at 400C 1b. Early lockup of
bo*h trailer wheels (on rear axle) caused increased hitch
luad, which caused early front lockup of the tow car. Note
thre pedal pressure was only 80 percent of that used for
braking with the other trailers.

Subcompact plus 16 £t travel trailer. No trailer brake
lockup could be cotained with this traller; thus it was
noi posgibie to develop maximun trailer braking force.

Subcompact plus unbraked cammper trailer. The conbined weight
of tow csr plus trailer cannot provide 0.5 g CV decaleration
ever when the tow car provides 0.7 g. It appears that for
this tow car the minimum tow car Lo trailsr weight rat'o for
N.5 g CV deceleration would be .72,

Subcompect plus boat trailer. COperation of a surg=e hrake
systen 18 a funciion of the horizcounlal hitch force Qereloped
between the tow car and trailer, Effects of surge brake
gain and actuztio.: time delay cause this CV fo have less
than 0.5 g feceleration capability. Further analysis of the
gurge brake is presented in the next sgubsection,

eddition, Tatles 6.8 provide the following general results:

a) Changes in stopping distance appear slightly “mproved with
load leveling, although the results are not totally congis-
tent.

b, Pedsl forces were les. than the 120 ib renuirement of SAE
J135.

¢) No-lockup stopping distances were not significancly differ-
tnt from those allowing a tow car lockup.

d) ILuad seveling uppears t0 reduce the effectiveness of the
surge brake; however, the differcrces are not statigtically
daifierent. Specifically, the fouwr applicable configurstions
sghowed the following stopping distances from b4 mph:

o Teveling With Leveling
intermediale + 3000 1b boat 100 =+ 3.68 106 * 2,%6
trailer at 15% hiteh load
Compact + 3000 1b boat trailer 88.8+ 5,03 92.L + 5.2
at 1%% hitceh lead
TR-111L-3 28
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These stopping diatance figures were derived from a minimum
of five repeat "maximum performance' runs (see Appendix D).
A standard t' stetistical test performeice on these data
cannot accept the hypothesis that the two means are differ-
ent at the 0.05 level. Additional tests would be required
to show statistical differences. In any case the stoupping
distances noted sbove are less than previcusly seen with
other surge brake actuators where load leveling totelly
bourd wp the surge mechanism {Refs. 2 ani 4).

€. COMPARISON WITH TENTATIVE STANDARDS FORMAT

The first subsection described an approach for selecting a tow car to
trailer weight ratio as a function of trailer-alone braking capability
such as to guarantee a minimum cowbinatione-venicle decelerstion level. The
previously described results allow such a comparison to be made.

The tow car %o irailer weight ratios for the 22 Cvs tested in this pro-
gran are listed in Teble 9. They do not include hitch loed transfer. The
trailer-alone deceleration levels have previously been listed in Table 5.
Combining these two tables produces the predictions shown in Fig. 7. Since
trailer axle lcads at the tert condition were less than the GAWR, the mini-

mum trailer alone deceleretion levels are given by the dashed lines.

For reference, two 0.9 g cowbinetion-vehicle deceleration criteria lines
are overplotted in Fig. 7. These were derived in Figs. 71 and 2 end reflect
the simplified and complei: models, respectively, for a itow car capabie of
0.6 g deceleration. Wote that in the region of 0.4 g there is very little
difference Detween tl:ie two models. For example, with either model, four

TABIE 9. TOW CaR TO tRAILER WEIGHT RATICS, W /Wi

“S_TRATLER HORSE
UTILITY | campEr | S FT |19 FT |22 FT | 27 FT BOAT
TOW CAR TRAVEL [ TRAVEL| TRAVEL | TRAVEL | LICHT HEAVY

intermedinte| 3.17 2.97 1 1.22 1 1.19 1 1.1 | 0.9 NT {0.82(1.88

Compact 2.7 2.56 1.06 1.02 1.02 NT 1.02 NT |1.37

Subcompact 2.27 | 2.12 | 0.8 | 0.85 | 0.85 T .85 wr i1.13

NT = Not tested.

TR=1114-1 29

By )

S fan et B ool b ATI L. urburtd SR 2. ek




RARIME AT ¢ bt vbbanar . i

quswalinbay oyelxd ouT JyITBILS
AD B Geo TearssuqodfH UATA S3MESY 358l DPIIITPILL JO uostseduo) ) BIUHTA
(B) ®"Xp*uonniajasaq suojy J3jI0s)
1 4 15 Z I 0
l | u I

i R

- \‘W
SR ORI L 4

GO AT

“\‘\M Lm — - |||wa. [ ——— SS—
3jDIpauLIau| - 2 m 6cO >
joodwo) \lm uoHDI81a330 A D
120dwodgng -1+
I w - - —
| &
Q
(
. C
(
12AD4L 13 Gl
(whwixow) [3A04L 4581 BGO<
: _ uoI301813%9Q0 AD _ 19PO
joog 19ADIL 44 LS | - Ho-el \ djaidwon

[8AD3] {4 22

B¢ =D yyim joogtasI0H , _
W (16
..j B . ~ (402 mo} 69°0) 1BPOW PaIdUS

od

1
30

v
mo7emonoy jybiagh J8IDiL / JDD MOL

TR=11101




trailers should be able to provide a combination-vehicle deceleration in
excess of 0.5 g, 1.e., they fall above the eriterion line., Fur two trail-
ers {the 27 ft travel trailer and horse trailer at test weigh=) the CV
deceleration should be close to 0.5 g with the intermediate-sized tow car.
At ful’ DAWR or with lighter tow cars, neither should be eble to provide
0.5 g. Both unbraked trailers ghould also fall below the criterion boun-
dary.

1. Elsctrie Brake Trallex:

In terms of actual performance, measured results are first compared
for the trailers with electric brakes. As expected, both the horse and
27 ft travel traillers recorded combination-vehicle deceleration less than
0.5 g. 'The subcompact plus 18 ft travel traller was expected to barely
exceed 0.5 g, and in fact was very close {108 ft recorded versus 107 It
required), The 19 and 22 ft trallers were predicted to exceed 0.0 g, and
did so.

2. Burgs Brake Trailers

The next comparison applies to surge brake trailers. Since the brak-
ing force in this breking system is developed through a torizontal hitch
force (trailer pushing on the tow car), the effect of tow caxr size is more
significent than with electric breke trailers. Thus, in this case the
minimum towecar/trailer weight retio will be affected by the amount of
brake force developed per pound of horizontal hitch force. This ratio is
called the gurge brake gain, G.

In order to use the format sghown in Fig. 7 the "effective" trailer-
alone decelerstion level for a surge brske gystem must be determined. It
is not realistic to simply apply increasing horizonial hitch forces and
meagure trailer-alone deceleration; the actusl applied hitch forces during
deceleration may be significantly less. {(This is not true for electric
trake trailers where full irailer brake voltage can theoretically be devel-
oped at any tow car brake level.) Using the simplified model, this "effec-
tive® trailer-alone deceleration level can be found when the surge brake
gain, G, is known. The equation is:

TR-111-1 31
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Using the 0.5 g criterion illustrated in Fig. 7, a surge brak. gain
of 3.0 (derived in Appendix B for the boat trailer), and a 10 percent
hitch load, the "effective" trailer-alore deceleration for our test trail-
er was sctually only 0.42 g. In other words, the boat trailer — as a
combinaticn-vehicle — cannot apply the gdeceleration level previcusly
ghown in Teble © (and Fig. 7) when the combination-vehicle is only decel-
erating at 0.5 g. 71t really can only apply 0.42 g deceleration %o the
eombination. Referring to Fig. 7T now, this deceleration level is equiva-
lent to the horse trailer and thus would require a tow car exceeding 0.9
times the trailer weight. Since this ratio was exceeded in the test pro-
gram {minimun ratio was 1.13), the boat trailer combination-vehicles
should beve exceeded 0.5 g deceleration. When viewed in this context it
is now apparent why the subcompact/boat-trailer configuration was very
close to 0.% g (109 ft measured versus 107 ft required).

It should alsc be mertioned that if the surge gain were increased
then the trailer-alone deceleration would alsc be higher. 1In the limit,
trailer-alone deceleration approaches the CV deceleration; and thus the
trailer could be stopped at 0.5 g by any weight tow car. In terms of the
complete model, however, Fig. 7 gshows that the trailer-alone deceleration

mst exceed V.55 g in order to meet a .5 g deceleration requirement with
any weight tow car,

The effect of surge brake gain can possibly be understood more clearly
with the help cf Fig. 8. This figure plots the combination-vehicle decel-
eration level ag a function of tow car o trailer weight ratio. Various
surge gains are applied to a minimum deceleration tow car (i.e., 0.6 g).
For comparison with Fig. 7 we can select a 0.5 g CV deceleration criterion
and determine the weight ratio at any surge brake gain. TFor sxample, with
no brakes (G = 0) the weight ratio is 5, the same ag the lef: boundary in
Fig. 7. A gain of at least 4 iz required if the trailer weight is equal

to the tow car weight. View=d another way, a surge brake trailer of
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weight, Wﬁaurgebrake: can be shown to have the stopping capability equiva-
lent to an unbraked trailer of weight, Wi, prakeas Vi& the relationship:

Wtsurge brakes = (G + 1)V¥Wtro prakes (3)

For the example configuration in this program the surge brake gain was 3;
thus, a surge-brake~equipped trailer of 6000 1b could ideally be stopped

in & distance equivalent to a 1500 1b unbraked trailer,

The effect of surge brake time delay is also gignificant. This parae
meter represents the physical time delay between tow car breke application
and subsequent trailer brake actuation, and is due to the time required to
build up horizontal hitch forces. Based on results obtained with one surge
breke mechanism in this program, an average time delay of 0,30 sec was
dot srmined. Since this delsy only acts on the itrailer brakes, we would
expe~t stopping distances from 40 mph to be & ft longer than those pre-

icted from deceleration level only. .This delay probably azccounts for the
differences between meagsured and predicted stopping distances for the boat
trailer. However, as long as any braking standard is specified in terms
of stopping distance, there would be no necessity to determine a brake
actuation time delay. In effect, the trailer brakes would have to develop
s higher average deceleration level to make up for the inherent time delay.

Breskout forces in a surge brake mechanism may alsc be significant,
For example, when load leveling was applied to a 2222 1b camper trailer,
in the Ref. 4 study, the surge brake was rendered essentially useless.
Also, in previous ST1 tests reported in Ref, 2, high hitch loads caused
birding of the surge mechanism such as to increase the breakout foree beyond
the maximum horizontal hitch force. In this case the brakes were again ren-
dered nonoperational. Although these limit cases become cbhvious in maxXimum
performance brake stops, smaller breakoeut force levels would not show up.
¢n the other hand, it is necessary to provide some finite treakout level to
avold spurious brake applications on a rough road or te allow for backing
up without applying trailer brekes. The breaskout level shouwid not be g0
high, though, as to Keep the trailer brakes from operating during downhlll
towing.

TR-1114=1 3k
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In summary, surge brake trailers can be rated with the same rule for-
mat 88 electric brake trailers; however, it will be necessary to determine

the surge brake gain in order to establish the "effeciive" traller-alone
decelerstion level.

5, Unbraked Trailsrs

The final ccmparison applies to unbraked trailers. As indicated in
Fig. 7, all 1500 and 1600 1b unbraked trailer combination-vehicles should
a0t be able to meel e 0.5 criterion., However, since the two cars used in
this program were sble to achieve greater than 0.6 g decelerstion, all but
the smallest tow car plus largest unbraked trailer (i.e.; subcompact/
cgmper) exceeded 0.5 g, In fect, if a tow car deceleration of O.T1 g is
used, the simple model will identically predict the measured results.
4dditional comparisong of the unbraked trailer data with the complete
model are shown in Fig. 9. This analysis assumes tow car deceleration of
0.70 g. Although tow car brake balance measurements were not made, the
stopping distance results shown in Fig. 9 indicate near-optimum tow car
braking. It is clear from these data (and the other traller data) that
the biggest impact of any combination-vehicle deceleration standard would
be in & limitation on the maximum alliowable urbraked trailer weight for a
given tow car weight. Consequently, the selection of the €V criterion

m:5t be carefully congidered. This will be discussed in the next subsec-
tion.

D. BASIS FOR TRAILER-ALCNE AND COMBINATION-
VEHICLE DECELERATION CRITERION

geveral Teferences can be used as benchmarks for the selection of a CV
deceleration, or stopping disvance, requirement. These include: SAR
recommended practice, FMV3S 105-T75 for vehicles other than passenger cars,
Federal lighway Administration Transportation Code, state trailer towing

laws, and recommendations by the Canadian Standards Association. Tach is
discussed below.
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1. SAE Recommanded Practice

SAE Recormended Practice J134 (Ref. 10) entitled "Brake System Road Teal
Code — Pagsenger (ar and Light Duty Truck-Trailer Combinations™ is intended
for use by tow vehicle manufacturers to determine the maximum allowuble un-
braked trailer weight and by %.ailer manufacturers {although no trailer-
slone teat procedures are specifizd). The test procedures are patterned
afver FMVSS 10%-75 in terms of =ffectiveneas teats, burnish tests, fade
testg, etc. The "Service Brake System Performiaice Requlrements — Passenger
Car-Trailer Combinations,” SAE J135, specifies CV periermance in terms of tow
car pedal pressure necessary to provide 0.5 g deceleraticn. For refereance,
the test procedures and reguirements of J134k ernd J13% are given in Table 10.
Although much of the J13k teat procedure is concerned with burnish, fade,

and recovery, the essence of the effectiveness test requirements is that the
combination-vehicle should be able to atop at 0.5 g deceleration from 30 and
60 mph without exceeding 100 or 120 1b pedal force, respectively. Only one
test point is required to show corpliance, and wheel lockup is allowed.

2. FMVES 105-T5

The second approach toward specification of a CV deceleration {or
stopplng distance) criterion is to place greater reliance on the exlsting
requirements of FMVSS 105-75, as might be applied tc¢ = :onbinstion-vehicle.
This document provides stopping distance requirements for vehicles other
than passenger cars in a weight class less than 10,000 lb GVW, as well as
thyse for ordinary passenger cars. The stopping distance requirements for
these "other" vehicles (usually buses) allows approximately a 60 percent
relaxation in performance, yet the vehicle itself can be up tc 100 percent
neavier. The exact figures for stopping distance from 40 mph are shown in
Table 11. 1n terms »f deceleration, the 144 £t gpecitied in FMVSS 105-75
converts to a 0.37 g capability.

