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Introduction: This paper presents the results of a comprehensive project whose goal is to identify roadway design
practices that maximize the margin of safety between the friction supply and friction demand. This study is mo-
tivated by the concern for increased accident rates on curves with steep downgrades, geometries that contain
features that interact in all three dimensions — planar curves, grade, and superelevation. This complexity
makes the prediction of vehicle skidding quite difficult, particularly for simple simulation models that have
historically been used for road geometry design guidance. Method: To obtain estimates of friction margin, this
study considers a range of vehicle models, including: a point-mass model used by the American Association of
State Highway Transportation Officials (AASHTO) design policy, a steady-state “bicycle model” formulation
that considers only per-axle forces, a transient formulation of the bicycle model commonly used in vehicle
stability control systems, and finally, a full multi-body simulation (CarSim and TruckSim) regularly used in

the automotive industry for high-fidelity vehicle behavior prediction. The presence of skidding – the
friction demand exceeding supply – was calculated for each model considering a wide range of vehicles
and road situations. Results: The results indicate that the most complicated vehicle models are generally un-
necessary for predicting skidding events. However, there are specific maneuvers, namely braking events
within lane changes and curves, which consistently predict the worst-case friction margins across all
models. This suggests that any vehicle model used for roadway safety analysis should include the effects
of combined cornering and braking. Practical Implications: The point-mass model typically used by highway
design professionals may not be appropriate to predict vehicle behavior on high-speed curves during
braking in low-friction situations. However, engineers can use the results of this study to help select the ap-
propriate vehicle dynamic model complexity to use in the highway design process.

© 2014 National Safety Council and Elsevier Ltd. All rights reserved.
1. Introduction

This paper presents the results of a comprehensive three-year pro-
ject to predict vehicle skidding events on roads of differing geometry.
The goal of these simulations is to identify roadway design practices
that maximize the margin of safety between the friction demanded by
users of the roadway and the maximum friction that can be supplied
on the roadway during normal operation. This study is motivated by
the concern for increased accident rates in areas that have steep down-
grades combined with sharp curves. Such downgrades often occur in
mountainous areas, and the difficult terrain of these areas often requires
the use of minimum-radius curves as per current highway design rules.
Design practice for minimum-radius curves is to use “superelevation,”
or banked curves, to enable tighter turn geometries while presumably
nan@psu.edu (S. Brennan).

td. All rights reserved.
maintaining reasonable lateral friction demand from the vehicle's
tires. Thus, steep downgrade curves contain features that interact in
all three dimensions — planar curves, grade, and superelevation. This
complexity makes the prediction of vehicle skidding quite difficult,
particularly for simple simulation models that have historically been
used for road geometry design guidance, a fact that has motivated
research into road measurement for vehicle simulation purposes
(Chemistruck, Detweiler, Ferris, Reid, & Gorsich, 2009; Dembski,
Rizzoni, Soliman, Malmedahl, & Disaro, 2006; Detweiler & Ferris,
2010; Kern & Ferris, 2007; Stine, Hamblin, Brennan, & Donnell, 2010).

A specific challenge in this study is therefore to identify models of
suitable complexity to accurately predict friction demand on a 3D
roadway, but at the same time be simple enough to facilitate broad,
sweeping studies of roadway design variations. These models must be
based on physically measurable properties – road friction values,
vehicle geometries, vehicle inertial properties, road geometries, and so
forth – and must be verifiable via field measurements. The range of
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Fig. 1. Friction ellipse (tire–road model).
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models included in this study is obtained from roadway design guid-
ance and vehicle chassis control practice, and includes a point-mass
model used by the American Association of Highway Transportation
Officials (AASHTO) in present design policy (AASHTO, 2011), a steady-
state “bicycle model” formulation that considers only per-axle forces
(Pacejka, 2006), a transient formulation of the bicyclemodel commonly
used in vehicle stability control systems (Pacejka, 2006), and finally a
full multi-body simulation (CarSim and TruckSim) regularly used in
the automotive industry for high-fidelity vehicle behavior prediction.
The overall goal of the simulation effort is to examine whether operat-
ing conditions commonplace in standard driving practices requiremod-
ifications to existing AASHTO design policy based on the results of
simulation of each of the vehicle models.

