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FIGURE A-7 Speed-dislance profile for GVW =
132,000 1b, NHP = 330 hp, C3 = 0.00044, G4 =
0.04, and GVW/NHP = 400.
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The geometric design of highway ramps is guided by

ABSTRACT

A research study is described in which accidents experienced by tractor—semi-
trailers on expressway ramps were found to depend largely on the interaction
between highway geometriecs and vehicle dynamic behavior. The accident rates of
tractor-semitrailers on expressway ramps in five states were scanned to select
14 individual ramps that exhibited an unusual incidence of serious accidents
invelving these vehicles. The geometrics of each ramp were fully defined in a
computer simulation in such a way that the dynamic behavior of eXample tractor-
semitrailers could be examined. The results of combined study of accident data,
simulated vehicle response, and geometric details of ramp design are presented.
The findings of the study indicate that the maneuvering limits of certain
trucks are quite low relative te those of automobiles so current practice in
ramp design leaves an extremely small margin for control of heavy vehicles. The
primary design issues are embodied in the nominal side friction factor achieved
at each curve, the transition geometry, and the layout and signing of curve
segments in order to assure that truck speeds are suitably reduced for negoti-
ating small-radius curves,

curve radius, superelevation,

transition sections,

the design policy of AASHTO (1). These policies pro-
vide specific guidance on the relationships among
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vehicle speeds, and other details that control ramp
design. For a given anticipated ramp Layout, there
exists a range of variations, which are allowed
within the design policy, in each design parameter.
In the real world, ramps that are in service around
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the country exhibit even further variations in pa-
rameters because they were built before the tighter
prescriptions of modern design or because certain
physical or economic obstacles made strict adherence
to the AASHTC policy unachievable. Accordingly, it
is clear that highway ramp design varies widely
around the country.

When considering the margins of safety that ex-—
isting ramps provide for the operation of heavy-duty
trucks, it is immediately apparent that the consié-
erations that underlie ramp design recommendations
in the AASHTO design manual {1) make little or no
allowance for the special reguirements of trucks.
Indeed, it is clear that the geometric design of
ramps 1is almost exclusively rationalized on the
basis of automecbile usage., This situation is in dis-
tinct contrast with the specific attention that is
given teo truck requirements in other areas of road
design, such as c¢limbing lanes, the width of turning
roadways, corner radii at intersections, and certain
sight distance considerations. The particular truck
regquirements of interest here are those that govern
the limits of vehicle stability and control. Thus,
both because of the variations in design that exist
from one ramp to the next and because even the rec-
ommended design policies take no particular note of

truck stability and control limits, it appears to be,

reasonable to explore the possible conflicks that
trucks may encounter in negotiating highway ramps.

Particular impetus for such exploration is given
by the accident record for trucks in general, recog-
nizing for exampie that the accident fille of the
Bureau of Motor Carrier Safety (BMCS) for 1980 shows
that 9 percent of atl Jjackknife accidents and 16.8
percent of all truck rollovers occur on ramps.
Clearly, such percentages are much higher than the
fraction of total highway miles represented by ramp
sections. The influence of certain of the geometric
design variables of ramps on accidents or opera-
tional aspects, or both, has been examined by many
investigators in the past (2-}5), although no one
has focused a ramp-accident study specifically on
trucks. Nevertheless, some studies (2) have found
trucks to be underinvolved in the population of all
aggregated ramp accidents relative to their presence
in the traffic stream. Such findings, together with
the indication in the BMCS data that trucks are
overinvolved inh loss-of-control accidents on ramps,
may suggest that the main problem that trucks expe-
rience on ramps is that of controllability, although
the potential £or collision accidents involving
trucks on ramps may be no worse, or even better,
than that of other vehicles.

To examine truck controllability problems on
ramps, and to relate them to geometric design, a
project was conducted by the University of Michigan
Transporfation Research Institute (UMTRI} under
sponsorship of the FHWA. This paper is a report on
the prominent findings of that study that serve to
identify the special types of conflict that occur.

METHODOLOGY

The study first sought to identify specific examples
of highway ramps on which had occurred an inordinate
number of loss~of-control types of truck accidents,
Because it was determined that naticnal-level acci-
dent files do not contain sufficient detail to en-
able identification of individual ramps, it was nec-
essary to draw from the accident files of selected
states in order to identify ramps for study. Because
it was not possible to clearly determine accident
rates because of a lack of exposure information, a
"first cut" in selecting ramps was done on the basis
of absolute numbers of truck accidents at individual
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sites, With the aid of automated data-processing
capabilities, a number of states were able both to
identify individual, heavily involved ramps and to
supply hard-copy reports for each truck accident on
the selected ramps. During examination of each of
the individual accident reports for each candidate
ramp, a total set of 15 ramps was selected. The par-
ticipating states were California, Illinois, Mary~
land, Michigan, and Ohic,

Engineering drawings were obtained documenting
the geometric design, posted speeds, and traffic
control devices at each of the selected ramp sites,
The individual accident reports from each ramp were
then examined closely to locate the approximate
point on the ramp at which the loss-of-control
events appeared to be occurring. In general, it was
possible to focus attention on a specific curve or
transition area on each ramp. The gecmetric data
needed to completely define the curvature, superele-
vation, and grade of each ramp section of interest
were then provided as input to a comprehensive simu-
lation of the dynamic behavior of heavy-duty trucks
(16). The simulation mecdel provides a 32-degree~of-
freedom representation of a tractor-semitrailer, al-
lowing the full range of steering and braking maneu-
yers over the three-dimensional roadway. The model
is configured such that an active "driver® system
steers the vehicle, following the lane centerline
with response characteristics that are demonstrably
like those of a real driver up to the control limit
conditions (17}. The validity of the simulation
model has been demonstrated in various exercises
that compared computed results with experimental
neasurements from full-scale tests (18-20).