%X, FHVA Trensportation Code

Another existing requirement ig the Federal Highway Administration
Brake Performance Requirement 393.%2 (Ref. 13) for combinations of property

carrying vehicles. The deceleration regquirement in this document is 0,435 g.
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TABLE 10

BRAKE SYSTEM ROAD TEST CODE REQUIREMENTS —
PASSENGER CAR/TRAILER COMBINATICNS

S |

. TEET - i INTTIAL
TEST TRET TYFE nrmgg;so; SPFED DEC?;&?“' BRAKE COOLING REOUTEMENT
NUMBER (mph) TEMPERAT URE
1 Preburniak 10 5C 190 Ae is ! oml oAt 4o PO g Fy £ R0
Check between stops
10 get I8T
2 Preburnish a 30 16 max 200® wefore | To get (BT 15 € Pt 10D
Effectiveness each stop
D ) max 1% ¢ Fp T 20
5 Burtish 200 L34 [ e ar To get TBT
1 mi at :O
L Adjugt Brases
< Sacond Same 215 No. 2
Effectivenssgy
¢} Fade Baseline 3 0 10 150" before — Recurd value of Fp
erch stop
1 Fade 19 L] 1% or 150° before { 0.8 mi at &0, | First 4 stops will tave
Fp 200 W | first stop ! mi st L0 Fp £ 320, VT, 173, 200
prior to re-
covery
8 Recovery 12 56 10 or Record i omi oat L0 Min By = 5 ft/sec?
Fp 203 1b {at max Fp 0O )
for first™% stops and
¥, € 15G 1b by sixth
stop for ay, = 10 ft/sec?
9 First 2 &0 % 200° Lefore | To get 127 Record max Tp
Effectivenssa each stop -
Spot Cheeck —
13 second = o] 12 2=0° or
Reburnish l P omioat WD
1 secord Fade and Same a3 Nos. 7 and 8 girst 8 stops will have
Recovery but make 15 fade stop: FooxovEe, 147, L3, 1R,
137, 17, 1849, 200 1b
12 Secong Same ag No. 9
Effectiveness
Spot Check
13 Third Same a: No. 10
Feburnish
th Final Same as No. 2
Effectivenssy
$Y, | Ingpuet
Mnepeaging pedal Mipces on el run until 0.0 g oachieved,
Cond P eng of Teat.:
Aprlent Lemperaliro. BoOwn oF filteh load = 10 pereent trailer weight
Mote yipeost retinblbe condif foos PTradlor weight = gross
Pow yeblele welpht o ocurb o« a0 1b Record trailer braxe ioputsa
Pl bwd g Httel Bl Dry pavement
:
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TABLE 11

FMVSS 105-T5 STOPPING DISTANCE REQUIREMENTS FROM 4O MPH

e mﬂmmmmi’m

VEHICLE GVW (1b) 840 (ft)
< 5000 91
Pagsenger cars
Lightly loaded 87
Other than pas- < 10,000 1hl
aenger vehicleg ngh‘tw loaded 1Ly

4, 8tate Laws

Several states also have cormbination-vehicle braking reguirements
(e.g., Refs. 14 and 15). These requirements are listed in Table 12. Most
other gtateg simply require brakeg nn the treiler when trailer weight ex-
ceeds some gpecified value {e.g., 1500 1b in 9 states, 2000 1b in 5 states,

3000 1b in 25 states) or when the trailer weight exceeds 40 percent of the
tow vehicle weight.

TABIE 12

STATE TRAILER TOWING BRAKE REGQUIITMENTS

STOPPING DECELERA~
STATE DISTANCE TION REMARKS
FROM 20 MPH (g)
california Lo £ C. 34 Towling vehicles
{ < 10,000 1b
Masgachusetts 30 it 0.45
Oregon 37T £t 0.3%6 Plug all trailers
exceeding 35 ft
—
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%, Canadian Standsrds Association

2 most relevant trailer braking reference is the Canadian Standards
Associstion's proposed standard for trailer-alone braking performance
(Ref. 6). This document gpecifies 0.u435 g deceleration from 30 mph and
0.35 g from 60 mph, The test procedure described in Table 13 follows the
format of FMVSS 10%-T5, where ithe deceleraticn levels and test speeds are

ratioced by the trailer (0 car weight to0 compensate for the unbraked mass

of the tow car. These requirements are used by the Dexter Brake and Axle
Division of Phillips Industries (Ref. 12).

Based on the CSA recomendaticn of 0.435 g for trailer alone and FMVES
105=T5 for (.6 g for tow car alone, it is, ideally, possible to achieve a
0.5 g CV deceleracion since trailer weights are generally never larger than
1.25 times the tow car weight (We/Wy = 0.8). This criterion would also be
congistent with SAE J135 and the agsumptions in Ref. %. However, based on
the test data presented previously, many current 2lectric and surge brake
trailers at full GVWR would not be able to meet the 0.5 g CV criterion

shown in Fig. 7. Alfo, maximum unbreked trailer weight would then be
limited to less than 1000 1b.

In summary, based on the test dats obtained in this prozram, it appears
thet a 0.5 g combination-vehicle deceleration criterion i1s cptimistic in
terms of stopping distance {i.e., 107 ft from 40 mph). Ideally, all braked
trailer test configurations ghould hsve pasged, but in meny cases they did
not. Alse, if two of the test trailers had been loaded to maximum GAWE,
they could not, even ideally, exceed 0.5 g. Both 1500 1lb unbraked trailer
CVs would alse not have been able to exceed 0.5 g if the tow cars had only
the minimum braking capability specified by FMVSS 105-T5.

The next subsection presents recommendations for stopping distance
criteria and traller braking test procedures.

2. ERECOMMENDATIONS
Based on the analysis rnd teet results presented hereln, recommenda-

tions can be mzda for CV braking standerds and test procedures. These are
summarized below.,
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1. Tow Csr Weight Format

The rule format suggested by HSRI (Ref. 4) in which each trailer would
be specified in verme of a minimum weight tow car appears to be a viablie
standard under the ‘ollowing conditions:

& The combination-vehicle deceleration critericen should

be reduced to 0.4 g. This would produce the following
tow car welght requirement if a c-mplete braking medel

is used:
We = W(2.1 = 3.52ax44) ()
where
We = Tow car welght, GVWR
W+ = Trailer weight, GVWR
8xt, = Traller-alone deceleration

capability (g)

All trailers tegted in ihis program would pass this cri-
terion if it is additionally asgsumed that o tow car can-
not "practically" tow e trailer weighing more than

1.25 times the passenger car weight. The practical
problems are acceleraition, 1ill climbing, overheating,
hiteh mounting, ete.

® Treiler-alone deccleration measurements should be based
on static axle tost welght and then ratioed up to GAWR
if lockup cannot e obtained at full trailer brake vol-
tage. For surge brake trailers, the "effective" trailer-
alone deceleration level must consider the surge brake
gain as discussed in Subsection C.

@ Stopping distance mugt be the primery performance meuszure
Tor the zimblination-vehicle. For example, an average
deceler~ltion eriterion of 0. g would reguire a stopping
distance of less than or egus’ to i34 ft from 4O mph.

2. Trailer Brake Capecity

Ao adbernative tc the sbove format would be to soecify z maximum allow-
able braked welght capacity. For example, based on a 0.5 g CV criterion,
it wou.d be desirable to see no more than 1500 1b pe:r each 10 in. brake. A
more cunservative number would be "250 .b, as was the case for the 22 ft

travel trailer., The horse trailer at 2900 1b/brake would be (and is) totally

TR=-111k-1 e
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unacceptable; the 18 ft, 19 fi, and 27 £t travel trailere at 1700 lb/brake
are marginal; and the boat trailer (with no load leveling) and 22 ft travel
trailer at 1500 and 1250 1lb/brake,; respectively, would in fact exceed &
0.5 g deceleration criterion.

%, Test Procedures

As a result of the tests performed in this program, several recommenda-
tions in terms of test procedures were slso developed. These ars as follovs:

& A trailler-plore brake test procedure combining key
aspects of the procedures used by Dexter (Ref. 23),
HSRI (Ref. %), and STI (in this progrem) should become
g gtendard. Bazsed on problems with brake parts, this
procedure should also include the complete tests of
SAE J134%. A recommended test procedure is given in
Tabie 14. To minimize instrumentation, stopping dis-
tence can ve used in place of averayge deceleration
between two speeds.

@ Surge brake gain must be determined with & geparate pro-
cedure that applies known horizontal forces to the hitch.
This can be accomplisghed staticelly by applyiag a known
force and measuring the treiler brake pressure (see Appen-
dix B). This gain is then multiplied by the traileralone
brake force per unit brake presgsure to determine pounds
brake force per pound hitch force.

TR-111k4<1 uz
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EECTION IV
TRAJLER DAMPING FERFORMANCE

. Trailer stability represents the gecond performance parameter for
which a vehicle handling standard is required. This traller mode is the
pendulous swing ogcillatlon of a trailer commonly seen on the highway. If
trailer mage and inertia are small with respect to the tow vehicle this
motion ig more of s nuisance than a handling problem and, in fact, cannot
become unstable if the hitch point does not move. chéver, as the trailer
approaches or exceeds the tow vehicle in mass and inertis the forces and
moments applied by the oscillating trailer to the hitch point (and hence
to the automobile) become lerge enough to ceuse loss of control, trailer
seraration, snd/or combination.vehicle rollover.

Due to the frequency and demping separation between the tow car and
trailer modes, the traller mode oscillation can be accurately modeled by a
simple second-order system response. By analogy, the resulting performance
meagure used to assess trailer stability is the reduction in swing amplitude
with successive oscillations. In vehicle dynamics terminology (Ref. 16)
guch oscillatory stability is measured by cycles to 1/2 amplitude, or (an
equivalent) damping ratio, £. TFor example, time history nlots of trailer

- swing at different damping ratios are shown in Fig. 1¢ for reference, When
L, = O the oscillation is sustained (undamped), and at £ = 0.5 the oscilla-
tion ceases within 1 cycle, At ¢ = 1.0 there is no cscillation. If demp-
ing ratic becomes negative, the osciliation axmplitude increases with time,
and hence is unstable — a very undesirable condition. The most signifi-
cant changes pertinent to trailer swing occur at low or negative damping
ratlios, l.e., from negative to 0.3, where the omcillations are perceptible

to the driver and where safety implications arise.

in this program 23 combination.vehicle configurations were tested at
varicus hitch loads and load levelings to determine the resulting trailer
damping ratios. In addition, a methodology was developed for predicting
trailer damping and the hitch load necessary to meet 2 tentative minimum
damping criterion. The following twou subsections present the analytical
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Daomping Ratio, Cycles

/\ [\ to Holf Amplitude
£+0
IVAVAVR

LA AL o
VAR A

/72 ® L0

0 [\ S £=.20
N Gz = .54
Hitch

Angle
Motion

£ =30
0 Cisz =.35

=40
Cue=.25

0 £ £=.50
Time —= Ciz2=.19

Figure 10. Second-Order System Indicial
Response characteristics

beackground and supporting full-scale test results, respectively. Recom-
mendntiong for : minimum allowable hiteh load rule format, manufacturers’

design guldes, nnd tesl procedures are ihen presented.

A. ANALYTICAL CONSIDERATIONS

At first glance it might appear that the trailer swing mode would be
one dynardic hendling cheracteristic for which it would be easy to estab-

lish trailer test and performence requirements. Indeed under limited

TR=1114=1 Le
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circunstancea, such as & very high tow car to trajler weight ratio, it ia.
Unfortunately, the cases of concern are those in which treiler swing ~ausges
ard Interacts with the tow car response. Isclation of trailer demping per-
formance is not so straightforward in this latter case, However, in this
program we have dzvelcped and evaluated an apvroach for predicting the
damping characteristics of thege combination.vehicles.

The first step in this approach was to develop equations that separately
treat both the trailer-slone and the combinatjon-velhiicle. The trailer-alone
case represents a condition corresponding to a laterally immovable hitch
paint. In effect, this condition would cccur if the trailer were heing
pulled by a tow car of infinite mass. In this case, the swing (or fish-
tail) mode is a pendulous type oscillation that, once excited, will die out
gsince no energy is added to the 3ystem. References 2 and 17 have ghown that
for this condition the trailer-glone oseillation frequency {&ﬂta) and damp-

ing ratio (gﬂta) may be calculated in terms of trailer parameters as fol-
lows:

EYCIBEQ
m’lta. = Ith (5)
f 3
S A} (6)
Tta

Uo Y EIth

where

Y“ﬁ Cornering stiffness of trailer tires
on one side (1lb/rad)

Lo Hiteh to trailer axle length (ft)

Tth Trailer moment of inertia about hitch
(slug-£t2)

Uy Yorward speed (ft/sec)

waquation ¢ iilustrates the well-known fact that damving is most influ-
enced by hitch-to-axle distance (the longer, the better) and speed [the

slover, the better). In addition, stiffer trailer tires or smaller moment
of inertia about the hitch also improve the damping. Note also in this

TRe1114=1 b7
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"limit" case that the damping approaches zero ag gspeed increasges and camuct
be negative (unstable),

The interaction of trailer damping with tow car weight was first inves-
tigated using a five.degree-of-freedom car/trailer model given in Ref. 3.
The resulting damping ratio versus speed is shown in Flg. 11 for three tow
car weights pulling a 3C00 lb trailer. Note that if the tow car welghs
3000 1b {ssme as the trailer) we would expect an unstable trailer at 68 mph;
a 6000 1b tow car would extend the speed for instebility to 93 mph; and, as
expected, a 600,000 1b tow car (academic, of course) never allows an unata=-
ble traller. Thisg is verified by the fact thaf at this wvehicle weight the

simulstion result very nearly overlays the simple trailer-alone expression
given by Eq. €.

Since the interaction of the trailer and the tow car is dependent on
the magnitude of the lateral hitch forces applied by the trailer to the tow
car, it is useful to derive the hitch forces applied to an infinite weight
tow car, i.e., a limit case whereir the hitch point cannot move laterally
during trailer swing. For such conditions the peak lateral hiteh forces

€l Yrciler Alone Damping | Simulation Resulis:
; { Infinite weight tow car) 19 1 Travel Trailer

| VA% | wy =3000 b

Sk - ¢
. | ra Uoy2TH, HL =300 Ib (10%)
‘4_-//-’“.; | gp =2t
: : ' Yo = 8600 lo/rod
I\ ; ; | I, = 13,200 slug-ft?

L
e

Troiter Domping Ratio, Q,,

0 Y40 50 60 70 80 90 —I0D
Speed {mph )

TMegure 11, Effect of Speed on Trailer Dampling
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will occur at the pesk gwing amplitude of the trailer. Using the symbology
from Fig. 12 we can then drive the lateral hitch forcss, Fyy, caused by

: ' the trailer lateral tire forces, Fy,. Taking the swmation of forces and
moments ylelds:

Y. Forces

F. 4 o Fy\h = mﬁ&y

1

(D

L Moments

Fy'.th + Fwe = Ito:q

Yor this special case of an immovable hitch, the lateral acceleration (ay)
of the center of gravity is also equal to the distance ¢ times the angular

acceleration, i.e., By = e-’ﬁ. The forces and roment egquations can then be
golved for trailer acceleration;:

Fyt e FYi} ~ FYth + Fy'he

ﬁ' = m’te - Ito (8}

Trailer Swing

\Acceleruhon

Trailer Mass, m¢

inertia, Iy, i\b

Articulation “" P
Angle _—~

?§~ e
—
2

Migure 12, Trailer Inertis and
Geometry Definitions
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Rearranging produces the hitch force to tire gide forece ratio:

Fyh It’O - mtEh
T — = (9)
Yt Tto + mee

Note that since h/7, is the (vertical) hiteh load, HI, divided by trailer
weight, Wi, and h+e = fo, then the secord term in the numerator of Eq, ©

con we rewritien as:

The denominator of Eq. G is simply the moment of inertia taken about the
hiten point, Ity. In summary,

i T — ¥ i i i - 3
Ypiten | to " BtEN "o Ty T (10)
FYives Ty - mpe” Ty

where

It Trailer %oment of inertiaz about the c.g.
{slug-fi~)

SN Trailer moment of dnertia sbout the hitch
a2
{slug-r"te)

my  Trailer mass (Wi/z) (slugs)
e Trailzs hiteh to c.g. length [1%)
n  Traiier c.g, to axle length {{'t)
Z;  Hitcn to trailer axle leogth (e+h) (ft)

(HL/W+}100  Per:uent trailer weight upplied %o nitch (i.e.,
#percent hiter load*)

Note that when the numerator term is positive in sign the niteu fovew
acts to produce a tow car yaw response wiich is in tre same oolwe 4ioow

tion as the trailer angular acceleration, and hence Will produce & arpliy.

fying factor ia the trailer swing motions. ©On the other hand, by adjusl.ng

TR-1114-1 B0
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the percent hitch load the numerator can be mede equael to zero, and hence
there will be no lateral forces transmitted to the hitch. Physically,
thig c.g. location puts the center of percussion at the hitch point and
heace any forces spplied at the tire are not felt at the hitch. Since
each term in Eq. 10 1s a function of the trailer properties only, we have
termed this ratio vhookup factor”" (HUF). 1t cen be controlled by the user

in getting up the hitch load or by the trailer degigner in setting lengths
and inertias.