2. Simulation Approach

A challenge in the use of any simulation is that errors in the assump-
tions or setup will produce errors in the simulation output. Generally, a
higher fidelity simulation will produce more accurate predictions, but
with very severe computational burdens and often with exponentially
more simulation parameters to study. For example, the so-called
“point-mass model” depends on very few parameters and can be
simulated across all vehicles and road situations in the feasible design
space in less than a second using a modestly powered computer. In
contrast, a multi-body simulation (e.g., CarSim) depends on hundreds
to thousands of vehicle parameters, and may take tens of seconds to
simulate and post-process data across just one road profile, for one
vehicle. One expects a multi-body simulation to be more accurate,
particularly since these are in heavy use by industry, but it quickly
becomes impractical to use complex software to analyze primary design
decisions for road geometry. Further, one expects that at some point,
adding additional simulation detail does not perceptibly affect the
results. Thus, it is possible to “over-complicate” a simulationwith corre-
sponding computational penalties and obfuscation of primary results.

One way to balance a simulation approach between over-
simplification versus over-complication is to compare simulations of
increasing fidelity to one another across common road use scenarios. It
can be expected that the simplest models will produce substantial error
in their outputs, which are discoverable by noting large differences in
predictions using these simple models to simulations of greater fidelity.
Similarly, simulation models that are too complex will have predictions
that are little changed from simpler models.

The simulation approach of this study used models of increasing
complexity to determine a vehicle's friction demand. For each simula-
tion, the primary focus was to determine whether friction demand, f,
exceeds the supply friction, ftire–pavement, margin, consider the simple
definition in Eq. (1):

f margin ¼ f y;supply− f y: ð1Þ

In otherwords, the lateral frictionmargin is defined as lateral friction
supply minus the lateral friction (i.e., cornering friction).

Situations of zero or negative friction margins must be avoided
because a vehicle will skid and be unable tomaintain the desired trajec-
tory along the horizontal alignment of the road. For each analysis, the
ftire–pavement values are represented by a friction ellipse that encompasses
the maximum friction supply in the longitudinal or x-direction (brak-
ing) and lateral or y-direction (side) as shown in Fig. 1. The operating
situation of the vehicle including the driver's inputs, vehicle type,
vehicle loading, and so forth will determine the tire forces and hence
the “friction demand” imposed by the vehicle; usually, this operating
pointwill bewithin the friction ellipse. The outer boundary of the road's
tire friction ellipse (e.g., the friction “supply”) will change as a function
of speed, tire type, and pavement condition; additional details on how
the supply friction was obtained are in later sections. Because this
study is focused on using vehicle models for roadway design, each
simulation is studied considering only changes in vehicle type, curve
radius, the superelevation, steering maneuvers (curve-keeping versus
lane-change), and braking type (no braking, curve-entry braking,
stopping-sight braking, and emergency braking).

To define a suitable measure of friction margin for the simulations,
the position of the operating point relative to the edge of the friction
ellipse in Fig. 1 must be converted into a friction margin. One can see
that using cornering friction (the vertical position in Fig. 1) alone does
not quantify the proximity of the operating point to the edge of the
friction ellipse, as braking maneuvers will move the operating point to
the left and right. Instead, the total friction demand, not just the horizon-
tal (i.e., cornering) friction, must be taken into account. The friction
ellipse predicts that braking demandswill decrease available lateral sup-
ply friction below the nominal value of fy,max. The followingmodification
ismade to fy,max to obtain fy,supply by utilizing the friction ellipse equation:

f y;supply ¼ f y;max

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− f x

f x;max

 !2
vuut : ð2Þ

This definition of lateral friction supply gives priority to braking
margins first, which is consistent with how a vehicle operates in
practice where a brake-induced skid event reduces lateral friction
supply to near-zero values. Combining Eqs. (1) and (2), we obtain a
usable definition of the lateral friction margin:

f margin ¼ f y;max

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− f x

f x;max

 !2
vuut − f y: ð3Þ

This definition of the lateral friction margin therefore depends on
the tire's demanded side force, fy, the demanded braking, fx, and the
maximum dimensions of the friction ellipse in the braking and lateral
directions, fx,max and fy,max. This frictionmargin definition is used in all sim-
ulations regardless of the complexity or structure of the simulation. For ex-
ample, when using the modified point-mass model, the “tire” considered
is actually a lumped representation of the sum of forces on all tires pos-
sessed by the real vehicle. When considering the per-axle (bicycle)
model, each “tire” considered represents two tires lumped together, or
even eight tires in the case of the rear tractor and trailer axles. For the
per-tire simulations using high-order multi-body simulation software,
the “tire” considered is consistentwith a single “tire” on the physical vehi-
cle. This is important because changing normal loads during a simulation
due to weight transfer affects the ultimate supply friction available on
true tires due to tire load sensitivity, and also changes the friction demand
on each modeled tire as the model structure complexity increases to ap-
proach reality.
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To summarize, the procedure for calculating lateral frictionmargin is
consistent through all simulations and consists of the following steps:

1. Assuming wet road conditions (0.5 mm water depth), obtain a
friction ellipse for the tire considered using a tire model, the tire
type (passenger or truck tire), vehicle operating speed, and the
friction data collected in the field.