Bach of the selected ramps was examined by means
of the simulated operation of tractor-semitrailers
that were represented in two loading conditions,
narmely (a) a baseline loading placing the payload
center of gravity (CG) at 83 in. above the ground--a
value that is thought to characterize a large £fracw-
tion of typical truck traffic and (b) a loading case
with the payload CG at & height of 165 in., which is
representative of various specialized tank vehicles
as well as van trailers carrying a full cube load of
homogeneous freight. The tractor-semitrailers were
simulated at various speeds--some cases at the
posted advisory speed value and some above——over
each ramp. The gross motion response cf the vehicle
was then interpreted in terms of a likely loss—of-
control outcome,

The simulation results, supported by variocus
other research findings that generalize on the dy-
namic behavior of heavy vehicles, serve to identify
certain aspects of ramp gecmetric design that tend
to restrict the margins of safety available for
truck operation. Five cases that serve to illustrate
the more potentially significant of these aspects of
ramp design will be discussed.

ILLUSTRATIVE CASES

Heavy-duty trucks and truck combinations suffer con-
straints on their maneuvering capability in negoti-
ating ramps as a result of certain size parameters
and also because of certain limitations in the
mechanical performance of the vehicles and their
components. In addition, it may be inferred from
reading the hard-copy accident reports that a sub-
stantial number of truck drivers tend to take ramps
too fast, perhaps because of the desire to keep up
speed in anticipation of merging or simply because
of a lack of appreciation for the small tolerance
that some ramp designs afford for trucks exceeding
the advisory speeds.

In the illustrative cases that follow, the cited
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"problems® fall either into the category of inherent
limitations in truck stability and control qualities
or into the category in which truck driver behavior
appears te frequently invoive peculiar misjudgments.
Each case is first characterized by the particular
aspect of ramp design that appears to be connected
with the truck control problem of interest,

Case 1 (side friction factor is excessive given the
roll stability limits of many trucks)

The first case involves the exit ramp that is
sketched in Figure 1. As shown, Curve 3 is preceded
and followed by spiral transitions and is posted
with an advisory speed of 35 mph. The R and J desig-
nations indicate the approximate points at which
vehicles involved in rollover and jackknife acci-
dents came to rest, At 35 mph, the 342~ft radius of
this ramp curve yields a centripetal acceleration of
0.24 g. aAlthough the lead~in spiral is 150 ft long
{ample for fuill attainment of the 0.28 ft/ft super-
elevation of the curve), the full superelevation is
not developed until almost compgletely through the
curve. Thus, at the point of entry of the steady
curve, the superelevation level (e) is only 0.03
ft/€t, and the side friction factor (f) at that
point is 0.21. Although it is unusual and perplexing
to find a spiral transition that provides such an
incomplete development of superelevation at the
point of curvature, it is general practice on non-
spirajed transitions to have achieved only one-half
to two~thirds of the full superelevation level at
the initial point of curvature.

Shown in Figures 2 and 3 are simulation results
that illustrate the dynamic response at 35 and 40
mph, respectively, of a tractor-semitrailer that is
loaded with freight in the high CG configuration
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{(payload mass center at 105 in.) and that is oper-
ated over the cited curve., The results show that the
vehicie at 3% mph experiences a near rcllover, with
a large amount of load being transferred from the
right to the left tires. The transient character of
the maneuver is such, however, that the roll re-
sponse has not fully developed during the brief &u-
ration of the peak lateral acceleration level. Thus
the vehicle "just squeaks by" at the posted speed by
virtue of the relatively short-lived peak demand
condition. In the 40 mph case (Figure 3) it can be
seen that the tire loads on the right have reached
zero at approximately 5.5 sec into the run--at which
time the vehicle is approximately 50 ft beyond the
leading end of the constant-radius curve, Although
the zero-load condition on the tractor's inside
wheels signals an imminent rollover, the beody of the
vehicle would not actually strike the ground for
another 100 £t or so.

Although, at first note, it appears surprising
that & common commercial wehicle will nearly roll
over at the posted ramp speed on a primary U.S.
highway, it is instructive to examine the margin of
safety that is reflected in the side f£riction factor
that pertains to the cited curve. Shown in Figure 4
is a diagram of the components that make up the in-
stantanecus side friction factor at the advisory
speed of 35 mph, plotted as a function of the longi-
tudinal position along the ramp secticn. The figure
presents the centripetal acceleration {e + £), the
gide friction factor (f), and a suggested "“likely"
side friction demand curve that is 15 percent above
the £ curve, reflecting the level of steering £luc-
tuations that has beenrn measured in tests of the nor-
mal driving of a tractor-semitrailer through ex-
pressway ramps (21). Because superelevation is not
fully developed along the spiral transition, the
peak side friction factor of 0.21, at the point of

RAMP

R - Rotlover
dJ - Jackknife

CURVE DATA

SC= 33+2,73

C3= 35+ 43..74'
R % 342.06
L= 2220
D= 16245

FIGURE 1 Layout of site that poses a challenge 1o truck roll stahility level.
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FIGURE 3 Response variables showing rollover at 40 mph.

curvature ({8C), corresponds to a demand level of
0,24, allowing for steering fluctuations. This de-
mand level is essentially equal t¢ the steady-state
rollover threshold limit ©f fuily loaded tractor-
semitrailers that lie at the low end of the stability
range of vehicles in common service (22).