In addition, there must be a companion factor relating the tow car's
gengitivity to lateral hitch forces. This will determine how much such
forces contribute to the reduction in trailer damping. FPFor the present we

will denote this sensltivity as Kg, 80 that the overall combinationevehicle
trailer damping ratic may be approximated by:

2
Wil A2
Ve, fmo- B |em (sl

Uo /2T, Tty

s {(11)

Sev

s

Trailer "Hookup Tow Car
Alone Factor® Sensgi-
tivity

Kg is an empirical quantity based on the trailer/tow-car weight ratio,
which must be derived from the full-scale fests presented in the next sub-
gection.

From Eg. 11 it is clear that the trailer damping cen be meximized wneu
the trailer center of gravity is located to make the "hookup factor" egqual
tc zero, or whe:l the tow car is made infinitely heavy (Kg = 0), Analysis
of "hookup factor® (HUF) as « function of hitch load {i.e., c.g. location)
for representative trailer geocumctries indicates that a hitch load from
20 to 2% percent of the trailer weight will eliminate the tow car inter-
action, i.e., HUF = 0, for a wide range of trailer weights. lthough this
result Is of inlercst, hiteh loads cannot practicaily be this large without
compromising tow cnr stability, i.e.,, Toss of understeer. The real problem

is to provide o sufficiently stable trailer at light hitech loads. Tor
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exarple, the hookup factor in Eg. 1] can be minimized by the trailer
designer by increasing the wheelbase, ip, or by decresasing the moment of
inertia, It,. 'The user can improve the trailer damping by using a heav-
ier tow car that restrains the hitch force interaction (thus making Kg
smeller).

Since both hitch load and mass ratio significantly affect the trailer
damping at a given speed, it is necessary to develop a tradeoff beitween
hiteh lcad and welght ratio to guarantee at least the minimum desired
trailer damping for the combination-vehicle. Thig would then be in a form
compatible with a requirement or recommendation 1« thne user of a given
trailer. A graph of this type is shown in Fig. 13 for a hypothetical
3C00 1b trailer at two possible demping ratio eriteria. For & given tow
car weight, and corresponding Wo/Wy, this graph specifies the minimum hitch
load that will meet the speciflied damping ratic criterion. With this trail-
er, for example, the hitch load must be at least 12 percent if the tow car
and trailer are of equal weight and 0.2 damping is specified. Different
trailers would have a different boundary location due to differences in
wheelbase, Znertia, tires, etc.

It should be menticned at this point that increasing hitch load has
a destabilizing effect on the tow car in terms of losgs of understeer

(Refs. 2 and 3). The tow vehicle directional control test discussed in
the next section will put ancther critericn line on Fig. 13 such as to
limit the maximum allowable hitch load as a function of two-car/trailer
weight. That is, both the tow car and trailer directional (composite)

handling requirements can be in the form of ailowable hitch load wversus
weight ratio.

B. FULL-SCALE TEST RESULTS

Pulse steer tests were performed with the three tow cars and eight
trailers described in Sectien II. Thie test procedure was developed in
Ref. 2 tc excite the trailer swing mode. Briefly, the psocedure reguires
the conbination-vehicle to be driven in a straight line at 55 mph with a
h5-G0 deg steering wheel "pulse" input applied as rapidly as possible.
When recenterad, the wheel is held tightly fixed to avoild steering force

TR-1114= 52



o AL s Lt e

Aliowable Hitch Load (% Wr)

USRI

| 1 3000 b Trovel Trailer
; | Tandem Axie
j 112 £t Wheelbase
119 §t Overall Length
10 P~
£ 5=-20 Criteria
sL. . S
UNSAFE :
LOADING !
REGION 4 gss = 15 Criteria
FOR
TRAILER l
DAMPING -
! i
é i | i
OO i 2 3 4

Tow Car / Trailer Weight Ratio, We/ W,

Figure 13. Potential Combination-Vehicle Trailer

Damping Requirement
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feedback from the trailer. The resuiting trailer mode cscillation can be

modeled by a danped second-order system response such as shown in Fig. 1b.

The freguency and damping ratic of the resulting trailer articulation
angle trace can be derived from the ratio of succeggive peak amplitudes,
cycles to half amplitude, or other gravhical means. In this program the
articulation angle responsge was fitted (using a least-sguare technigue)

0 that produced by an idccl second-order system. The identification

interval beging 1 sec¢ nfter the steering wheel angle is recentered and

continues for sever~! scconds. Time histories and trailer mode identifi-

cation results for every test configuration are pregented in Arpeadix E of
Vel. I1I for reference,

221t Travel Trailer
0% Hiteh Load
52.6 mph Test Spee.i
No Loud Levelng
No Sway Control

Steering =50

Wheel _J
Angle  Of=

— b L i : b |,.L_.
[0 1] Dymamie Lo l.l.
maani| identification |-
A JRULTSE S5 RO S S e
Articulation :_, L
Angle O~

Figure 4. Example Steering Wheel and Trailer
Time History for Pulse Steer
Test Procedure

Two normalizations must be applied to the derived damping ratios in

order to provideé comparsble results. These compensate for off-nominal

speeds and for different load leveling values., For example, in many cases

e uctual speed at puise application was not exazctly 55 mph. In other
cages the trailer was already unstable at a speed below 5% mph. Damping
ratics at ihege off-nominal conditions were adjusted to the 55 mph
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reference speed ugsing the simwlation model of Ref. 3. These adjustmenta
followed the curves shown in Fig. 15. One full-scale teat configuration

(elso shown in Fig. 15) was run at several s&peeds to verify the darping
versus speed slope.

The second adjugtment was nocessary to compensate for o7f-nominal
values of load leveling. In general, the test plan was designed to covex
three values ot load leveling: rnone; minimum (as recommended in Ref. 3);
and 2% percent (as recommended by hitch manui‘acturers). Minimum load

leveling corresponded to using air shocks as rmuch as possible and then

500
A - = Trailer Alone Domping Equation
i Combination ~ Vehicle Simulation
' Resulis
400 REFERENCE | ©—{ Rood test data for 47501b tow
SPEED car /1600 tb ¢camper traifer of
| % hitch logd
N3 1
‘é‘ .300 e ‘l. .. - | -
k) j
o
o
£
(=% N
£ -200p 7
Q
o
3
(]
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g e
-1G0 —
-.200 b—A, - ~

40 50 &0 70 80 Q0 160
Speed {mph)

pigure 19, Tradler Damping Speed Adjustment Curves
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applying only erough load levellng torgue to relevel the combination-
vehicle., Twenty-five per:ent load leveling corresponded to applying load
leveling such as to trangler 2% percent ¢f the hitch lcad to the tow car
front axle, 1n most cases this also corresponded to releveling the
combination-vehicle. Howeve., Since load leveling torque is controlled
viz changes in chain length, which is limited to minimum one«half link
increments, the 25 percent desired could not always be achieved precisely.
The actual percent load leveling values ranged from 15 percent to 36 per-
cent for the nominal 25 percent setup.

Since it was determined in Ref. 3 that lcad leveling torque affects
trailer damping of the combination-vehicle, it was necessary to apply =
correction factor to normalize the unequal test conditimng. To derive
this correction factor it was necessary to convert ihe measured change in
vertical tire loads to load leveling torgue using the cquations developed
in Ref. 3. Tris procedure was accomplished for the five combination-
vehicle 2onfiguratione in which lcad leveling was vraried. The results
are shown in Fig. 15. From this plot the average change in darping ratio
with locad leveling torgue was found to be C.061 units per 1000 ft-1b.
Since all combination-vehicle configurations were weigiued znd measured

in the test program, the loai leveling torque could be computed and the
gorrection facter anpli=Ad.

inal trailer dar .ing data, corrected or speed and load leveling
variations, are given in Table 15, This data table provides the basis
for all subsequent discussions and comparisons. As noted earlier, the
raw trailer damping date are presented in Appendix E of Vol. III for

reference, or. for application of additional analysis techniques.

The results presented in Table 15 can be plotted in various ways to
illustrate the effects of the signiiicrm pa. ameters, Primarily, these
reflnct the previousl: descr bed effecis, 1.e., hitech load, trailer type,
and tow car size, on combinat lon-vehicle darmping ratio. For example,
Fig. 17 shows the damping ratio (at 55 mph)} for each trailer at a con-
stant hitch load of % percent. The order T ftrailer type presented along
the abscissa gen rally reflects a decress: in damping when going from

TR=111 -1 5o
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Figure 17. Trailer Damping at 55 mwh for ALYl Combinatione
Vehicles at S Percent Hitch Load

left to right, although the trends for each tow car are not necegsarily
the same. The main point to be derived from Fig. 17 is that trailer damp-
ing can easily vary from +0.1%5 (stable) to —0.20 (unstable) for this selec-
tion of trailers at 5 percent hiféh load. BSecond, heavier tow cars appear
to provide higher dampirng that the lighter tow cars.

If hitch load is increased, all trailers exhibit increased damping.
Flgure 18 shows the same ordering of trailers as in Fig. 17, and it can be
seen that damping now ranges from +0.28 (stable) to only —0.0% {unstable),
or an average positive damping increment of +0.15.

Due to the large effect of hiteh load on trailer damping it is inforw
mative to graphically present this effect for each trailer individually.
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Figure 18. Trailer Damping at 55 mph for All Combination-
vehicles at 10 Percent Hitch Load

These plots are shown in Figs. 19-26 for the eight trallers, five with

and without load leveling. Review of these figures shows the importance
of hitch load and load leveling in providing a steble trailer mode. In
particular, it is clear why manufacturers recommend hitch loads between

10 and 1% percent tr.ller weight.

Additional damping test results related to the trailer inertia, sway
damper, non-zero lateral acceleration initiel conditions, and steering
free ploy are given in Table 16, The test results presented in Table 16

can be verbalized ns follows:
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pigure 20, Trailer Damping as a Function of Hitch Load
for /0> 1b Camper Trailer

TR=11-] 37



Trailer Damping ot S5 mph, L

18 ft Travel Trailer : :
3800 Ib :
Tow Cors: ‘
O intermediate
A Compact

{1 Sub Compact

Flagged points represent
computed vaiues from
31 test data

Solid symbois indicote
25 % load leveling

e 5 10 15 20
Hitch Load (%6 trailer weight)

Figure 21, Ureadler Damping as a unction of Hiteh Loasd With and

=t

8

-1

Without tecrd ‘eveling for 18 £t Travel Trailer

)

Sy mans i e e B S AT e



; 19 ft Travel Trailer
i 40001b

Tow Cars:

C intermediate

31 Compact e 1
(3 Sub Compact

Flagged points represent
computed values from
2 | test data

Solid symbols indicate
25 % load leveling

Trailer Damping at 55mph, § .,

0 _
-l
-2
0O 5 20
Hitch Lood (% trailer weight)
wiggare ™, rrailer Damping as a Functicon of Hitch Loed With and

Without [oad Leveling for 18 £t Travel Trailer

PRe | ine] 03



TR= | ika1

® 22t Trovel Trailer &
4000 b, tandem axle r'
Tow Cars: /
QO intermediote /
514 Compact 4
O Sub Compact !

Flogged points represent

computed values from ,’
4 | test data g

Solid symbols indicate /

25 % load leveling /

Trailer Damping ot 55mph, ..

———

0 5 10 5
Hitch Load (% trgiler weight)

Without foad Teveling for 22 £t Travel Trailer

i}

20

: 3, Yrailer Damping as a Function of Hitch Load With and



27t Trovel Trailer - 4 point t
6000 Ib, tandem axle | | '999€0 points represen
computed values from

Tow Cors: ;
O intermediate fes:r da‘a o
51 A Compact Solid symbols indicate

& N
0 Sub Compact 25 % load leveling

Trailer Damping ot 55 mph,
N

15 20
Hitch Load (% troiler weight)

Figure ~. Trailer Damping as a Function of Hiich Load With and
Without [oad leveling for 27 ft Travel Trailer

Phow !‘FF..‘; 6‘)



8 20 ft Boat Trailer T
3000 1b ‘

Tow Cars:

O Intermediate

5 |A Compact

O Sub Compact

computed voiues from
4 |test data '

Solid symbols indicate
25 % load leveling

Flagged points represent /

Trailer Damping at 55 mph, £

. et e

"o 5 10 15 20

Hitch Load {% frailer weight)

Pigure 75, Traller Damping as a Function of Hitch Load With and
Without toad Leveling for 20 fi Boat Trailer

TR L= £ifs

A LB R e e e e e



M £ gl T R DD e Tt

P

TR-11 1k

)
"
FW
=
Q
&
iy
e
e
o
=
=
=3
E
j=
£
T
2
‘D
[
o=
-1t
~e
Figure

for Horse Trailer

6T

Horse Trailer '
4000, 5800 Ib, tondem o¥le i
Tow Cars: i
O Intermediate
. Compact —
) Sub Compact ;
, ; ;
; L
- . 1= S
;
i
|
] q %
5 |
0 5 10 5 20
Hitch Load (% trailer weight)
~t, Trailer Damping as a Function of Hiteh Load



it | e

TABLE 16.