2. Run a simulation of a vehicle traversing the hypothetical geometries
under dry road conditions to obtain values for the demanded lateral
and braking forces, Fx and Fy. Convert these to normalized forces, fy
and fx (demanded friction) for any and all individual tires and/or
tire groups present in the simulation.

3. Use the friction ellipse and fx to obtain values of fy,supply for the
simulated scenario per Eq. (2).

4. Calculate lateral friction margin as fmargin = fy,supply − fy per Eq. (3).

For modern roadway designs in nominal conditions, the lateral
frictionmargins are usually quite high. This is a result of the very conser-
vative AASHTO policy for horizontal curve design, which is used for
design of roadways. This study is constrained to curveswith aminimum
constant-radius design, so the radius, Rmin, is given by the AASHTO
design rule:

Rmin ¼ VDS
2

g � fmax þ 0:01 � emaxð Þ ð4Þ

where VDS is the roadway design speed, g is the gravitational constant,
fmax is the maximum “design friction” assumed for the road (this is
specified by theAASHTOpolicy aswell), and emax is themaximumsuper-
elevation of the road, generally less than 12% of bank angle. This equation
illustrates that the present AASHTO roadway design policy does not
utilize the friction ellipse concept, and thus driving maneuvers that re-
quire braking inputs can potentially generate negative friction margins.

3. Simulation Models

3.1. Point-Mass Model

For a given curve radius, superelevation, grade, and design speed,
one can calculate the force balance on a point mass representation of a
vehicle. To develop the point-mass model, the assumption of small
angle representation (i.e. cosθ = 1 and sinθ = θ) is made to maintain
simplicity within equations; the angles of the road geometry are so
small that these approximations are quite valid. The free body diagrams
for the pointmassmodel are shown in Fig. 2. Here,N represents the nor-
mal force from the road on the vehicle, Fb and Fc represent the braking
and cornering forces acting on the vehicle point mass while γ and α
represent the grade and superelevation angles, respectively. The
deceleration, ax, is directed along the vehicle's longitudinal axis. After
applying a force balance using Newton's second law for a body rotating
with angular velocity around a curve with constant radius, R, the three
governing equations for vehicle motion in the X, Y, and Z-directions
Fig. 2. Longitudinal forces acting o
can be obtained (for more detail, see Varunjikar, 2011).

Fb ¼ max−mgsinγ ¼ max−mg
G

100
ð5Þ

Fc ¼ m
V2

R
−mgsinα ¼ m

V2

R
−mg

e
100

ð6Þ
These equations can be simplified by substituting N = mg and then

simplifying the result using the friction definitions, f x ¼ Fb
N , and f y ¼ Fc

N :

f x ¼
ax
g
− G

100
ð7Þ

f y ¼
V2

gR
− e

100
: ð8Þ

Here, the terms fx and fy represent the friction demand in the braking
(longitudinal) and cornering (lateral) directions. These depend on: ax
which is the braking-induced deceleration (which is positive for braking
demands), g which is the gravitational constant, G which is the road
grade (which is negative for downgrades), V which is the vehicle for-
ward speed, Rwhich is the curve radius, and ewhich is the road super-
elevation (positive values lean the vehicle to the inside of the curve).
Comparing these equations to Eq. (4) used by AASHTO for minimum-
radius curve design, we see that Eq. (8) is equivalent, while Eq. (7)
adds an additional equation for the longitudinal friction factor. Thus,
in the absence of braking forces, this point-mass vehicle will have the
same lateral friction margins for each superelevation and grade due to
the AASHTO design policy. With the addition of braking forces, howev-
er, the conditions change slightly as the total friction demand of a point-
mass model for a vehicle is represented by fx and fy together. Note that
this model has no provisions for analyzing transient maneuvers like
lane changes. Thesemaneuvers can only be captured by amore complex
model of vehicle dynamics.

4. Steady-State Bicycle Model

A primary criticism of the point-mass model is that it does not ac-
count for the per-axle force generation capabilities of a vehicle. A typical
passenger vehicle has an approximately 60/40weight split from front to
rear. When the vehicle is in a curve, this weight difference means that
the lateral forces required on the front axle are usually much different
than the rear axle. Indeed, the lateral forces required on each axle are
proportional to the mass distributed over each axle; thus, on a flat
road (i.e., one with no superelevation or grade), the weight distribution
on the tires is exactly the same proportion as the lateral forces required
from each axle. This is beneficial to curves on level roads: the vertical
forces pushing down on each axle are pushing most on the axles that
most need cornering forces. The net effect is that, for level roads, the
weight differences are generally ignored for friction analysis without
much error.
n a vehicle point-mass model.

image of Fig.�2


Fig. 3. Forces and moments acting on a vehicle in a steady turn on a superelevated curve with a downgrade.