To reconcile the c¢lear hazard that such a curve
will pose for many heavy-duty vehicles, it is useful
te note, first, that at the f£final superelevation
value of 0.08 ft/£ft, the curve would he character-
ized by a nominal friction factor of 0.16. This
value is in virtual compliance with the AASHTO rec-
ommendation of a maximum of 0,155 for the side fricg-

tion wvalue in curves posted at 35 mph., The first
issue, then, concerns the basic matter of the suit-
ability of a design policy that allows friction fac-
tor levels of 0.155 (or {.18), recognizing that
loaded heavy vehicles exhibit static rollover
thresheld levels as low as 0.24., A full discussion
of this matter would require review of (a) the es~
sential basis £or the AASHTO policy on side friction
factors and (b) the mechanics and operational reali-
ties that determine the rol} stability levels of
heavy commercial vehicles. Although no comprehensive
treatise can be attempted here, a minor elaboration
on each point is warranted.
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FIGURL 4 Elements of side friction demand compared with
range of track rollover tolerance for ramp curve layout of
Figure 1.

Side Friction ond Loteral Acceleration, G's

The AASHTO policy (1) on side friction factor al-
lowance is clearly based on consideration of (a} the
proximity of the friction demand level to the lat-
eral traction limits of automobiles, beyond which
"side skidding" may occur and (b) the point of dis-
comfort noted by automobile drivers. It is clear
that the maximum recommended values for side fric-
tion factor have been set by AASHTO primarily to
avoid driver discomfort. It is apparent that this
policy intends a substantially larger margin than is
achieved with heavy trucks that are at the lower
{(but by nc means rare) end of the stability spec-—
trum. For example, the discussion of the AASETO pol-
icy in the green boock {1l) indicates that the effec-
tive limit condition is established by the maximum
side friction capacity of automcbile tires (as low
as 0.35 at 45 mph) that can be sustained without
skidding on wet pavements with smooth treads, Ac~
cordingly, the guidelines that limit the design
value of side friction factor (to a maximum of 0.17
at 20 mph} appear to reflect a substantial degree of
conservatism in behalf of automobiles., Indeed, the
design policy for side friction factors has been
derived to accommodate the limits of driver discom-
fort—-at which levels the conservatism relative to
side skidding is quite generous,

Considering the margin of safety for trucks, how=
ever, it is apparent that there alzo exists a funda-
mental difference between the respective probabili-
ties that trucks and automobiles will "bump against"
their respective maneuvering limits when traversing
a demanding ramp., ARlthough, on one hand, an automo-
biie may be constrained by a 0.35 traction coeffi-
cient only when (a) smooth tires and ({b) a poor
pavement texture condition are combined with (c) wet
weather, an adversely loaded truck will be continu-
ailly constrained by its low rollover thresholé char-
acteristic as it goes down the road., Accordingly, it
can be seen not only that the truck margin of safety
on AASHTO-recommended ramps can be exceedingly nar-
row, in absolute terms, compared with the margins
provided for avtomobiles but alsc that the risk of
loss of control for certain trucks is continual
rather than temporaliy dependent on maintenahce
factors and weather.

8l

The low stability level of trucks derives, of
course, from the height (H) of the center of gravity
of the combined payload and tare vehicle relative to
the track width (T) and to a host of other sensitiv-
ities involving the compliances of tires, suspen-
sions, £ifth wheels, and frames (23). Perhaps part
of the reason that truck stability limits may have
been traditionally overestimated, and thus dismissed
in considerations of highway design, is that the ve-
hicle was considered to be effectively rigid in
roll, such that the roll stability limit, in q's,
would be simply T/2H. If it had been assumed that
trucks were as stable as the T/2E figures suggest,
with minimum values around (.45 g's, it would have
been reasonable to conclude that the skidding limit
of approximately 0©.35 for automobiles constituted
the effective design condition. Because of the com-~
pliant elements in actual trucks, however, rollover
©ccurs  at  approximately 60 percent of the T/2H
values (22). Shown in Figure 5, for example, are
five common vehicle loading arrangements with their
accompanying yoll stability limits., Clearly, a num—
ber of common freight loadings render vehicie roll-
over threshold levels that are quite near the levels
of side friction factors that prevail in the Case 1
example.

Although the transition of superelevation in this
example is nonideal, and certainly disapproved of by
AASHTC as a design practice, the fact that a zero
margin of safety exists with some trucks should not
be dismissed as attributable simply to the transi-
tion anomaly. For the more common cases in which
superelevation is transitioned without spirals, the
AASHTO-preferred method would have two-thirds of the
superelevation achieved at the point of curvature.
Even this policy would still allow a side friction
factor as high as 0.20 in the transition portion of
the curve, thus yielding 0.23 as the effective side
friction demand level, allowing for steering fluctu-
ations. Thus it appears that the problem that led to
the identification of the Case 1 ramp as heavily in-~
volved in truck loss~of-control accidents is (a)
understandable in terms of ramp geometry and (b)
rather generally anticipated@ for ramp curves that
are built to the limits of the recommended AASHTO
practice,

It is alsc worthwhile to note that AASHTO design
policy for low-speed urban streets allows side fric-
tion factors up to 0,30! Such a level will surely
yield rollover in a large fraction of the population
cf loaded commercial vehicles.

Case 2 (truckers assume that the ramp advisory speed
does not apply to all curves on the ramp)

One aggravating aspect of the truck loss-of-control
problem on ramps is that many ramps involve multiple
curved segments that have differing side friction
factor demands, although only cne ramp speed is gen-~
erally posted. As a consequence, it appears that
truckers occasionally assume, at some point along
the ramp, that they have now passed the curve or
curves that warranted the low value for the posted
speed. Subseqguently, they begin to speed up in prep-
aration for the merging task, only to find that the
remaining curve is at least as demanding of the low
advisory speed condition as was the preceding por-
tion of the ramp.