ADDITIONAL TRAILER DAMPING TESTS

HITCH LOAD MEASURED TRAILER TRAILER DAMFLNC
TRATLER TOW CAR LOAD LEVELIRG TEST PURFLSE DAMPING RATIO/ RATIO CORRECTED
(%) (%) TEST SPEED (mph) TO 5% MPH, Les
T ket
nter- 20 None {air | Trailer-sicne L3k /BB . 2B
mediate shocka) damping, &,
‘19 1B/ <120 with
Utilit . . '
Y Sutly e 5 None (air Inertia change Ity = 321 slug-f‘z.P
sompact ghocks) at congtant
¢ weight .0Lo /5% LCBC with )
Itg = 5O4 alug-ft-
.a32/38
T - C1Th G
Camper ;:;?:.te i None Speed variation 139’/%3 s
L116/5%
Bon-zers . 290/}"; Sl
22 ft Intera 10 rone (air latersl accel- 8t Ay = O at ay = 0
Trevel | mediate ahocka) eration (gon=-
; stant radius LO0/355 - 200
tur. test) at sy = b2 g at ay £ 42 g
.Q0/50 - Oh
Non-zero at By * 0 at ay = O
;:;i:;e 5 None lateral
scceleration .00 /38 -E
8 Bt sy = U8 g at ay = L8 g
Travel 370755 370
g Steering rixed . Fixed steering
wbre L
compact = 2 Versus steer-
¥ ing free -.0kG/55 — 340
Free Eleering
LO0/46 —.CLo
5 None {air | Friction sway ""'"'""L“ No eWay dusper
ghocks ) damper 140 /%0 108
27 £t .ntera L Friction damper
Travis | mediate Speed limited by
5 ione {air | mmamlc braking | automstic braes Not pozsible tao
. shocks ) gvay deqper application a achieve 55 mph
L5 mph
PR 1ihay 63
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1}

2)

k)

5)

6)

Trailer-alone Gamping meagured in full scale by setting
the trailer c.g. at the cenier of percussion and applying
a side force at the tire (discussed in Appendix E, Vol. 771)

checke very clogely with the analytical expression given by
Eq. 6.

Increasing trailer moment of inertia asbout the c.g. (sepa-
rating load front and rear) decreages trailer damping in
the predicted way.

There is a strong decrease in damping with increasing speed.
Again, this effect was predicted by simplified anslysis
(rig. 15).

Higher cornering (latersl acceleration) levels significantly
reduce traller domping. For example, at 35 mph the 22 f%
travel trailer at 10 percent hitch load hed damping of .20
at low lateral scceleration. This wag reduced to zero daup-
ing at 3% mph at a lateral acceleration of 0.4 g. This
effect 1s attributable to the loss of cornering stiffneas

of the trailer tires at high elip angles. This produces g

loss in damping according to the trailer-~alone damping
equation, Eq. 6.

fteering free play can have a sigrdficant effect on reducing
the traller damping. For example, steering-fixed versus
gteering-free reduced damping from ©.37 to —0.04k at 55 mph.
This effect has strong implicationsg for tow carg with exces-
sive steering free play and/or for drivers who allow the
steering wheel force feedback to move the wheel. This in
turn anplifies the trailer swing. Locking the wheel fixed
ie the best procedure.

Friction sway dampers can significantly improve trailer
camping. At 55 mph the 27 £t travel trailer at 5 percent
hitch load was unstable (¢ = —0.08) without the sway damper
and stable (¢ = 0.11) with the Gamper. The electric brake
type of damper acted primarily as z speed control device
by limiting speed to that for zero damping.

The next subsection compares the reduced data in Table 15 with the ans-

lytical predictions given vreviously in crder to develop z minimam hitch

lomd boundary that will insure meeting specific trsiler damping criteria.

€. COMPARIEON WITH ANATIYTICAL FREDICTIONS

The results preseried in the previous subsection were designed to show
the trends in ifrailer damping ss a function of hiteh load and tow car gize.
In general, thase results followed predictiong, although there were many

Tim b 11 9



cuses in whicn the damping did not show the anticipated change with tow
car vize, especially for the larger trailers at heavy hitch loads being
towed by the smalle. cars. Also, the effect of load leveling was not

included in the analytical considerations. Therefore, the purpose of

data analyegis at this peint was to compare predicted results (as would

be available from a trailer manufacturer) with neasured resulis to see if
our approach to a trailer damping standard ig sufficiently accurate for
practical usge.

The first step in this analysis was to derive the trailer geometric,

inertis, and tire properties necessary to solve Eq. 11. For esample,

lengths and weights were available from measurements made during the test
program (gee Vol. III, Appendix A); tire properties were derived from
Refs. 18 and 19; and the moments of inertia were derived using the proce-

dure discussed in Subsection E. The "nookup factor® can then be derived

for various hitceh loads and adjusted for roll steer if the traller has a

tandem axle. This tandam axle effect amounts to a redustion ¢ 0.033 units

in hookup factor f1 1 that derived without roll steer {see Vol. ITI, Appen-

dix A). for reference, ihese partneters are given in Table 17,

The only unknown qu .ntity remaining in the damping equation is the
tow car sensitivity, Kg, vwhich must be determined empirically. This was
done by selecting & Kg that mininized the error between the predicted and
the nessured values of trailer damping and was & function of tow car and

trailer parameters. Two phvsically justifisble guantities were fitted:

Simple trailer to tow

More conplex yaw
car weight ratlo

moment relationship

o 13 N (2o + Iy) YC‘-:’,
b W Ve 1 Yo,
where
4 Tow car whealibase
£p Hitch te trailer axle distance
£n Tow car rear axle to hiteh distance
qu Tow car rear tire corncring stiffness
Yq5 Traller tire cornering stiffness
TR-1110- [
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The best £it was obtained with the simple relationship and Cy = 3.68.
This constant was determined dy rearranging Eq. 11 and solving for the
value uf Cy that produced the measured result, il.e.,

_ Sea ~ Sev| We .
Ci1 = l—-ml ‘:E: (12)

In gmmary, the best £it analytical expression for trailer damping is
given by

W
;cv = gtB. ~ (HUF)3.7T a'z"’ (13)

where trailer-alone damping ratic, fi,, and the hookup factor, HUF, are
functions of hiteh load. Figures 27-34 illugtrate the trailer damping
ratios obtained with this analyticslly based expression and comparison
with the messured data. Considering all trailers and hiten loads together,
the mesn dsmping ratio error was -0.011 (analytical lower than measured).

Posgible sourceg of error in computing the damping ratio arise from
the following:

1)  selection of trailer tire cornering stiffnesr, Yaa,
_for derivation of trailer-slone demping. BSince ghime
and model tire dats wag not solicited from manafec.
turers, an estimate was made from Refs. 18 and 1§ for
tires of a similaer gize. :

2) Tow car *trailer interaction when the natural frequency
of the trailer mode becomes equal to or grealer than
the natural frequency of the tow car's directional
mode. When this occurs (primerily with tow car to
trailer weight ratios less than cne at the higher
hitech loads), the measured trailer damping ratio will
be much higher than predicted. Although these high
damping ratic conditions are not of interest when
looking for minimum iimits, they were included in the
error aneglysis.

3) Measurementa of roll steer gredients for tandem axle

trailers. This affects the corrections to the hockup
factor for these trailers,

TH~1114=1 T2
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Although the predictions shown in Figs. 27-34 compare gquite well to
the "normalized" messured data, the reaults sre not practical for large
trailers vhere loasd leveling is used to redidtribute the hitch load from
the tow car tires and relevel the corbination-vehicle. For example, for
the configurations tested in this program, load leveling wag necessary
when hitch loads exceeded 300 1b. Up to thisg point, alr ahocks were caps-
ble of the releveling task. Consejuently, for hitch loadsg greater than
10 percent of & 3000 1b trailer the tow car would probably be equipped with
g load equalizer (Clags III) hitch. This is alsc recommended in Ref. 20.
Application of load leveling torgque will then incresge the damping from
that predicted by Eq. 11. M fact,”’it wae previously shown in Fig. 16 that
load leveling improved damping approximately 0.06 units per 1000 ft-lb of
applied torque. ?Prior results obtained in Ref. 3 showed a lesser average
glope, i.e., 0.02 units per 1000 ft-lb.

The primary ressons why load leveling increases trailer dapping are
ag follows:

1) Roll mcment applied to the tow car which produces, vis
roll steer, s yaw responge opposite to the trailler
guing. The rell moment produced ig a functieon of
trailer articulation angle since, as shown in Fig. 35,
the load leveling bar vertical forces hecome offset
Trom the tow car centerline. This effect probably
accounts for 2/3 of the total damping increase.

2) Friction forces aprlied at the load leveling bar pivotis
and at the hitch ball iteelf. Tor typical torques of
2000 ft-1b, caleculations ghow that this effect ls small,
equivalent to a 20 lb increase in lsteral force at the
tires or sbout 2 percent of the total lateral forces
acting at a 5 deg sxrticuletion angle.

3) @Resisting forces applied by chain linkages angling forw
vard and backward during traller swing. Again thie la
a small effect, providing 10+20 1lb equivalent slde force

at the tires for a % deg articulastion angle and a chain
length of 5 in.

"} Tire forceg increased by increased veriiecsl losds.
Increased trailer tire cornering force, Ygqz, provides
the most "tire-related” influence to trailér demping.
However, for a typical 25 percent load leveling condi-
ticon the cornering force would be increased only sbout

TR-111h-1 T
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. 4 percent. Also, since this effect influencos trailer-

, alone damping through a square root term (Eq. 6), the -
overall damping wouwd be increased only a.bout 2 2 per cenﬁ
due to trailer tire vertical load.

Due to the different types of Class III hitches avallable, and to the
additional tow-car-related factors discussed above, it would be difficult
gor trailer manufacturers to accurately assess the effects of load level-
.{ng. Consequently, the gpecific effecta of losd leveling for esch trailer
»robably would have to be tested with a representative set of tow cars to
Jetemine the combinztion-vehicle deaping.
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D. SELNCTION O TRAILER DAMPING CRITERION

Ideally, it would be desirable to use the analytical approsch (Eq. 11)
plus empirically determined constants to develop a minimum allowable hitch
load for every traller heing towed by a pafieenger car. Since the ansly-
tical results pregented in the previocus subsection compare {avorably with
test data (especially at the lighter hitch loads), and approximete correc-
tion factors and simple test procedures have been egtablished, we. feel this
apprcach can successfully be pursued.

However, the first questicn to‘be answered ia how much stability (i.e.,
trailer danmping) is necessary for safety. Obviously the traller must be
steble at highway speeds (g55 > 0); however, the aelection of a meaningful
gtability criterion represents the essence of any standard. TFor example,
in Ref. 21 Korn stated that at 6% mph a given trailer should correct a
gway condition within two cyclee to be considered exhibiting satisfactory
recovery characteriatics. This "definition" camnot be tranglated directly
into damping ratio, but from Fig. 10 it appesrs that a desmpling ratio of
about 0.3 st é5 mph would be close to his eriterion. Since 55 mph repre-
gsentg the current maximum legal speed, this damping can be extrapolated
(using Fig. 15) to 0.35 at 55 mph. Treiler damping measurements given in
Table 15 show this 12 be a very optimistic goal, except for very high hitch
losds with load leveling. It can be seen from Table 17 that trailer-alone
demping is generally not even this high.

A more reallstic stabllity criterion would be a damping ratio of 0.15
at 5% mph. This trancglates to 3/i cycle to demp to 1/2 amplitude and pro-
vides z =stabilivy mergin to allow for the following situstions:

1) Overspeed margin. Although different combinstion-venicles
will have somewhat different damping versus speed sensi-
tivity tran shown in Fig. 1%, a 0,135 Aamping cyiterion at
» mph will corregpond, typically, to about a 90 mph criti-
¢l speed, i.e., speed for traller instabllity. Thus, the
1y Y domping criterion provides an overgpeed margin of
apoul 3. mph.

?) Vehicle-in-use factors. Feduced trailer tire cornering
stiffness, steering free play, offe-nominul inertia loadings,
and non-zerv lateral acceleration operatinr conditiong have
been shown to reduce:the trailer damping It is difficult

THR~111lw1 79
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For purposes of further illustrating the development of damping standards

we will tentatively =ssume 0.15 represents a reasongble and justifiable
criterion.

to justify specific damping margina to allow for these fac-
tors; however, current trailer recommendations specify hitch
load be between 10 and 15 percent. Common use of theae
values of hitch loading can be verified by the survey of
Ref. 22, in which 2675 trallers were weighed as they entered
National Park canmpgrounds throughout the U.8. The aversge
hitch load was 13 percent of the overall trailer weight. In
this regard, results presented in Tabie 15 for 27 combination.
vehicles at 10 percent hitch load had an average damping (at
the tested conditiong) of 0.18 + 0.09. At 15 percent hitch
load the average damping of 10 combination-vehicle configu-
rations was 0.38 * 0.12. Consequently, selection of a 0.15
damping eriterion is well within current applications.

Downhill tow:’.n%% Equationas developed in Ref. 2 include hori-
zontal force effects., The numerical example given in thisa
reference can be used to compute & change in trailer dampling
of 0.004 units per 100 Iv horizontal force. Thus, a 3000 lb
trailer on a 6 percent downgrade would experience about 2

10 percent reduction in damping at 55 mph if no braking were
required, Thig reduction would be more significant if only
tow car braking were used.

Tow car interaction. Trailer damping criteria higher than
0.15 would probably lead to the use of high hitch loads, the
requirement for sway controls, or traller redesign., As will
be described in the next sectlon, use of high hitch loeads
{the least costly approach) will degrude the tow vehlcle yaw
gtability. On the other hand, simple calculations using

Eq. 1} show that adding 2 £t to the tongue length would
increase damping about .17 units.

and tesgted.

E. FRECCMMEFDATIONS

In the first subsection it wag hypothesized that a minimum hitch load

boundary based on tow-car/trailer weight ratio would be possible. The

results and analysls presented in the subsequent two subsections showed
that this approach was feasible, although the fow car size effect lz not
always consistent and the effects of load leveling will probably require

individualized tests. However, differences in traller damping due to

trailer design and hitch load have been shown to be very significant

TR=1 11 h=1 B0

The next question is how this criterion could be implemented
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conpequently, a minimum damping criterion and test methodology have been
recommended. Based on test data from this program and calculations o1
vehicle-in-use factors, a damping criterlon of 0.15 at 55 mph is suggested.
From this a minimam hitch load boundary can be derived or experimentally
determined, using the test procedures deseribed below.

perivation of the minimum hitch load boundary first requires determina-
tion of each trailer’s "trailer-aslone damping ratio and ‘hookup factor"
as defined in Eq. 11. These factors require measurement (probably by the
trailer manufacturer) of yaw moment of inertls, geometry, and tire corner-
ing stiffness. For example, yaw moment of inertia can readily be derived
with & simple roller bearing turntable (auch as used for wheel alignments)},
two coil springs, and the tegt metup shown in Fig. 36, The trailer wheels
are held off the ground by placing the axle beam on a block, which is posgi-
tioned on the reller bearing support turntable. A counterweight, Wy, is
added to balance the irailer hitch load, il.e., Wih = Wyfsz. A' this condi-
tion the trailer floats freely on the turntable with no offset forces. Two
coil springs are sttached between the tongue and nearby ground anchor polints.
A prestretched preload provides a constant spring rate in both directions
of travel {since no alrck is permitied). The effective spring rate at the
hiteh (lateral force per foot of deflection) is measured by spring scales
with the springs in this prestretched condition. The trailer ia then gently
oscillated (by hand) in the yaw direction (sbout +3 in. amplitude), while
paintaining the trailer in a level orientation., ZElapsed iime meastirements
are taken for several (e.g., 10) full oacillations and then repeated sev«
eral times to insure congistency. Repeat run frequencies should be in cloge
agreement (e.g., 3 percent) since damping is very small. The moment of

inertia about the center of rotation can then be calculated from the egua-
tion.:
2
Ky £
I, = .7__}.1__3..5 (12)
{Enfn\
where
Ky, Effective spring rate (1b/ft)
Lo Hiteh t» axle distence (£t}

iy Natural freguency (cycles/sec)
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This can be converted to the moment of inertia about the c.g., Itgs and
about the hitch point, Tty, using the parallel axes equations:

2 g
Weh Wy £3
1 = - —— {13
to 1 g & )
)
Wt .
lth = Ito r g (L2~ )7 (14)

The irertia values given in Table 17 were experimentally determined uzing
this method.