Table 1
Decelerations at which brake proportioning valve activates.

Vehicle class ax,p, 0% grade ax,p, −9% grade

E-class sedan −17.21 ft/s2 −14.31 ft/s2

E-class SUV −12.82 ft/s2 −9.92 ft/s2

Full-size SUV −10.92 ft/s2 −8.02 ft/s2
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However, on grades and in cases where there is deceleration, the
weight shift from the rear to the front of the vehicle may significantly
change the relative amounts of vertical tire force on each axle. If there
is a curve on a grade, the cornering forces required from each axle
remain proportional to the mass above each axle, not the weight.
This difference between the mass-related cornering forces and the
weight-related friction supply illustrates why curves on grades are so
problematic for ensuring sufficient lateral friction margins.

To calculate this effect of per-axle friction utilization, this analysis
uses a common simplification in vehicle dynamics: the vehicle is
idealized as a rigid beam, and each axle is represented as a single tire
situated at the midline of the vehicle. There are a number of additional
assumptions in deriving this model, and details can be found in vehicle
dynamics textbooks (e.g., Pacejka, 2006). The resultingmodel is termed
a “bicycle model” because of its appearance (see Fig. 3).

The equations of motion for even the steady-state bicycle model are
too involved for the brief presentation allowed in this paper, and the
interested reader is referred to Pacejka (2006) for additional details.
However, the general process is similar to that used for the point-
mass model: the force balances in the lateral, longitudinal, and vertical
directions are derived. For the bicycle model, the additional moment
equations are also obtained in the vertical and lateral directions. The
normal forces are solved for in terms of vehicle geometry, and are
substituted into the cornering force equations. The resulting equations
are then rearranged to solve for lateral friction factors for the front
and rear axles. Noting that the weight of the vehicle, W = mg, the
closed-form expressions for the side friction factors per axle are:

f yf ¼
Fcf
N f

¼

b
L

mV2

R
−W

e
100

 !

W
b
L
þ m ax−g

G
100

� �� �
h
L

f yf ¼
Fcr
Nr

¼

b
L

mV2

R
−W

e
100

 !

W
a
L
− m ax−g

G
100

� �� �
h
L

:

ð9Þ

These represent the quasi-static friction demands on the front and
rear axles. Here G is the road grade, and e is the road superelevation as
defined before. The terms a, b, L, and h are length parameters as
shown in Fig. 3. The terms ax and g are the braking acceleration and
gravitational acceleration as defined earlier.

To complete the analysis for the steady-state bicycle model, the
braking forces on each axle are needed. Braking forces are often (and
intentionally) distributed unequally between axles. Under severe brak-
ing, the front axle will have more normal force and will thus be able to
generate more braking forces, and consequently in vehicles a brake
proportioning valve activates above a certain brake command to shift
additional brake inputs to the front tires (see Limpert, 1999). In this
work, a simple braking model is used to split braking between each
axle as the valve only activates at higher deceleration levels, generally
higher than any seen in normal driving. To confirm this assumption,
Table 1 shows the decelerations at which each vehicle's proportioning
valve would initiate a reduction in rear tire braking force, for a zero-
grade situation and for a 9% downgrade (9% downgrade is the steepest
downgrade used in common practice on U.S. highways).

Four different decelerations are studied in this study: 0, −3, −11,
and −15 ft/s2 representing no braking, curve-entry braking, stopping-
sight braking, and theminimum level of emergency braking, respective-
ly. Using brake-proportioning valve settings for each representative
vehicle as obtained from CarSim software documentation, the two
highest decelerations in this study (−11 and −15 ft/s2) may cause
brake-proportioning valve activation.

In general the stopping sight distance (−11 ft/s2) and emergency
braking (−15 ft/s2) decelerations would not be considered “steady-
state” driving situations, as the vehicles' speed is changing too abruptly
to satisfy themodel assumptions. However, the equations in this analy-
sis are “steady” in that they assume constant terms in the equations,
including decelerations, and thus they will give estimates of necessary
tire forces at the onset of the maneuver before speed changes signifi-
cantly, precisely when skidding will most likely occur.
5. Transient Bicycle Model and Multi-Body Simulations

The transient bicycle model is identical in formulation to the steady-
state model, except that the forces are summed to equal the inertia
times acceleration rather than zero; details on this model can also be
found in Pacejka (2006). The resulting differential equations are solved
in this study using MATLAB/Simulink with a 0.0001 second time step
and ODE45 variable time-step numerical solver. The primary benefit
of the transient model versus the steady-state model is that it allows
changing steering inputs, for example lane-change maneuvers.