A clear case in point is the ramp shown in Figure
6--a loop with four curves within a partial clover-
leaf, rural interchange. The ramp is posted at 25
mph and has two rather sharp curves at either end
and two intermediate curves with more moderate
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FIGURE 5 Loading data and resulting rollover thresholds for example
tractor-senitrailers at full load.
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FIGURE 6 Layout of compound curve ramp.
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radii. Listed in the following table are the essen-
tial data for each of the four curves.

Curve  Radius Length Side Friction
No. (ft) (f£t) Factor

1 250 435 ¢.09

2 520 993 0.00

3 500 144 ¢.003

4 252 362 0.09

Spiral transitions to the tangent legs at both
ends of this ramp provide that both Curves 1 and 4
are superelevated at 0.08 f£t/ft throughout their
lengths. Thus the nrominal values listed for side
friction factor are also the maximum values.

The truck accidents that occur on this ramp are
all clustered at the approximate midlength location
of Curve 4. Because Curves 1 and 4 are both charac-
terized by identical values of side friction factor,
it can only be surmized that truck drivers (a) rea-
sonably satisfy the speed requirements of Curve 1
but then (b) misjudge the continuing need for re-
taining the low advisory speed while traveling the
1,100 ft through the mild curves (Curves 2 and 3).
The analysis shows that a high~-CG tractor-semi-
trailer such as cited in Case 1 would roll over in
Curve 4 if the driver permitted his speed to exceed
34 mph.

The number of jackknife accidents reported at
this site equals the number of rollover incidents,
which suggests that heavy braking is probably being
applied when the driver perceives that general loss
of control is imminent. Although this site was un-
usual because the posted speed was mandated by the
designs of both the initial and the final curves on
the ramp, a number of other problem sites were also
identified where drivers apparently lost the convie-
tiorn that the speed advisory still applied later in
the ramp. Again, the trucker is peculiarly vulner-
able in the event of such a misjudgment because of
the small tolerance that the low-stability vehicle
has for increased side friction factors.

Also, it appears reasonable to hypothesize that
the very short lengths of acceleration lane avail-
able for bringing a fully leoaded rig up to speed
serve to encourage the driver to achieve as much
speed as possible within the ramp before merging.
For example, it was noted that a typical B80,000-1b
tractor-semitrailer combination powered by a 250-hp
engine will reguire in excess of 5,000 ft to accel-
erate from a ramp speed of 25 mph to 50 mph (24).
Indeed, even the provision of an AASHTO-recommended
acceleration lane, 1,100 £t in length (1), does vir-
tually nothing to lessen the truck Ariver's concerns
over merging with minimum disruption of through
traffic. Thus, although the truck driver who exceeds
the posted ramp speed can be criticized, it appears
more realistic to observe that the sum of the high-
way geometric constraints imposed in this case has
"boxed in" the driver and, perhaps, promoted the
possibility of misjudgments.

Case 3 (Geceleration lane lengths are deficient for
trucks, resulting in excessive speeds at the
entrance of sharply curved ramps)

The 1965 AASHO blue book (25} gives a definitive
backgrocund rationale behind the recommended lengths
of deceleration lanes. Notwithstanding the careful
basis that is develcoped for designing such lanes to
meet the needs and comfort threshold of automobile
drivers, both the blue and green book specifications
for deceleration lanes place a substantial burden on
the stopping capability of many heavy-duty truck
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combinations, The background figures in the blue
book reveal that the "comfortable" level of deceler-
ation for automcbile drivers slowing from 55 mph is
0.24 g's, The recommended lengths for deceleration
lanes are calculated to allow approximately 3 sec of
deceleration of the wvehicle in gear, followed by
braking at the "comfortable" automobile rate. The
blue book does note that trucks reguire longer stop=
ping distances than do automobiles to decelerate for
the same difference in speed but finds longer allow-
ances for deceleration lanes unwarranted because
"average speeds of trucks are generally lower than
those of passenger cars.™ Although the green book
does not restate the observation concerning truck
speeds, the newer recommendations for length of de-
celeration lane are virtually identical to those in
the 196% policy. Further, it appears reasonable to
observe that average truck speeds on U.S, highways
today are at least equal te, and perhaps exceed,
those of antomobiles.

The study of truck accidents on ramps has indi-
cated cases in which the deceleration lengths avail-
able for trucks appear to be patently inadequate,
The cases in which the problem becomes pronounced
are those in which the ramp incorporates a rather
sharp curve right at the end of the deceleration
lane such that the low value of advisory ramp speed
nust be achleved very guickly after departure from
the through roadway. Shown in Figure 7 is an example
of such an exit ramp with a 249~ft radivs and a max~

15 ~
Lg= 180 .
~
SCy N ~
2B ~
~
N
~
! - Rollover
J - Jackknife
G - Other
CURVE DATA
SC = 34+ 71.05
CC = 30+ 3583
D = 23%°
R = 24901
L = 43522

FIGURE 7 Layout of ramp with tapered deceleration lane,
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imum superelevation value of 0,08 f£ft/ft, The side
friction factor has a peak value of 0.13 at the ad-
visory speed, given a transiticn that achieves ap-
proximately 50 percent of the full development of
superelevation at the point of curvature. The ta-
pered exit begins 375 £t ahead of the point of cur-
vature and thus reguires a nominal deceleration of
0.21 g's even if braking begins immediately on entry
to the curve. The 0.21~g reguirement allows no dis-
tance for delay in brake application beyond the
leading edge of the taper and assumes that the vehi-
cle will begin decelerating while still placed fully
in the through lane. According to the AASHTO recom-
mendations, this deceleration lane is extremely
short and provides only approximately 100 £t of
roadway that should be "counted" for deceleration in
reccognition that the acknowledged deceleration lane
begins only at the point at which the taper has pro-
gressed 12 ft from the right edge of the through
lane.