TR=111/ =1 82




g AGE S o PR

5,
5

Tire cornering atiffness, an, is directly measurasble with a tire test
machine. This is usually accomplished by tire manufecturers, and the dats
wonld generally be available to the trailer nanufacturer. If not, tire
prbperties can be estimated by comparison to one of the tires already
tested by Calspan and reported in Refs. 18 or 19.

Equation 11 is then used {with a tow car sensitivity constant of 3.7)
to calculate, at various hitch loads, the tow car to traller weight ratio

that will produce a combination-vehicle damping ratio of C.1% at 55 wph,
i.e.,

We | _3.7(HUF) (15)
W o S T 010

Weight ratio versus hitch load plots have been prepared in Figs. 37-4L0 for
the trailers weighing less than LOOO 1b tested in this program. In theae
figures hitch loads ebove the boundary would ideally provide trailer darm.
ing ratiog greater than 0.1%. Using the utility *railer in Fig. 37 as
one example, & minimum hitch load of 6 percent would be required for this
trailer if towed by a 3030 1% car; thais could Le reduced to O percent if
towed by a 5000 1b car. On the other hand, the 18 £t travel trailer shown
in Fig. 40 would always require z hitch load greater than 15 percent, since
tow care greater than 6000 1b (i.e., 1.5 x trailer weight) sre unrealisti-
cally large. However, hitch losds of this magnitude (i.e., 500 1b) would
require load leveling, consequently the actusl combinationevenicle would

have tou be tested experimentally to determine the minimum hiteh load for
acceptable trailer damping.

As described rraviously, the combination-vehiele trailar damping can
be cetermined experimentally using o "pulege steer" test procedure. This
procedure realires only a calibruted speedometer and an instrumentaticn
genger Lo omeaguwee braller articulation angle or Lateral accelerétion of
e teailer ¢.g. the combination-vehicle ig driven in s straight line at
SO qph oand o "0-00 deg steering wheel "pulse" aprlied as rapldly as 05«
g8ible. When recentered, the wheel is held tightly Cixed to svoid steering

force feedback from the trailer. The resuiting trailer demping coefficlent

TR-111)=1 83
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Tire cornering gtiffness, YQB’ is directly measurable with a tire test
machine. This 18 usually accomplished by tire manufacturers, and the deta
would generally be available to the traller menufacturer. If not, tire
properties can be estimated by comparison to one of the tires already
tested by Calspan and reported in Refs. 18 or 19.

Equation 11 i2 then used (with a tow car sensitivity constant of 3.7)
to calculate, at various hitch loads, the tow car to traller weligit ratio

that will produce & combinstionevehicle damping racio of 0.15 at 55 mph,
il.e.,

We  _3.7(MUF)
ﬁ? b bgp = 010 (15)

Weight ratic versus hitch load plots have been prepared in Figes. 37-40 for
the trailers weighing less than LOOC 1b tested in this program. In these
figureg hiteh loade ebove the boundary would ideally provide trailer darp-
ing ratios greater than 0.1%. Using the utility trailer in Fig. 37 as

one example, & minimum hitch ‘oad of & percent would be required for this
trailer if towed by & 3000 1b esw; this could he reduced to O percent if
towed by a 500C lb car. On the other hand, the 18 ft travel trailer shown
in ¥Fig. 40 would always reguire a hitch lcad gweater than 13 percent, since
tow cars greater than 6000 1b (i.e., 1.5 X trailer weight) are unrealisti-
cally large. However, hitch loads of this magnitude (i.e., 500 1b) would
require load leveling, consgequently the actual combination-vehicle would

have to he tested experimentally to determine the minimum hitch losd for
accepisble trailer damping.

As described previously, the combination.vehicle trailer damping can
be determined e perimentally using a "pulge gteer' test procedure. This
procuedure requires qnly a calibrated speedometer and an instrumentation
aengor Lo omeasure tenllev nrticulation angle or lateral accelerétion of
Lhe Lradfer c.g.  the combination-vehicle is driven in a straight iine at
SOoamphoud a0 "0-00 deg steering wheel 'pulse” applied as rapidly as pose
sible. When recentered, the wheel is held tightly fixed to svoid steering
force feedback from the trailer. The resulting ftraller damping coefficient

TR-111)e1 83
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can be computed from the ratios of successive peaks ag illustrated in
Fig. 41. This procedure would be repeated at various hitch loads, end
corrvesponding load leveling torques, to determine the minimum safe hitch
load value.

Regults of this procedure (Table 15 values) are cverplotted on

Fige. 37-50 in order to compare messured date with the predicted minjimm

O S~ s

Domping Ratio, {

AN
5

. |
g or T Tz 3 a4

3 a5 7 10
Ratio of Last Haif Cycle Measured _ X
to First Half Cycle Measured Xe

n = Number of Half Cycles Used in Ratio
eq, for »y /X, n=3~1=2

FPigure 41. Derivation of Damping Ratio from
Time History Response
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damping boundary. As noted previously in deriving average errors, the
comparison 1s quite favorsble for lightweight trailers without losd level-
ing. The boundary for heavier trallers is not practical {hitch loads too
high) since losd leveling must be used, and this in turn will increase

the trailer dampirg. In effect, load leveling (or sway controls) will
ghift the boundury line to the left. Based on the test data the tow car
Bize sppears to be approximately doubled when load leveling is used, i.e.,
& 3000 1b tow car behaves as if it were & €000 lb tow car.

The next section of the report describes the tow car underateer change
due to hitch load which will place an additional {upper) boundary on the
recommended hitch load plots,

TRe 11 1hw 89
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EECTICR V
TOW CAR BTEADY-BTATE TURN STABILITY

I% hag been sghown in previous car/traller handling studies {Refas. 2
and 3) that a sensitive, repeatable, and easily determined handling para-
meter for gquantifying combined vehicle directional steady-state control
and dynamic stebility ia the understeer/oversteer gradient, or stability
factor, X. The importance of this parameter was also recognized in the
Ref. 2% analytical study and in Ref. 24 where the first known attempt to
establish a traller towing periormance safety standard was made. The
latter employed maneuvers determining the limlt influence of ¥ rather than
quantifying it. A companion stability factor for the traller, X', was also
‘developed and evaluated in the Ref. 2 program. In tkis section we have
suggested an approech for using K to isolate regquiremente imposed on the
tow vehicle by the trailer, compared full-scale reaults to tentative sta-

bility boundaries, and suggested recommendationa for sgtability criteria
and teat procedures.

A. ANATYTICAT CONEIILERATICNS

| Since the thrust of this entire section revolves around the effects
of hitch load on the gtatic stability (or understeer gradient) of the tow

vehicle and trailer, =z necessary starting point is to define the physlcel
significance of tow car wndersteer.

Understeer gradient of the tow car is a fundamental steady-state
d&rectional control relationshin beiween *the tow vehicle yswing velocity
(ocr side acceleration) and the steering wheel input. The "“steady-stater
phase can include constant lateral accelerations (other than zero) and
conslant. fore ard aft accelcrations or decelerations after the initial
Lranglents have died out., When kinematic constraints are also considered,
this rolationship can be phrased in terms of the steer angle, &y,
required to maintain a given fixed turn radius, R, i.e., as:

TR-111"=1 90
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Here the tow vehicle wheelbese, £;, divided by the radius of twrn, R, 18
called the Ackermann steer angle, and the stability factor is a speed
varistion welghting. The Ackermarn angle is the steer =zngle required when
turn radius le independent of gpeed (l.e., for "meutral ateer" when the
stability factor

be oversteering, since leas steer angle is needed than for neuiral steer.
When X is poaitive the vehicle exhibits the nominal understeering charac-
teristic. In standard SAE notation (Ref. 16), stability factor is propore
tional to thé understeer/overateer gradlent, expressed in deg/g, which ia:

kgap (Geg/g) = 1845 ;X (mec?®/ft?) (17)

L
when 2; is in feet.

It has been established {n the full-scale testing of Refs. 2 and 3 that
neutral or over-steer {X < 0) produces unsafe car/trailer directional cone
trol. As will be shown below, thig can oceur through changes in axle load-

ing and tire aide force properties which wvary with hitch losad, load leveling,
braking, etc.

The stebility factor for the sutomobile alone may also be expressed in
vehicle parameters terms sa;

Wa b 8
K2 [t } (18)

where the physical terms include the tow car weight (We), wheelbase (£1),
fronl and rear center of gravity positions (e and b, respectively;

Ao b ), and Y&1 and Y&, which are the effective tire side force
coelt'ivients al the front and rear axles, respectively, The effective
side force coefficients combine the ainfluence of tire, the geometricslly

designed-in understeer, and roll steer characteristics. If we were to

TR=-111h=1 91



separate these influences (and substitute the normal forces at each
axle, Web/2) = Fgq and Wea/fy = Fgp), we obtain:

Fz. F

, 1 2z 22) :

K = - + k ]
2841 (m; Yoz (19)

where Yq; and Yqp now represent tire characteristics cnly, and k repre-
sents the geometric understeer (Ref., 17). For front-engined dom~stic
automobiles, Fz, > Fzp (e.g, 55/45), and Yo, < Yap (front tires have
generally alightly lower inflation pressure than the rear). Thus, the
axle load/tire contribution to the stability factor is positive and the
vehicle 1is basically understeering.

Now a hitch load is added. The atability factor for the combined
vehicles can be similarly expressed as:

in Fzg
P e, Prm————
1 1 fWeb  Wihéy 1 {Wea Wthéyy,
o= §g21 [?&T (_E.‘.‘_..... bolq - YG'E £q * Eokq *k (20)

where the edditional terms (def'ined in Fig. 42) are introduced by the hitch
{aad applied to the tow vehicle at the attach point (ball). The paren=
thetlc terms ¥z, and ¥z, are identically the norms: loadg at the front

and rear axles assuming an unrestrained (freely rivoting) hitch. Note
that the hiteh load reduces the front wile wormel load and increases the
rear axle load. Thus, the presence of the trailer reduces the tuw wvshicle
gnﬁersteer and can cause the stebility factor to become negative. This
occurs more rapidly if the normal force on the rear axle approaches the
tire maximum load rating, in which case Yqp decreases even more so. This
can result in an oversteer (nega*tive) contribution which equaele or over-
powers the geometric undersieer component. In this instance X is negative
% very low cornering levels and an unsafe condition sxists.

Several factors concerning tow-vehicle-releted regquirements now emerge.

'irst, one can calculate the hitch load which causes the stability factor

TR 11T 9z
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Figure k2. Tow Car/Trailer Geometry

1o become zerc at zero lateral acceleration. Further, using the nonlinear
characterigtics of tires at non-zero slip angles, the hitch load which
cauges the stasbility factor to bhecome zero st higher values of lateral
acceleration can also be caiculated. For example, an analysis was nmade
using several typicel carg with sbtandard-type tires. The methodology
includes determining the static axle loads (including load leveling}, cal-
culating the load transfer (from inside to outside) during steady corner
ing ab various lateral accelerstions, determining the slip angles required
from the tire characteristic curves at the computed normal load, and finally
deriving the effective front and rear tire cornering stiffness at the vari-
ovs leteral accelerations. Thesge tire coefficlents are then used in Eq. 20
to compute the gtabl.)ity fact»r at each value of lateral acceleration., The
results of this procedure are shown ‘n Fig. 4% for an intermediste-sized
tow car plus 22 £t travel trailer at 20 percent hitech load and 25 percent
load leveling. Note that at C.2k g lateral acceleration the tow car will
become neutral steering. At lighter values of hitch lcad (or less locad
leveling), the whole curve would be shifted upward, and hence the point of

neutral steering would move to higher lateral accelerations.

Using the approach described above we can gpecify, fui example, the

maximum nilowable hiteh load for a stability factor criterion of K 2 O up

Lo 0.% g, Agsuming this criterion we can further plot the niv:n lead (or

MY R EA

D
W

AN L



intermediate Size Tow Car !
4750 {b looded
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4000 1b , 20 % hitch load,
25% load leveling

2 b s g e _.-..}, VI H...,..,}‘-._ _____‘_._._,_..__,_ ._-._}

Tow Car Understeer Gradient, K (deg/g}
1)
N

b - _‘T. - + e — +.m.. ..-.4..,..,...‘.';
| i
I , i 1
-4 |- S P S e
o 1
: i | :
: ‘ | i
BY -3 R A__..-_%.. - ..%.. ...... ...{
! ; i ;
| ! | %
! | i
_a R — N P l._... . . s e 1 3+ v o 1 R
C i i L i
3 A .2 3 4 5
Laterol Acceleration,ay (g)

! Figure k3. Caleulated Variation in Tow Car
Understeer as & Function of
Tateral Acceleration

percent hitch load) as a function of tow car weight (or weight ratio).
The use of load leveling alters the boundary in Fig, L4, since t e resr
axle vecticel load is decreased. This results in lover tire cornering
coefficient and thus a higher rear tire slip angle for a given level of
1atersl acceleration. This shifts the tow vehicle stability criterion

line tc the right, thus reducing the bitch load for a given tow car
weight.
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Full-geale regulis anre presented next and compared to the theoretical
stability boundaries of Fig, k. GSnced on these comparisons and on cure
rent practices, a revised stability boundary is selected and test procew
dures are recommended.

B. TULL-SCALE TEST RESULTS

Over T0 undernteer gradient teatz were performed with the three tow
cars and eight trailers. This included both the constant radius cirele
‘test procedures recommended by SAE (Ref. 11) and the step steer procedure
previously recommended by STI in Ref. 2. Both procedures were generally
performed in both the left- and right-hand directions. Data plots for
each of the key configurations {in terms of steer shgle versus lateral

acceleration and/or turn redius versus speed squared) are presented in
Vol. III, Appendix F.

The performance measures derived from these data were widerstec: gra-
dient at zero lateral acceleration (K,), lateral acceleration for neutral
steer (ay,), ard lateral acceleration for incipient jmckknife (ayJK}.
Through the vse of an electronic anti-jackknife brake mechanism this lat-
ter condition was actually inhibited from ocecurring. However, traller
articulation angles exceeding 15 deg (which triggered the anti-jackknife
circuit) were defined as incipient jackknife conditions.

A suwmmary of these performance measures for each combination-vehicle
configuration is presented in Teble 18. We will discuss the understeer
resulis first, in this subsection, and then utilize the laterel accelera-
tion for neutrsl steer results in the following subsection to empirically
dﬂeck the hiteh load boundary previously illustrated in Fig. Li.

Migures '150 and 45b present the tow car understeer changes versus
hiten load for each of the three tow cara. Left- and right-hand cornere
ing datn were averaged; however, due to power effects (resr tire torqua)
ihe understeer gradient in rightehand turns was always lesg than thet in
left-hand turns. For example, the average difference was 0.7 deg/g for
I configurations in the constant radius cirele test procedure. In any
gnse, the results were as anticipated, i.e., both increasing hitch load
and load leveling reduced tow car understeer. Viewed snother way, the

TRm1 11w 9t



TABLE 18.