The penalty paid by truckers who fail to achieve
the required speed on entering this curve is, of
course, most likely to be rollover. The accident
data show both rollover and jackknife accidents oc-
curring right at the beginning of the example curve.
Of course, the jackknife accidents are seen as sim-
ply resulting from the overbraking behavier of truck
drivers who are endeavoring to achieve & speed that
is low enough to avoid rollover. Simulation results
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shown in Figure 8 illustrate that a tractor-semi~
trailer carrying freight at a more or less typical
level of CG (payload mass center at 83 in,) passes
through the curve easily at 25 mph but barely es-
capes rollover at 35 mph. Other calculations for the
same vehicle with a high CG (payload at 105 in.)
show that the rig rolls over guickly if it enters
the ramp at 35 mph. Thus there is no question that
the deceleration task must be accomplished by most
loaded truck combinations if they are to safely ne-
gotiate curves that have this deyree of demand.

The key issue, then, is the extent to which de-
celeration reguirements of the level represented in
this case, and more generally of the level implicit
in AASHTOQ policy, can be reasonably accomplished by
heavy~duty truck combinations. There is a great deal
of evidence establishing that the braking capability
of heavy-truck combinations is quite low (26,27}.
Even on a dry pavement, a stop at approximately 0.4
g's would be considered a severe braking condition
for a heavy truck. The Federal Motor Vehicle Safety
Standard 121 that requires a deceleration capability
of 0.41 g's for air-braked trucks stopping from 60
mph was seen as imposing a serious challenge to the
state of truck braking technology. This standard,
applied to stopping on dry pavement, implied a brak-
ing efficiency of approximately 50 percent. Further,
because trucks suffer from large variability in the
effectiveness of the basic brake itself, poor main-
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tenance of slack adjustment, and large variations in
axle lecading depending on the cartage application,
levels of braking efficiency even lower than 50 per-
cent are encountered in service.

Under partial loading conditions, a vehicle can
exhibit both a low level of roll stability and an
extremely poor level of braking capability. In such
cases, the unfavorable distribution of axle loads
makes it difficult for the truck te decelerate, even
though the relatively high CG demands that speed be
reduced as required by the curve in order to aveid
rollover. Shown in Figure 9 is a plot of the maximum
deceleration capability of a doubles combination
with a partly lcaded rear trailer and a loaded front
trailer. To achieve a deceleration level equal to
the 0.21-g condition reguired on the example ramp
(with brakes applied right at the beginning of the
taper} requires a rather substantial peak tire-rcad
friction level of (.55, The extremely poor stopping
capability of this partly loaded vehicle is attrib-
utable to the light load prevailing at the rearmost
axle. As braking 1is increased, the brake torque
level applied at that axle quickly arrives at the
point of saturating the shear force capability of
the lightly 1loaded tires such that an unstable
swinging motion of the second trailer is threatened.
Similarly, a tractor-semitrailer with payload only
in the front portion of the trailer, or a compart-
mented tanker with fluid emptied from its rear com-
par tments, would exhibit very poor stopping perfor-
mance (comparable with that of the example double),
while also providing a low level of roliover resis-
tance. Although completely empty truck combinaticns
are also known to be conspicuously poor in braking
efficiency, their higher roll stability levels tend
to he somewhat compensating (assuming that the
driver senses that full deceleration to the value of
the posted ramp speed is not so crucial that he is
prompted to overbrake).
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FIGURE 9 Maximum decelevation capability of partly Joaded
doubles combinaiion as a function of the tire-pavement friction
level.

The AASHTO policy for length of deceleration
lanes c¢learly provides for more relaxed braking con-
ditions than those required by the example ramp, al-
though trucks must take liberties with the design
relative to the expected usage by automobiles. In
particular, the green book reguires that deceler~
ation length be measured on tapered exits beginning
with the point at which 12 ft of taper is achieved.
By this standard, the exampie ramp would have been
constructed with the taper beginning approximately
360 ft sooner than it was., Trucks that begin braking
right at the taper of such a deceleration lane would
experience only & moderate braking demand. Taking
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the recommended lengths of deceleration lanes, gen-—
erally, truck drivers could make a compromise usage
of the suggested design by sinmply applving brakes
throughout the available length of the lane thus
forsaking the luxury of a 3-sec period for coasting
in gear. By this apprecach, for example, the 490-ft
value that the green bock recommends for reducing
speed from 55 to 25 mph would reguire a steady de-
celeration of 0.16 g's--a level that should be rea-~
sonably achievable by almost all trucks under most
wet and dry conditions.

The primary observation that has been made on the
subject of deceleration lanes pertains to the very
poor stopping capability of many truck combinations.
Clearly, the problem in this regard is analogous to
that encountered with regard te allowances for side
friction factor. HNamely, design specifications that
are selected to assure comfortable operation of
automobiles pose demands that may challenge the con-
trollability limits ¢of heavy-duty trucks.

Case 4 {lightlv loaded truck tires are sensitive to
pavement texture in avoiding hydroplaning on
high—speed ramps)

Recent findings (28,29) that indicate the potential
for hydroplaning with lightly loaded truck tires
offer a likely explanation for loss-of-control prob-
lems that are seen at certain ramp sites in wet
weather. These findings are based on the observation
that at the light tire loads associated with empty
truck combinations the feootprint with which & &ruck
tire contacts the pavement is unusually incapable of
expelling water. Accordingly, very lightly loaded
truck tires are vulnerable %o a proncunced traction
deficiency on pavements on which the water cover
stands sufficiently above the textural asperities.
Because the loss of tire traction on wet surfaces is
clearly most pronounced when speed is high, poten-
tially troublesome ramps are categorically those
that have large-radius cugves such as at inter-
changes between two high-speed highways. The appli-
cable scenario leading to loss of control involves
an unloaded truck combination; a high-speed turn
that also poses a substantial side friction demand:
and poor pavement texture or water drainage charac-
teristics, or both.

An example ramp site that was found to provide a
dramatic illustration of this phenomenon is sketched
in Figure 10. The ramp constitutes a nearly steady
curve, 2,600 £t in length, which is comprised of two
curve segments of 1,400-ft radius with a 290-ft tan-
gent section connecting the two. The entire curved
portion of the ramp pius the 290-ft tangent secticn
was superelevated at 0.05 ft/ft, yielding a side
friction factor of 0.0% at the special truck advi-
sory speed of 45 mph. The evidence suggests, how-
ever, that many truckers simply sustain the 55-mph
speed that is posted for other vehicles and thus the
trucks experience a side friction factor of 0.09.

Forty~four less-~of-control accidents occurred at
this site with tractor-semitrailers duxing a 2~Yyear
period following operating of the new roadway. Aall
44 accidents occurred when the pavement was wet. The
rate of accidents was so great when wef conditions
prevailed that a number of the accidents were wit-
nessed by police officers who were on the scene to
aid in the recovery of another truck that had lost
control. Thirty-two of the accidents at this site
involved tractor jackknife, five culminated in roll-
over, and seven involved other events such as simply
running off the reoad oy striking a guardrail. The
ramp was resurfaced at the end of this 2-year period
with a high-friction bituminous concrete overlay,
after which the wet-weather accident problem essen-
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TRUCKS

R - Rollover
J - Jockknife

RAMP G - Other

CURVE DATA

[l R= 140000
L= 972,08
0=4°5'

TC= 440997
CT= 13+8.98

2) "= 1400.00
L= 164563
D= 4°8
TC= 16+ 73.09'
CT=33+1872

FIGURE 10 TLayout of curved ramp site at which numerous loss-of-
control accidents oceurred with tractor-semitrailers in wet weather.

tially disappeared. Although the police-reported ac-
cident forms provided no note of vehicle loading,
the large number of loss-of-control incidents that
involved running off the road without rollover sug-
gests that many of the semitrailers were lightly
loaded or empty.

Shown in Figure 11 are simslation results illus-
trating the jackknife response of an unloaded trac-
tor-semitrailer running oh the example ramp at a
constant speed of 55 mph. The conditions producing
loss of control in this example involve the assump-
tion of a near-hydroplaning level (mu = ¢,12) at the
tractor rear and trailer tires compared with a fric-
tion level at the front tires of 0.50. This peculiar
distribution of tire-pavement friction levels was
rationalized on the basis of large differences in
tire load among the respective axles and the corre-
sponding implications for friction, considering the
potential for strong hydredynamic influences (28).
Static loads on front and rear tires were 4,700 and
1,300 1lb, respectively. The simulation results indi-
cate that if the friction levels attain the identi-
fied values, the vehicle becomes sufficiently dis-
turbed in traveling over the superelevated tangent
portion of the curve that a rapid jackknife diver~
gency is precipitated {on saturating the lateral
force output of the tractor rear tires).

Although this example simulation iliustrates one

possible set of conditions under which accidents
such as those reported could occur, it should be
recognized that braking and steering inputs could
alsc disturb the vehicle to precipitate the actual
jackknife seqguence, That the great majority of the
jackknifed tractor-semitrailers came to rest on the
inside of the turn suggests that the jackknife typi-
cally began when tractor drive wheels were locked,
following which brakes were released, causing the
vehicle to go rapidly in the direction toward which
the tractor had begun to rotate~~toward the inside
of the turn.

The item of general importance illustrated in
this case 1s that heavy~duty vehicles are now known
t£o be unusual in their potential for loss of control
on wet pavements. Ramps that impose moderate to
large demands for side friction factor while also
permitting high-speed travel must be maintained with
particular attention to pavement friction level and
water drainage in order to safely accommodate
lightly loaded truck combinations.

Case 5 (curbs placed on the outer side of curved
ramps pose a peculiar obstacle that may trip

and overturn articulated truck combinations)

Every truck driver knows that the rear axles on the
trailing elements of an articulated truck combina-
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FIGURE 11 Response of tractor-semitrailer traveling at 55 mph without hraking

through the ramp shown in Figure 10.

tion will track inboard of the path of the tractor
during low-speed, tight-radius turning maneuvers.
This phenomenon has been called Low-speed offtrack=-
ing and has been recognized as a consideration in
highway design for many years. It has been observed
in recent years, however, that the trailers in trac—
tor-semitrailer and doubles combinations tend to
"fling cut" in a turn as the lateral acceleration
level increases, such that the rearmost axles may
actually subtend paths that are outboard of those
traced by tractor axles (30). The magnitude of the
outboard offset in wheelpaths can be of the order of
2 to 3 ft in a steady turn {31). The particular
safety concern that arises from this behavioral
characteristic is that the rearmost axles may strike
a curb that is situated, on certain ramps, along the
outer side of the curve. Because it is thought that
truck drivers are generally unaware of this so-
called “high-speed offtracking" phenomenon, the
safety problem may be exacerbated by the harmful
natural instinct of drivers who may tend to steer
close to the outer curb, believing that the trailer
axles always tend to go inboard.