TOW CAR UNDERSTEER TEST RESULTS

b ¢
HITCH | LOAD Kawqo BY¥=0 By x
TOW CAR |} TRAILER | LOAD | LEVEL- REMARKS
() | I8G |(deg/g) | (&) (&)
None — —_ 5.0 >.5 —_
Utility | 150 N 4,6 >.5 -
1500 1b | 300 N 4.0 >.5 —
160 N L. .5 .-
fg’ggeib 256 N 5.8 >.5 — | Constant
336 N L.3 >.5 radius
circle
%Sajzl 390 N o 5.5 procedure
3000 1b 390 +25 3.4 .35 —
18 £t 390 +25 2.9 .38 '
Travel 780 —25 1.8 .35 > k2
3300 1b | TRO +25 1.k .21 >.38
Inter- %gaizl 600 —-52 1.6 >, 33 — Step steer
mediate 5000 1b £00 +25 0. >, 26 —— procedure
19 £t 400 N 8.3 1 >3 — | constant
hOO 0 }aj '38 —
Trave;‘ 100 +25 L.3 8 i radlus
Looo 1o 800 +05 0.9 26 o circle test
27 £+ €00 -15 2.4 2T — left~hand
m 1 £00 +25 0.8 16 >.32 | turns only,
6Ea;elb 300 -20 .5 0 >,30 | step steer
0 Qo0 26 1.1 o] >. 47§ procedure
left-hand
Boat tgg g E'g ;‘29 _ turns only,
3000 1b 450 +o5 2'1 .48 — step ateer
' ' procedure
Horse 580 N 2.8 >, 33 5.5 Sten gteer
5800 1b | 840 N 2.1 >.35 — procedure
ELKayxoi Average understeer gradient determined from left- and right-hand

PHat -]

turns; slope taken from O te 0.2 gy in all cases KruT < Kpgpe
Lateral acceleration for neutral gteer right-hand turna; 1f pre-
faced by », value given represents maximum tegted condition.

Lateral acceleration at lagt data point exhibiting oversteer
tendeney (1 < 0).

o7

(contirued on following page)



TABLE 18, (CONCLUDED)
HITCH | LOAD |Kg 0 %oy, °)] 8y ©
TOW CAR | TRAILER | LOAD | IEVEL- | ¥ K=0 IK REMARKS
() | ING | (deg/s) | (&) (g)
None e — 6.2 >.5 —_
18 £t -
Travel 785 N b2 >4
Lo00 1b
200 N L,z 5 ——
300 N .8 .5 e
22 1t 4oo | ~29 1.5 | >3 ~ | reft-nand
Compact T?avel 200 -6 0.4 25 >.2 turns only,
Loot 1b 600 -7 0 0 >.5 step steer
600 17 0 0 >.45 procedure
o0 P C 0 > 5
27 £t
Travel 600 +15 -0.7 ) >.38
6000 1b
Boat
2275 1b 600 +28 1.8 N >.55
forse | 100 N kg | >.5 —
4000 1b '
ﬂ
None -— — 4.1 >.5 —
‘ Utility —
1500 16 | 20 N 35 | 20
18 ft Left-hand
- 170 N 2 >, —_
igipact Travel 2;7 X 5 ? >.2 >.5 turns only,
3L20 1b atep steer
procedure
0 N L.o .5 —
gggg | 190 o 2.1 .5 >.48
%00 +32 1.4 B >, 41
le +21 0 A7 >.35
3Kay=05 Averwy,e understeer gradient determined from left- and right-hand

turn: ; glope taken from O to 0.2 g; iu nll capes K < Kryo-

]3&YK=O: Trteral acceleration for neutral steer right-hand turng; if pre-
‘ faced by ~, value given represents maximum tested condition.
Cily e Lateral acceleration at last data point exhibiting oversteer

tendency (K < ).
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reduction in understeer due to hitch load is related to the laxger effec-
tive mass acting Yaterally on the tow car rear axle during cornering. In
this regard, it is possible to represent the hitch load as a redistribu-
tion of vehdele front to rear mass ratio. This has been done in the
conversion scale of Fig. L6 for the intermediate size tow car. From

Tig. 45e it apprears that this iuw car transitions to overgsteer (X < Q)

at about 800 1b hitch load., In terms of mass distributions this implies

that ﬂ loading producing more than 63 percent at the rear axle will
result in oversteer at low cornering levels.

Hitch Load(lb}

o} 200 400 600 800 1000
f T T T T \
{ i 1 i 2
45 50 55 €0 &5

Percent Effective Moss ot Tow Reor Axle for
intermedicte Tow Car

Figure L46. Hitch Load Effect on Tow Car
Weight DMstribution

The smaller tow cars allow even less hiteh load to produce neutral
s{:eer, i.e., the compact allows sbout 60C 1b and the subcompact can allow
only about 400 1b. These levels converl to &1 and 59 percent rear axle
load distributions, regpectively. It should be mentioned that the hitch
lcad velues noted above are typically higher than those recommended by
the manufascturers. For example, GM, Ford, and Chrysler recommend 600 1b
maximan for their new full-gized cars, and Ford recommends a maximum of
only 10C 1lb for its subcompacts, Although these lower values are probably
based on other considerations (cooling, structure, ete.), following the
manufactirers'! recommendations would provide an understeer safety margin
for increaged cornering levels (e.g., recall Fig, "43). Hence, if a mergin
for higher lateral cornering is deslired, then some positive value of under-
steer at very low cornering should be remquired.
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The second moat relevant factor which causes a reduction in underagteer
gradient is the amount of losd leveling. Recall that this is due to the
tireta lateral force generating capability, which is proportional to ite
normal load; consequently, load leveling, which reducesg rear tire load,
reduces the understeer. As listed in Teble 19, five different trailers
yielding seven different configurations were tested at the nominal '+25
percent hitch load transfer to the front axle" versus a "minimal" load
leveling. Minimum leveling was defi-ed aa that required to relevel the
CV after air 1ift shocks are used to thelr maximum. It twrned out that
the air shocks slone could relevel approximately 300 1b hitch losd. For
these aeven cases liated in Table 19 the average increase in rear axle ver-
tical load with “minimum" leveling was 446 1b more than with "+25 percent"
load leveling. This added load was stilll within the tire's maximum rated
lozd end improved the understeer gradient about 1.1 deg/g.

AB stated previously, the results presented in Figs. 49 and Teble 19
are not unexpected. However, as & matter of practical use in the development

TABIE 19

AVERAGE CHANGE IN UNDERSTEER GRADIENT AS A FUNCTION OF
LOAD LEVELING FOR INTERMEDIATE TOW CAR

TRATLER LOAD ILEVELING | HITCH | REAR AXIE LOAD | UNDERSTEER
LOAD | CHANGE DUE TO | CHANGE DUE TO
TYFE WEIGHT | MINIMUM | NOMINAL 10AD IEVELING | LOAD IEVELING
(%) (%) (%) (1b) (1b) (deg/e)
18 ft 2000 None +25 290 ~540 -1.0
Travel | 3900 -5 +25 780 560 -0
19 1t
Pravel 4000 ~32 +25 €00 515 ~0. 6
-+
+;ulin Moo None +25 hoo 360 -1.0
o OU00 -1 +28 ~00 ~L25 -1, 6
Travel | 1000 ~20 +25 900 -5 ‘ - €
Boat | 3000 None +25 450 -458 2.5
- A
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of a handling safety standard, we must utilize these results in a differ-
ent way in order to validate the tentative rule format prepented in the
previous subsection. This can be done by determining the lateral accel.
eration at which the tow car understeer goesg to zero. This velue is
determined from the point of zero slope on the steer angle versug latersl
acceleration plot (or turn radius versus speed squared plot). These
curves are pregented in vol. ITI, Aprendix F. This performance measure
cen then be viewed as a handling boundary once a minimm lateral accel-
erntion criterion is established.

The lateral acceleration at K = O has been summarized in Table 18
along with the estimated lateral acceleration for jJackknife. Since not
all tesgts achleved the goal of 0.5 g lateral acceleration, the highest
velue achieved iz prefaced by a > gign. In other words, the value of
lateral acceleration for neutral steer (or Jackknife) was greater than
that achieved in our test. It is footnoted that due to the left/right
turn géifferential the lateral acceleration for neutral steer is given for
the worst case, i.e., the right-hand turn. left-hand turns could sustain
a higher lateral acceleration before transitioning Lo netiral steer.

The ayy_q results presented in Table 18 are grasphically presented in
rig. 47 as & function of hitch load. As expected, they alsoc fellow the
same trend with increasing hitch load and load leveling as did the underw
steer plots of Fig. 45. If we were to accept, say, 0.3 g &8 & minimum
gafe boundary, then the allowable hitch loads would be significantly lower
than those previously derived for neutral steer at zero lateral accelera-

“tion. However, the data in FTig. 47 are too scattered to attempt an
Qmpirical fit. 'The next subsection replots these results in s form com-
parsble to the analytically derived boundary line (for neutrael steer at
0.2 g cornering) and hence provides some guidance in selecting a maximum
hitch load boundary based on the tentative criterion.

C. COMPARISON WITH TENTATIVE STANDARDS TORMAT

™e tentative standard format deseribed in Subsection A was baged on
providing a hiteh load condition that would insure positive tow car under-

gteer up to some lateral acceleration level. The analygils wee baged,

Th=111h=1 102
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somewhat arbitrarily, on 0.3 g, with the hope that this would also provide
a cornering capacity of up to 0.5 g without jackknifing. In Figs. 4850
the roesults previously presented in Table 18 are related to each hitch
load /weight ratio condition in order to test the applicability of thie
format. Also noted in Figs. 48-50 are the load leveling percentages, since
this varisble also influences the locacicn of the boundary linea. We will
discugs each figure individuslly in order to see how the boundariea fit the
data, or may be adjusted to fit the data.

Figure 48 presents the 25 combination-vehicle configurations towed by
the intermediate-sized car. Close comparison of the boundaries versus
conditions shows that in 20 out of 25 configurations the boundaries do
properly separate the data. Of thesge 20 configurations, 13 were predieted
to pass (i.e., were able to provide higher than 0.3 & before neutral steer)
and 7 were predicted to fail (l.e., were unable to f}ovide 0.3 g before
neutral steer). In four cases {circled) the boundaries are too conserva-
tive. In other words, the CV was not expected to mairtain understeer up
to 0.3 g cornering, yet it did. In one case {dashed circle) the actual
point of neutral steer was not reached at the meximum latersa acceleration
tested of 0.26 g. Hence, we do not know if this configuration would have
exceeded 0.3 g; although it does appear that the applicable btoundary
{+25 percent ILL)} is again too conservative.

In terma of practical application of the loading boundaries we can
illugtrate an example cage uging the inlermediate tow car attempting fo
pull the 27 £t travel traller. Note that none of the data points in
Fig. &8 for thies {railer passed the tentative criterion. In other words,
at hitch loads of 10 percent or greater with recommended lozd leveling
the CV cannot maintain understeer up to 0.3 g  Hitch loads higher than
10 percent, without load leveling, should be ¢ble to pass; however, the
rear tire load capability would be cxceeded and tihi. .V would be in & very
tnllelow attitude. FEven with miiimum load leveling a hitch loasd higher
than 10 vercent on this tow car would not regult in maintaining understeer
up to 0.3 ¢ cornering. On the other hand, it was shown in Section IV that
Liteh londs less than 8 percent will produce excessive trailer swing
(?”S < 0.1%). Recall from Section IV that at ® percent hitch load this

TR=1114=1 10k
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trailer was unstable above 45 mph when no automatic sway controls were

ugsed. Based on the asbove, it sppears that for this tow car/trailer welght

ratio (i.e., 0.78) the best hookup from a stability etandpoint would be

e hitch loed between 8 and 10 percent with no load leveling. However,

in practice, the 8-10 percent hitch load/no load leveling configuration
would also not be acceptable, since the CV cculd not be releveled with

~ air shocks alone. In summary, Fig. 48 tells us that this 6000 1b trailer

should not be pulled with a U700 1b tow car. Use of load leveling (neces-

sary for releveling) at B percent hitch load would require a tow car/

trailer weight ratio of 0.9, i.e., a tow car weight greater than %400 1b.

The use of automatic sway control would reduce this weight requirement,

since lighter hitch leads would be possible without excessive trailer gwing.

Figure 49 presents the eleven combinstion-vehicle configurations towed
by the compact-size tow car. Again, comparison of the sy, data with the
boundary shows that nine out of ten configurations are properly split by
the boundary lines, i.e., four passed the criterion and five falled. One

cagse was expected to fail but passed; again, the boundary was too conger-
vative.

]

Figure 50 presgents the eight combination.vehlicle configurations towed
by the subcompect-gized tow car. Compsarison of the 8y, data with the boun-
dary shows that six configurations passed the criterion, one failed, and

one wag predicted to fail but pessed — with the boundary sgain being tco
conservative.

Additional comparisens can be made by utilizing the data publisghed
in Refs. 2 ard 3. Figure 51 overplots stability deta (in terms of jacke
knife or no jackknife)} for six trailers previously tested in thege reports.
Although the general '"yes" or ‘mo" jackknife data are not equivalent to
the more quantitative lateral acceleration for neutral steer, Byy_p» the
Tact that the traller Jjackknifed or not during a test run below 0.5 g pros
vides a reasonable basis for comparison with the anslytically derived boune
dary lines. In any case, the results shown in FPig. 51 for 29 Cvs tested
i iels. ” and 2 indicate that 10 configurations would be predicted
to pass (were below the boundary lines) and did not jackknife, 11 were
prodicted to fail {were zbove the boundary 1ine) and did jackknife, a: i
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one configuraiion should have failed but pageed. Only one additionsl

" eonliguration should have been gtable (it fell below the boundary line)

but actualiy did Jackknife. This latter case represents an undesirable
e-rcr since a T percent hiich load/12 percent load leveling condition was
predicted to be safe but was not. There appears to be no reason why this
25 ft travel trailer should exhibit such an overstaer resgponse at low g
cornering (Ko = ~C.6 deg/g).

In summary, the results of tests performed in this program (plus data
taken previously) are verv consistent with asnalytically derived naximum
hitch losd boundary lines. If anything, the boundary line may . alightly
too conservative and ahould be rotated to the left. The next subsection
degcribes a finalized criterion and justifies the selection of 0.3 g
lateral acceleration ag a reference condition.

D. HEIECTION OF TOW CAR BTABILITY CRITERION

Based on the comparigons pregented in the previous subgection, a tow
car stablility criterion derived from meximum hitch load conslderations
appears to represent a valid rule “format. The next question 18 vp to what
lateral acceleration should the tow csr be able to maintair an understeer-
ing characteristic. A 0.3 g level was tentetively used aaz the test case,
but no justification was given for this selection. This subsection pro-
vides some ralionale for thisg criter.on and then adjusts the hiteh load
boundary lines to betier fitv the empiricel data.

In terms of the tow car alone, all passenger cars are deglgrned to b
undergteering at all lateral acceleration levels. Depending on the tires,
suspension, waight distribution, ete., this undersgteer may be s consgtant
over the range of cornering g's (as was the case with the intermediate tow
car) or may exhibit increased understeer at higher g cornering (as wae the
case for the compact and subcompact test cars). This latter characteris-
tic results in a decreasing turn rate (or larger turn radius) as forward
speed is increased. A requirement for this characteristic was speci-

Tied for the Experimental Safety Vehicle (Ref. 25). However, when towing
o trailer, it has been well established that the opposlite cceours;
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congequently, we must ‘pecify the conditions for the minimum acceptaeble
understezer level.

Tagiy for this selection is the mexiwmur lateral accelerations used
by driiers in emergency maneuvering. Several researchers have measured
tt.is. For example, Ref. 26 indicates that nearly all of the 100 driver
sample (in two cars) were wmwiiling to use more than 0.35 g in emergency
obstacle avoidance. References 27 and 28 show a much wider range of peak
lateral acceleration in studies using 48 drivers in 12 vehicle configura-

ions. These data, summarized in Ref. 29, show & medlan peak value of
about 0.4 g for evasive maneuvering. Considering that towing a traller
would make a driver even more conservative in maneuvering, it is not
unreasonable to assume a lower limit value of, say, 0.3 g prior ituv the
vehicle exhibiting an ungtable behavior. On the other end of the spectrum
we must expect at least 0.16 g, gince highway designers (Ref. 30) base
their meximum degree of roadwsy curvature on & side friction factor (i.e.,
lateral acceleration) of this level. Since there does not appear to be any
additional Justification data in this area, and the sources noted sbove
are congistent with the tentative criterion, we will therefore agsume the
following:

The maximum hitch load will be such as to lnsure the tow
car {(of any combination-vehicle configuration) to be atle
to maintain an understeer characteristic up to and inciuvd-
ing 0.7 g lateral acceleration.

RBased on the results presented in the previous subsection, ihe above
criterion can be met using a loading graprh such as shown in Fig. 52. These
modified boundaries are less congervative than those derived anelytically
and hence represent a better fit to the empirical date presented in Figs. 48
to 0. The voundary line for maximum load leveling (+25 percent) has been
rotated to the left by 10 percent and a gingle "minimum" load leveling
boundary has been placed midway between the "none" and the previous '"+25
percent® leoad leveling boundaries. This single boundary replaces the pre-
vious O and —P percent load leveling values in Fig. 44 and represents what

would be necessary to relevel a combinatione-vehicle if air shocks were usged
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to relevel prior to applying any load leveling torque. This selection ‘
of boundaries iz also more easily applied by & user, since it is almost ;
imposgible to determine the percentage hiteh load transferred to the %
front axle of the tow car without very accurate scaleg under each axlue. *
On the other hand, a "releveling" procedure using differential bumper

neight ig well accepted in practice and easy to implement (refer to

Ref. 3).

Combining the maximum hitch load boundary proposed in Fig. 52 with j
the previously determined minimum hitch load boundery (i.e., that neces-
sary to insure acceptsble trailer swing damping at 55 mph) results in an s
integrated tow car/trailer handling standard. This approach is recom-

mended in the next suvbsection. Also presented in the next subgectlon are

test procedures that can be used by manufacturers to evaluate the tow car

stability boundary for their trailers.

E. FRECOMMERDATIONS

Recompendstiong for two sreas are discussed. The first pértain to
a proposed integrated handling stendard format which treats boih the tow
car and trailer atsbility characteristics. The second pertaing to recom-

mended test procedureg for determinetion of passenger car gtebility when
towing a trailer.

1. Integrated Handling Standard

Due to the success of the hitch load versus tow car/trailer weight
retic format used for both trailer swing dawping (Section IV) and tow car
steady-state turn stability, these tow boundaries can be integrated into
one plot which specifiszs both a minimum and maximum hitch load. This is
illustrated in Fig. %3 for four test trailerg previously compared in Sec-
tion TV, Figs. 37-40. in using this “"allowable" hitch load plot, note
first that each trailer haes its own minimum hitch load boundary. Deter-
mination of this boundary is primarily a function of trailer wheelbase
ard moment of inertim. On the other hand; the meximum hiteh load lines
are the same for each traller since thig boundary is hased on tow car sta-
bility. The allowable hitch load range falls betwsen the two boundaries.
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For example, if the boat trailer were to be towed by a car weighing
1.5 timea the trailer weight, then the allowable hitch loed range would

be from 8-1/2 percent to 17.5 percent. This latter hitch load velue would
require at least minimum load leveling.

The hitch load range for tae 18 £t travel trailer is much more restric-
tive due to its lower swirg damping. In fact, this LOO0 Ib trailer would
probably require s tow car weighing at least 5000 lb; aince a minimum hitch
lrad with load leveling would be 15 percent (01'- 600 1b).

Since each trailer model will have & unique minimum hitch load boun-
dary, the format of Fig. 53 could also be handled in abeolute terms, i.e.,
the plot could be transformed to hitch load weight vs. tow car weight. Thie
format 13 illustrated in Figs. Sha to Shkh for each of the eight trailers

tested in this program. The bounderies illustrated on each plot are baged
on the following.

a) Use of Fig. 52 for all trailers.

b) Use of analytically derived minimum hitch load boundary
for each trailer besed on Eq. 11 of Section IV (Figs. 36-
LD, for example). In essence, the analytically derived
boundarieg predict the general magnitude and slope of
the reguired hitch load versus tow car welght.

¢) Shifting the snalytically derived minimum hitch losd
boundary up or down to meteh test data. This is espe-
clally important when load levellng is used.
Preparation of this type of plot is recommended as part of the trailler

manufacturirgz test process and cold even be included as part of the owner's
manual,

Although the trailer examples presented in Fig. 54 give a good overall
picture of the tow car /trailer tradeoffs, application by a user probably
alwnys will start with a specific tow car. In this case, the upper hitch
load limit may be dictated by the tow car manufacturer due to limitstions
of power, cooling, structure, etec. Generally, the manufecturer's limit will
occur prior to reaching the stability limit. For example, many subcompacts
recommend hiteh loads no more than 100 1b; whereas Fig. Sia would allow

more than 300 1lb. Tn short, manufacturers' maximum hitch load recommends-
Liong shiould alwoys take precedence.
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2. ITmpreved Test Procedure

Several procedural problems were uncovered {and solved) during this
test program. These relate to determination of understeer gradient for
a CV and effects of envirormertal factors. First, while the "atep steerv
test procedure recommended in Ref. 2 is a well-proven method for deter-
mining tow car understeer gradient, the constant radlus circle test recom-
mended by SAE (in Ref. 11) is more applicuable for CVa that exhibit a non-
linear variation in understeer gradient with lateral acceleration. In
particular, thig latter procedure provides a closer determination of the
leteral acceleration level at which the tow vehlicle becomes neutral glteer-
ing.

Implementation of the constent radius method for traller towing, how-
ever, requires a turn circle radius of 200 ft, as oppoged to the 100 ft
pinimum recommended for passenger cars. This larger redius circle provides
0.3 g cornering at 30 mph and a maximum test speed of only 40 mph in order
to exceed 0.5 g. The 40 mph speed requires 64 percent less power than the
step steer procedure recommending a maximum speed of %0 mph. In this
regard, a larger turn circle would not be acceptable, since it would not
allow high enough lateral sccelerations before running out of engine power
(d1e to the concomitant higher forward speeds). Smaller radius circles
would also not be acceptable, gince they wouwld not provide high enough
forward speed to produce representative trailer articulation sngles.

In =ddition, the constant radius method enables the'change in trailer
understeer gradient to more easily be determined, since trailer articula-
tion angle is changing in a continuous manner. It should also be reiter-
ated that due to engine torgue effects right-hand data have s lower under-
steer gradient than left turng; consequently, although both left and right
turns should be performed, the worst case (i.e., most criticel) conditicn
may be more meaningful.
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Other procedural recommendations are ag follows:

PR-1 11

Arbient wind has a significant effect on understeer
measurements. For example, with the 27 fi travel

trailer, a wind of 30 mph produced 40 percent changes
in measured yaw rate data.

Road surface should be smooth in order to minimize

wheel bounce which complicates the determination of
steer angie.

121



;
i
¥

SECTION VI
COMBINED BRAKING AND CORNERING

The fourth combination-vehicle test procedure was aimed at uncover-
ing tow car and/or trailer stebility problems during a brake-in-turn
maneuver. Ideally, if the automobile and trailer meet the individual
and combined vehicle requirements developed previously, then there should
be little or no response degrsdation during the combined meneuver. If
& response degradation does occur, then the preceding requirements should
be altered or new requirements developed.

Bagsed on the sbove objectives, a brake-in-turn test procedure was
accomplished using the steady-state 7.3 g turn at 40 mph procedure recom-
mended in Ref., 2. A 355 ft constant rsdius clrcle was used. Brake pres-
sures were increased on successive runs until wheel lockup (or jackiknife)
occurred. Results of these tests were compared with a preliminary sta-
bility requirement suggested by the results of Ref. 2.

1t should be mentioned here al the ocutset that for &ll coniigurations
no jackknife conditions occurred, and in sll cases the CV exceeded O.4 g
deceleration. In only twelve limit deceleration cases was there & slight

trainsgient oversteer tendency; however, no loss of control tendency was
obhserved.

A. PRELIMINARY REQUIRIMENTE

A combined vehicle performance parameter was developed in Ref. 2 to
relate initial tow vehicle directional rate of change (stability factor
change) and decelsration level. Time duration of any adverse regponse was
also a weighting factor, For example, Ref. 2 data suggested that yaw rate
change per unil speed change, Ar/AU, greater than |0.3| (deg/sec)/mph sus-
tained for 1 sec or longer would result in a car/trailer Jackknife. It
was felt that 1t would be almost imposgsible for the uwversge driver, within
one second, to recognize the onget of a Jjackiknifle condition and inditiate
corrective action (reduce braking and introduce countersteer). Therefore,
the following safeiy boundary was recomnended:
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During a brake-in-turn at 0.3 g lateral acceleration
the peak Ar/AU ghould be less than 0.30 (deg/sec)/mph
and for Ar /AU oversteer durations less than 1 mec for a
0.4 g deceleration from 4O mph.

In addition, it was hypothesized that it would be necessary to deter-
mine the point at which the ratio of longltudinal hitch forcea to tow car
weight produce a jackknife condition during a brake-in-turn maneuver.
This occurs when the traller Draking is legs than the tow car and hence

would provide an addi:ional constraint on the minimm traller-alone brake
capability.

B. FULL-BCALE TEST R LUTTL

A1l teat runs ere ldentified in Table 20; however, only the mesimum
deceleration runs (or those exhibiting lockup) are of interest. iower
deceleratior levels showed no unusual characteristics.

Results inclrde maximum deceleration level, effective turn radius,
maximum yaw rate change per unit speed change, and vhesl lockup., Ideally,
the turn radius would remmin constent at 355 ft; bowever, any tightening

of the turn {smeller radius) can be viewed as a transient oversteer ten-
dency.

Only 12 out of 38 limit deceleration tests resulted in a transient
oversteer tendency. and none of thise cases resulted in a jackknife. Since
none of the increased yaw rate traunslents exceeded 1 sec time duration, each

of these rung falls below the previously suggested criterion and no conclu-
sions can be drawn.

C. RECOMMENDATIONS

No additional recommendations can be added to the suggested braking
stadards provided in Sections I1I and IV and the integrated handiing stan-
dnrd provided in Section V. It is suggested, however, that demonst-.iicn

of a 0.k g deceleration dur:ing 0.3 g correring be maiutalned ag vart of the
test procedure requirements,
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TABLE 20. BRAXE-IN-TURN TEST RESULTS

HITCH LOAD &ax fH3; [, at Buin | oy car
T CAR | TRALLER 1OAD LEVELING axpmuy (deggsec} wcm’; RUN MRBER
{Percent) |{Percent} o (seec) | (r¢)
o N Non-Limit thg, 151, 132
b€ o ! 385 - 140)
5 N iy 5 Kor-limit 255 _ i 156
Utility ’
1500 1b .52 o I=5 _— )
No brakes .Le . 43 pls RF 100
10 N R 8] bl o 101
sl o 3®E RF 102
20 ¥ " Nnim- Limit gzr 133
Non-Limit 25, 258, 259
5 - .50 o 355 RF 255
L6 0 3o LF 256
- 52 o b — 257
Non~-Limit 282, 223, 225%-228
Camper 1 N b .70 LB 230 LF 22k
1£00 Ib k7. NS RN ki _ 229
e brakes
3 . NotwZimit 205211
X .48 o] L 358 — 204
Inter= Non-Limit 180, 183187
mediate 20 N .8 o 355 LF 161
&% e £5 — 18%
X Non-Limit LaBak52, B4
18 v s c i | 355 - 453
Travel 13
3000 1b 25 NoneLimit hoBe410, b2
* 53 o 1 J b5l - s
Non~limit 53L 538
0 +25 B 47 o | [ 35 —  {E%
l FNon-Limit 5 tTE-hT}, Wrs, 478
: .o 0 s — 7
Tgai Zx -25 i (g &0 | 25m RT | 4T7
{3
500 1b 0 -39 0 35 L _
Non=Limit Led=neh, 52953
s A7 0 3eR - B
- k8 NN 30 »38 —_— 507
i 50 Bo | 200 | LF, LR | 528
T 4 pon=Timit 809-811, B13-81%
ol -t R ) l L) — 812
e it .
L Lo Non-Limit TI1=-778, 780.T82
1t o J RS 779
(Continued on following page)
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TABLE 20. (CONCLUDED)
KTTCH 1OAD Ar JoU FaX Bain | 20w can
TOW CAP | TRAILER LOAD LEVELING | ax, deg/sec RN NUMBER
{Percent )| ({Percent) e wp (sec) | (£t} Lockup
Non~Limit 329.3%, 333,
334, 336, 537
N
RT3 0 355 -_ 34
22 1t JBO b0 7o by ¥ 33
Travel -
L000 1B 1 Nem-Limdt Xe.512,
.63 .27 .Bo 236 - o0
a .82 ¢ 355 — 301
hE s .90 194 ¥ 515
W43 AT .0 abh A 315
Interw
nedlate 3% 6 0 Non-Limit 355 _ 223-553
= A S B B NTR-MT 355 el
- L2 IO -
0 25 8 . NTn Li-mi’i. - _ 53{:’ 596, 598601
27 v
Norn-Limit 66556
Travel
™ s Jhb o ! | 355 — 668
Nen-Limtit €35, 638, 638-6u%
hE 0 i I =5 — 637
Boat
3000 Ih 0 N qon.Limit 928029
Surge . 5h o] =5 — 930
brake
18 Mt YonoLimit 1300-1712, 1304«
Travel 15 +25 1307
3900 1b .61 8] 355 —— 1503
F . Fon-Limit 11331136, 11382
Compact | reavel 15 w17 1140
BOOC In L9 o 355 -— 1137
Horse 0 N Non-Limit 125 T- 1267, 1264
LO00 1b 4 o l | 355 - 1263
. t:;éi;g o . RoneLimit 1E27-1720
No brokes e 1.0 Lho 385 LF 1715
o Non-fimit 1718-1720
Y b - Eﬂrﬁaib 10 N :'g 1.0 b0 | 213 LF 175
’ rompant o o 355 — 1716
" No brakes LD 1.3 3= | 0o 178
Hoat Non-Limit 12871591, 1533«
Hkh b - 50 }59; 591, 1533
Surge * She D i tels] L¥ 1592
brake g Q 355 — 1596
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ZECTION VII
SUMMARY ARD RECOMMERDATIORS

This program has provided the fourth step in the process of developing
motor vehicle gafety standarde covering the handling and braking perfor-
mence of passenger cars pulling trailers. Previous work has eatablighed
meaningful test procedures, rperformance measgures, and in one cage a pro-
posed rule format. This curreni step has proposed and evaluated a Justl-
fiable set of performance criteria and tested over 90 different combination-
vehicle configurations ageinst them. This section summsrizes these criteria,
suggeats means for insuring compliance, recommends manufecturers' test pro-
cedures, and offers user guidelines.