As shown in Figure 12, the trailer attitude asso-
ciated with the outboard offtracking motion is such
that the outer trailer tire approaches the curb at a
sideslip angle, with the tire pcinted away from the
curb rather than toward it. Accordingly, the tire
tends to resist mounting at the curb face. Although
no gdefinitive experiments are known to have been
conducted to examine tire foree response under such
curb contact conditions, it appears c¢ertain that
large side force levels would be available so that
rollover would be a likely outcome.

Shown in Figure 13 is a case in which truck roll-
over accidents appeared to have involved tripping at
an outside curb. The ramp involves two 12-ft lanes
that constitute an interchange leqg between two urban
expressways. The curve radivs of 374 ft, together
with a superelevation of 0.05 and an original ramp
advisory speed of 35 mph, yielded a sgide friction
factor of 0.17. The ramp incorporated & cross—-gec-—
tiecnal design, as shown in Figure 14, with curbs
provided to assist in channeling water drainage. The
right curb is a mountable type permitting access by
disabled vehicles to a paved right shoulder.

This ramp provides, first, a relatively severe
side friction demand together with the curbk that is
within approximately 20 in. of the lane edge along
the outside of the curve. It would appear that truck
compinations may have experienced sufficient out-
board offtracking of the trailer axles, because of
the substantial side friction factor, that the rear-
most outer tire struck the mountable curb. Because
the sideslipping tire, with its inward orientation,
was unable to mount the curb, a lateral force re-
sponse developed due to the curb contact and thus
produced the additional roll moment needed to over-~
turn the truck combination.

The practice of building curbs on the outside of
a curved ramp was among the approved design ap-
proaches cited in the AASHO blue bock (25). Even on
loops or direct connection rocadways with continuocus-
curve alignment in one direction, curbs along the
cutside edge were justified as providing "an effec-
tive delineator on the high side of the pavement."
In the more recent green boock (1), AASHTO policy has
apparently changed suck that the use of curbs on in-
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termediate and higher speed ramps is not recom-
mended. Indeed, the green book suggests that curbs
be considered only to facilitate particularly diffi-
cult drainage situations, It is clear that the use
of a curb on the high side of a superelevated curve
cannot be rationalized as an aid teo drainage.

CONCLUDING REMARKS

The study that led to the findings presented herein
examined individual ramps that had been found to
have numerous truck lcss-of-control accidents. Al-
though, on one hand, a number of these ramps incor-—
porated features that AASHTO policy discourages, it
appears that even the current recommendations of
AASHTO on geometric design will allow ramps that
severely limit the safety margin available to many
heavy-truck combinations. Indeed, the most useful
aspect of this study, from the wviewpcint of the
highway design community, may be simply the illus-
tration that truck stability and control levels are
low relative to the vehicle control limits that are
assumed in geometric design. Although it may be im—
practical in certain respects to truly design high~
ways s0 that trucks can be operated as comfortably
as automobiles, it does appear rational to suggest
that highways be designed so that truckers obeying
the posted speeds can be assured of nominally safe
travel.

It would also appear beneficial for those main-
taining the highway system to examine ramp sites
that have frequent truck accidents to determine
whether any of the peculiar prcoblems identified here
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FIGURE 13  Layout of ramp on which cirb-contact accidents occurred,
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FIGURE 14 Cross section of roadway from ramp sile shown in Figure 13.
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might apply.

althcugh many of the countermeasures

implicit in the discussion here would involve major

reconstruction of the ramp,

improved speed advi-

sories, resurfacing, and curb removal are also among
the actions that can be taken in certain cases.

RETERENCES

1

19.

1i.

12,

13.

14,

15.

i6.

A Policy on Geometric Design of Highways and
Streets, 1984. AASHTO, Washington, D.C., 1984,
J. Cirille, S. Dietz, and R. Beatty. BAnalysis
and Modeling of Relationships Between Accidents
and the Geometric and Traffic Characteristics
of the Interstate System. BPR Research and De-
velopment Report. U.S. Department of Transpor-
tation, Aug. 1969.

H. Browner. Analysis of Relationships Between
Accidents and Geometrics and Traffic Character-
istics on the Interstate System, Presented at
ITE Meeting, Montreal, Canada, 1971.

R, Fisher. Accident and Operating Experience at
interchanges. In Highway Research Board Bulle~
tin 291, HRB, National Research Council, Wash-
ington, D.C., 1961, pp. 124-138.

J. Yates. Relationship Between Curvature and
Accident Experience on Loop and Cuter Connec-
tion Ramps. In Highway Research Record 312,
HRB, National Research Council, Washington,
D,.,C., 1970, pp. 64-75.

R, Lundy. The Effect of Ramp Type and Geometry
on Accidents, In Highway Research Record 163,
HRB, MNational Research Council, Washington,
D.C., 1967, pp. 80-119.

C. Pinnell and J. Buhr. Urban Interchange De-
sign as Related to Traffic Operation, Part I:
Diamend Interchanges. Traffic Engineering, Vol.
36, No. 7, March 1966a, pp. 20-50.

C. Pinnell and J. Buhr. Urban Interchange De-
sign as Related to Traffic Operation, Part IIL:
Cloverleaf and Directional Interchanges. Traf-
fic Engineering, Vol. 36, No. 7, April 1966k,
pp. 51-56.

P. CGray and W. Kauk. Circular and Elongated
Freeway Exit Loop Ramps. Traffic Engineering,
Vol. 38, No. 7, April 1968, pp. 16-19.

G. Langsher. Accident Experience at Ramps--—
Exits and Entrances--Preceding and Beyond In-
terchange Structures. Presented at the Regional
Meeting, AASHO Committee on Design, Denver,
Colo., Sept. 1959.

B. Mullins and C. Keese., Freeway Traffic hAcci-
dent Analysis and Safety Study. In Highway Re-
search Board Bulletin 291, HRB, National Re-
search Council, Washington, ©D.C,, 1961, pp.
26-78.

G. Hill. Designing Better Freeways., Traffic En-
gineering, Vol. 31, No. 1, Oct. 1960, pp. 11-18.
J. Wattleworth et al. Operational Effects of
Some Entrance Ramp Geometrics on Freeway Merg-
ing. In RHighway Research Record 208, HRB, Na-
tional Research Council, Washington, D.C.,
1967, pp. 79-1id.

D. Drew et al. Gap Acceptance in the Freeway
Merging Process. In Highway Research Record
208, BRB, National Research Council, Washing-
ton, D.C., 1967, pp. 1-36.

J. Buhr et al. A Natlonwide Study of Freeway
Merging Operations. In Highway Research Record
202, HRB, National Research Council, Washing-
ton, D.C., 1967, pp. 76=-122.

c.C. MacAdam et al. A& Computerized Model for
simulating the Braking and Steering Dynamics of
Trucks, Tractor-Semitrailers, Doubles, and
Triples Combinations--Users' Manual, Phase 4.

17.

18.

19.

20.

22,

23.

o

25.

26.

27,

28.

29.

30,

3.

f21%

89

Final Report UM-HSRI-B0-58. Transportation Re-
search Institute, University of Michigan, Aann
Arbor, Sept, 1, 1980.

C.C. Machdam. Application of an Optimal Preview
Control for Simulation of Closed-Loop Auto-
mobile Driving. IBE Transactions on Systems,
Man, and Cybernetics, Voi. SMC-11l, No. 6, June
1981, pp. 393-399.

J.E. Bernard, C.B. Winkler, and P.3. Fancher. A
Computer-Based Mathematical Method for Predict-
ing the Directional Response of Trucks and
Tractor-Trailers. Phase II Technical Report UM-
HSRI-PF-73-1. Righway Safety Research Insti-
tute, University of Michigan, Ann Arbor, June
1, 1973.

T.D. Gillespie. Validation of the MVMA/HSRI
Phase II Stralght Truck Directional Response
Simulation. Final Report UM-HSRI-78-46. Highway
Safety Research Institute, University of Michi-
gan, Ann Arbor, Oct. 1978.

R.D. Ervin et al. Influence of Size and Weight
Variables on the Stability and Control Proper-
ties of Heavy Trucks. Final Report. Transporta-
tion Research Institute, University of Michi-
gan, Ann Arbor, Vol. 2, May 1983. .
Segel. Side

c.C. Machdam, P.S. Fancher, and L.
Friction for Superelevation on  Horizontal
Curves. Final Report UMTRI-85-18. Transporta-

tion Research Institute,
gan, Ann Arbor, June 1985,
R.D. Ervin. The Influence of Size and Weight
Variables on the Reoll Stability of Heavy Duty
Trucks. SAE Paper 831163. Society of Automotive
Engineers, Warrendale, Pa., 1983.

C.B. Winkler, P.S. Fancher, and C.C. Machdam.
Parametric Analysis of Heavy Duty Truck Bynamic
Stability. Final Report UMTRI~83-13. Transpor-
tation Research Institute, University of Michi-
gan, Ann Arbor, March 1983.

R.D. Ervin, P.S. Fancher, and T.D. Gillespie.
An Overview of the Dynamic Performance Proper-—
ties of Long Truck Combinations. Report UMTRI-
84-26. Transportation Research Institute, Uni-
versity of Michigan, Ann Arbor, July 1984.

A Policy on Geometric Design of Rural Highways.
AASHO, Washington, D.C., 1965.

®.W. Radlinski and S.F, Williams. NHTSA Heavy
puty Vehicle Brake Research Program Report 1:
Stopping Capability of Air Braked Vehicles. In-
terim Report NRD-22. NHTSA, U.S., Department of
Transportation, Vol. 1, Technical Report, Sept.
1984.

R. Radlinski, J. Machey, and 8. Williams. The
Importance of Maintaining Air Brake Adjustment.
SAE Paper 821263. Society of Automotive Engi-
neers, Warrendale, Pa., Nov. 1982.

W.B. Horne. Predicting the Minimum Dynamic Hy-
éroplaning Speed for hAircraft, Bus, Truck, and
Automobile Tires Rolling on Flcoded Pavements.
Presented to ASTM Committee E~17 at College
Station, Tex., June 5, 1984,

B.L. Ivey et al. Tractor-Semitrailer Accidents
in Wet Weather. The Texas Transportation Insti-
tute, Texas A&M University, College Station,
May 1985,

J.E. Bernard and M. Vanderploeg. Static and Dy~
namic Offtracking of Articulated Vehicles. SAE
paper 8001%1. Society of Automotive Engineers,
Viarrendale, Pa., Feb. 1980.

R.D. Ervin et al. Influence of Size and Weight
Variables on the Stability and Control Proper-
ties of Heavy Trucks., Final Report UMTRI-83-10.
Transportation Research Institute, University
of Michigan, Ann Arbor, Vol. 1, May 1983.

University of Michi-~