A. HANDLING AND BRAKING FERFORMANCE CRITERIA

The following performance criteria were suggested for passenger car/
trailer cowbinatioc.s:

L}

® All combination-vehicles shall be capsble of stopping

within 134 £t fron 4O mph, i.e., average decelerabion
of 0.4 g.

& 4511 trailers of a covbination shall exhibit a minimum

trailer swing damping ratio of 0,15 (i.e., 3/4 cycles
o one-half amplitude) at 55 mph.

& All tow cars of a combination ghall exhibit a positive
understeer gradient up *o and including Q.3 g cornering.

® All combination-vehicles shall demonstrate 0.4 g decel-
eration during 0.3 g cornering without incurring tran-
sient oversieer {increased yaw rate} longer than 1 sec
duration.

B. MEANS FPOR INSURING COMPLIANCE

Using the above criteria it was possible to derive tow car and trailer
characteristics that would jiasure the combiaation-vehicle meets the require-
ments. For braking; these design or hookup features include:
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Trailer
ing.
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To insure 0,4 g combinatiocaw-vehicle deceleration the

tow car %o trailer weight ratioc ahall be greater than
or equal to:

wc
"w"'t' 2 2:1 - 3-5 u.xta

where axig is the traller-alone braking capability in
g'a. The greategi impact of this requirement would be
on unbraked trailers, l.e,, an unbraked trailer could
not weigh more than 48 percent of the tow car. For
braked trailers capable of providing 0.4 g decelers-
tion (at GAWR), the trailer weight could, theoretically.
be increased to 1.4 times the weight of the tow car.

An alternate solution would specify s minimum traller.
alone deceleration capability of Q.44 g for Class II or
larger trailers. This could easily be accomplished by

not allowing more than 1500 1b to be supperted by each
10 in. brake,

Stopping distence should be the primary performance
measure. This meagure accountg for brake actumtion
tine delays. Average deceleration can be computed from
stopping distance.

Surge breke gains showd he greater than 2.0.

and tow car stability can be insured by specifying the follow-

Sufficient trailer damping (for each trailer model) can
be provided by specifying a minimen cllowable hiteh for
each tow car weight. This can be derived using the
analytical /empirical eguation:

g 2
g R |
. 3 o g 100 100 Cr o8
Cov = ] ! WZ
Uo /2Tty Ity
R g \ s A Nt
Trailer ""Hookup Tow Car
Alone Factor" Sensi-
tivity
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vhere
Minimum dapping ratio requirement, e.g.,
0.1% nt &5 mph

£p = Tiailer vheelbase (ft)
Yoz = Trailer tire cornering stiffneas (1lb/rad)
Us = Forward gpeed (f't/sec)

g = Cravity (%2.2 ft/sec?)

Ity = Traller moment of inertia about hitch
(slug-1t°)

Ity = Traller moment of inertia about c.g.
(slug-££2)

Wy = Trailer weight (1b)

W, = Tow car weight (Ib)

4HI, = Percen® trailer weight at hitch point
€y = 3.7 (empirically derived)

Cc? B

Given these dats and a desired performance criterion
velue for the combination.vehicle demping ratio, {a.y,
the minimum sllowsble hitch load for each weight tow
car can be derived. This type of exercise was illus~
trated in Figs. 37-40., Full-scale 'pulse steer" testea
are recommended, especielly for larger trailers that
require load leveling, in order to check the final
location of the minimmm hitch load boundary line,

Sufficient tow car stability can be provided by speci-
fying a meximum allowable hitch loed for each tow car
weight and amount of load leveling. This relationship,
illustrated in Fig, 52, was derived from an analytical
basis and adjusted to match results of over 75 combi-
nation vehicle configurations. Due to other limite-
tions, maximum hitch loads specified by the tuow car
nmanufacturer may be less than that required for sta-
bility; hence, the lower limit should take precedence.

An integrated haniling complisnce plot can be devived
for each trailer. Figures Ska through 54h (in Sec-
tion V) provided examples of this formst for the eight
trailers tested in this program. Simllar plots could
be provided by trailer panufacturers as part of thelr
owners' mpanuals. It should be noted how close the
intersecting boundariees come to matching commonly
accepted trailer practice, i.e., minimum tow car to
traller weight ratioc must be sbout 1 or greater, and
optimum hitech load should be about 10 percent. Increas-
ing the tow vehicle size quickly opens up the allowable
hiteh load region. This consigtency implieg a proper
selecticn of the perfeormance criteria.
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¢. DESIGH TEST PROCEDURES FOR TRAILERS ALONE

Two procedures ghould be utilized by trailer manufacturersg to derter-
mine trailer-alone braoke capability and trailer-alone damping rvatin,

. Braking

Stredght line braking procedures for the trailer-alone have been detailed
in Table 14, which follows the format of SAE Recommended Practice J134 and

the Canadien Standards Association proposed Standard D313, Key points of
the procedure include:

® Lockup of one wheel on one axle is allowed.

@ Brake stopa are made from a test speed of ho,ﬁtﬁicv
(mph) To aEccount for the unbraked mass of the tow car.

® Average deceleration at the static axle weight, W¢, 1s
caleulated from stopping distance at 40 mph, SD4o. This
mast be ratioed to the gross axle weiglt rating, GAWR,
if lockup camnot be obtained with traller brakes.

vy L 837 W
axq 5 (g's) = éﬁﬂE X ﬁazﬁg

® DBrake voltages are increased in increments up to maxi-
mum, at which point six incipient lockup runs are made,

For surge brake trailers a special apparatus is necessary to apply the
brake pressure input. In this case incremental pressure changes replace
the incremental voltage changes used for electric braked trailers. Also,
the “gurge brake gsain," O, i.e., the ampunt of hirske forre generated per
pound of horizontal hitch force, must be deterrined. Once thias is known
the "effective" *cailer-alone brake capability for this type of traller can
be delermined using the following eguation.

i G

Bxev (374 G)

Seta = BT
100

where ay., represents the combination-vehicle deceleration regquirement.,
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It can algo be shown that, theoretiecslly, s surge brake trailer of

weight ¥, should have the stopping capability equivalent to an unbraked
trailer of weight Wi, via the relationship:

L

G+ 1
2. Trailler Swing

The analytical/empirical expression derived in Section IV requires
messurement of the trailer-alone moment of inertia as a function of hitch
losd. This is readily amccomplished witl a roller bearing turntible (such
ag used for wheel alignments), two coil springs, and s stopwatch. The
trailer wheelg are held off the ground with a block positioned on the
roller besring support turntable. A counterwelght ls added to the rear
of the trailer to balance the hitch load such that the trailer floats
freely on the turntable with no offset forces. The trailer is oscillated
(by hand), and elapsed time measurements are taken to determine the fre-
quency of oscillation., Knowing this (plus the coil spring rate and wheel-

base}, the moment of inertia can be calculated using the equationg given in -

Section IV.
D. SYPPORTIVE RESULTS

Jignificant results reporied in Sections III arnd IV of the report sre
summarized below.

1. Breklng

® Several combinstion-vehicle configurations tected in
this progrem were unable to exceed 0.% g deceleraticn
even though the tow cars exceeded the requirements of
FMUSS 10%-75 and the trailers were not loaded to full
GVvWl. "These results very closely matched the analyti-
cal predictions using o generalized static braking
model including load transfer, load leveling, and tow
cor bruke proportioning,

& All combination-vehicle configurations teated in this
program, except the horse trailer at full GAWR, would
theoretically be able to pass a 0.4 g deceleration
requirement,

TR=11l=1 1%0
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2., Treller

TR=111h=1

If losded to full GWR, the unbraked utility traller
would theoretically be unable to pass & 0.4 g decel-
eration requirement with the compact and sulcompact
tow cars., This result was not verified and should be
gtudied further, since any combinatior-vehicle decel-
eration requirement will have the mort impact on manu-
facturera of unbraked trallers.

Trailer-alone deceleration levele for Bix braked
trailers ranged from 0.36 g to 0.6 g ¥hen adjusted
t0 GAWR. The current deceleration deasign goal for
electric brake systems appears to be 0.43%5 g.

All three tow cers exceeded the sgtopping dlatance
requirements of FMVES 105-75 from 40 mph during
gecond effectiveness tests., Average deceleration
for incipient lockup was 0.71 g.

Suspension degign of the horse trailer caused an
undesirable increazse in hitch load with incressing
deceleration. Since this trailer does not allow for
load leveling, braking testzs could not be performed
at full GAWR without scraping the hitch on the ground.

Average actuation time delay of the surge brake system
wag 0.3 sec. No significant differences due to load
leveling could be determined. Previously, as indi-
cated in Refs, 2 and 4, load leveling rendered the
surge mechenism inoperative.

Combination-vehicle stopping distances appeared
slipghtly improved with load leveling; however, the
results were not ftotally consistent.

Pedal forces in combination-vehicle braking tests
were less than the 120 1b recommendation of SAE Ji135.

Maximum performance combination-venicle stopping dis-

+ances with tow car lockup were not significantly
different from those with no tow car lockup.

Swing

For trailers with low hitch loads (where no load level-

ing was required) the trailer demping of the combina-

tion vehicle was clogely mredicted by an analytical/
eppirical relationghip.

There 1g a strong decrease in damping with increasing
speed. This trend is biased up (tc higher damping)
with higher hitch loads and biased down (ic lower damp-
ing) with lighter hitch loade.
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Longer trailer wheelbases (i.e., longer hitech to exle
distances) are desirable in order teo usintain high
damping ratios at low hitch losds. In terms of sensi-
tivity, increasing tongue length on an 18 ft travel
trailer one foot incrcases demping 0.08 units. An
ideal design goai i3 to have the wheelbase at least
three times the raaius of gyration (az measured about
the center of gravity).

Load leveling improves iy iler Camping. This effect
is due, primarily, tc the oo car roll steer geomelry
and hence is difficult to predict. However, empirical
regults showed an average increase in trauler damping
of 0.06 units per 1000 ft-lb of applied load laveling
torque. This ia higher thar previously messured in
Ref. 3.

A friction sway damper can significently improve trailer
damping. At 55 mph this type of damper was sble to
increase damping on a large travel trailer by 0.19 units.
The electrir brake type of damper acted primerily ss &
speed control device by limlting speed to that for zero

damping.

Increased treiler moment of inertis {separated load)
reduces trailer demping in a predicteble manner and
hence 18 an undesirasble condltlon.

High cornering levels significantly reduce trailer damp-
ing. For axample, damping ratio of the medium travel
trailer was reduced .29 units when the lateral accel-
eration was incressed to 0.4 g. This effect was attri-
butable to the loss of cornering stiffness of the traller
tires at high &lip angleg, which in turn produces a lose
in damping according to the trailer-slone damping equa-
tion.

Stecring free play can have a significant effeci on
reducing the trailer damping. For example, allowing
steering to be free reduced trailer demping as mach as
0.h units at %5 mph a8 compared tc that measured with
steering held fixed. This effect has strong implica-
tions for tow cars with excessive steering free play
end/or for drivers who allow the steering wheel force
feedback to move the wheel. Thisg, in fturn, amplifies
the trailer swing oscillation. Holding the wheel fixed
is the safest procedure.
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® A traller-glone damping test procedure was succesafully
used with one test trailer to check analytically derived
predictions. Resulis were gufficiently cloge as to not
warrant formalization (or recommendation) of a separate
trailer-slone damping teat procedure.

3. Tow Cer Btasbility

@ TFor the intermediste tow car a hitch load of 800 1b pro-
duced a neutral steer response at low cornering (leas
than 0.3 g). 1If viewed ag a mass distribution thie
impliee that loading resulting in a 37/63 front to
rear weight distribution would likely result in over-
gteer at or above 0.3 g cornering.

@ The compact and subcompact tow cars became neutral
steering at spproximately 600 and 400 1b hitch icads,
respectively, These levels convert to 39/61 ani 41/59
front /rear weight distributiona, reapectively.

& Iopad leveling 25 perceni of the hitch load to the tow
car front axle reduced understeer sbout 1.1 deg/g from
that required to relevel the combination-vehicle with
air shocks and minimum or no load leveling.

@ Right-hand turn results showed understeer gradients
0.7 deg/g less than those for left-hand turns. This
ls attributsble to rear axle torgue effects dueing the
turn at constant speed.

® Due t0 the genersl nonlinear varistion in understeer
gradient with lateral acceleration, a constant radius
circle test procedure is further recommended a3 a
combination-vehicle test procedure. This procedure
provides a closer determination of the laterel accel-
eration at which the tow vehicle becomes neutral gteer-
ing and provides a continuous readout of trailer arti-
culation angle change with gpeed. This is necesgsary
for trailer atability factor calculations. An coptimum
radius of 200 ft is recommended.

4. Breke-in-Turn

ALL combinotion~vehi:le configurations could deceleration (from 40 mph)
ad or above U.h g dwrirg a 0.3 g turn without logs of control or transient
yow rate increase susteired for more than 1 sec. Consequently, no addi-
tional recommendations can be added to the suggested braking and handling
standards previously presanted.
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£. USER GUIRLINZS

BageG on the full-scale results of this and previous NHTSA-sponsored
trailer breking and handling programs several general recommendations for

the user can be offered. These might be uged to supplement public informe-
tion documents such ag Ref, 20.

TR=1114=1

There ig definitely an optimwh hitch load for eacht tow
car and trailer combinstion. Hitch loads too high, even
with load leveling, will cause the tow vehicle to "dig
in" during sudden turning mancuvers and sharpen the turn
even further. The traller will then tend to push the
rear of the tow car into a Jjackknife position. Hitch
loads too light lead to trailer swing, Heavier tow

cars reduce the effect of both problemsg. In general,
the tow car gross vehicle welght rating should exceed
the trailer grosrs vehlcle weight rating.

Use of load leveling should be supplemented by the
use of air shocks and beavy duty suspensgion. Do not
exceed the manufacturer's meximum hitch lead reting
with or without these devices.

Tire inflstion presgwre should be get for the maximum
rated tire load. If recammended or allowsble, it is
degirsble from & handiing standpoint to set the front
tires at a lower inflation pressure than the rear.

Put heaviest load over the traller axle to reduce the
vharbell? effect of separated loads.

If trailer swing occurs., hold the stearing wheel fixed
and let thne combinstion-vehiele deceleratc by itselfl
or apply traller brakes if available., BSway derpers
are also useful in reducing trailer swing.

Avoid sherp cornering st highway speecds, Leteral
acceleraticon reduces trailer damping. tow car sta-
bility, and braking capability,

Check tire and brake capacity of the traller. Tire
crpacity is stamped on the tire by the manufacturer,
Adegquate brake capacity may be Judged by multiplying
the number of braked wheels by 1500 ib. For 10 in.
brakes this value should exceed the trailer GWR.
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