Finally, amulti-body vehicle dynamics simulation is used to simulate
vehicle outputs. For this study, CarSim and TruckSim software packages
were used using default values for all vehicles. For both the transient
bicycle model and the multi-body simulation models, the road profiles
were imported in a manner that allowed the vehicle at least 10 s of
straight-line approach to the curve to ensure that transient behavior
due to initial conditions is completely settled out prior to curve entry.

image of Fig.�3
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Fig. 4. Distribution of maximum friction for longitudinal (braking) and lateral (cornering) directions across all sites for passenger vehicle tires (85 mph).
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5.1. Simulation Parameters and Friction Measurements

Vehicle simulation parameters were obtained by standard vehicle
parameter sets used in CarSim and TruckSim for an E-class sedan,
E-class SUV, compact sedan, full-sized SUV, single-unit truck, and a trac-
tor semi-trailer vehicle under empty, half-loaded, and fully-loaded con-
figurations. These values were compared to NHTSA-published datasets
and peer-reviewed literature and found to quite close. Due to the limit-
ed scope of this paper, only the E-class sedan and SUV results can be
discussed.

Lane-change durationswere determined by experimentallymeasur-
ing approximately 1,127 lane change events observed in video logs of
the downgrade sites in this study. The results indicate that passenger
vehicles took 3 s for a lane change (2.90 swith 0.82 std dev). Differences
between left-to-right and right-to-left lane change durations were not
found to be statistically significant. To represent lane changes in simula-
tion, a duration of 3 s was used for the period of the single sine wave
steering input. The amplitude of the sine wave was calculated for each
vehicle to exactly produce a 12 foot amplitude lane change within the
curve.

To obtain realistic friction supply estimates, friction values were ob-
tained from comprehensive measurements at 5 different sites in the
Eastern U.S., with 63 measurements at each site. The measured data
were processed to populate coefficients in a LuGre tire model that pre-
dicts tire forces and friction ellipses in both the longitudinal (braking)
and lateral (cornering) tire directions (de Wit, Olsson, Astrom, &
Lischinsky, 1995). The principal axes of the ellipse – representing the
maximum friction predicted by the tire curve – are used to predict
maximum available friction values for wet roads at the 315 measure-
ment locations, for both braking and cornering. Because the peak tire
forces change with speed, this process was repeated for the different
speed levels considered in this study (25 to 85 mph in 5 mph
increments). This resulted in 2,184 different brake- and cornering-
force friction curves.

The histograms of these tire–pavement curves were used to calcu-
late the mean and minimum levels of friction supply for pure braking
and pure cornering, at each measurement site and at each speed. The
resulting friction values are normally distributed with a well-defined
mean and standard deviation, allowing statistical definitions of friction
supply for simulations. Specifically, the data from all road measure-
ments were used to generate a histogram of friction values for each
speed; an example of this is shown in Fig. 4. To incorporate a conserva-
tive approach into the design criterion, the lowest level of maximum
friction supply considered in the analysis was assumed to be two
standard deviations below the mean (e.g., a 2% friction value).

Thesemeanand two-standard deviation “low” friction supply curves
versus speed were then compared to the AASHTO maximum side
friction curves used in horizontal curve design for both passenger car
tires and trucks (Fig. 5). Thisfigure shows that the friction supply curves
for both the lateral (cornering) and longitudinal (braking) directions for
both passenger vehicles and trucks are higher than the maximum fric-
tion demand curves (fmax) given by the AASHTO policy. Thus, current
horizontal curve design policy appears to provide reasonable friction
margins against skidding when the vehicle is only cornering or only
braking. Consequently, if there is going to be an area of concern based
upon AASHTO's current design policy, it will likely arise from the inter-
action of braking and cornering forces.

In contrast to the wet-road supply friction, the demanded friction
levels are obtained from vehicle simulations that are run hereafter
under “dry-road” assumptions. This choice accommodates friction
transitions that commonly occur on roads but are hard to consider
analytically. For example, a vehicle that is maneuvering on a dry road
may encounter a wet patch of road within that maneuver. In such a
case, the tires could be demanding forces on entrance to the maneuver
that are from a dry road, but friction supply along subsequent wet
portions of the road may be limited by wet-road conditions.

6. Results and Discussion

Fig. 6 shows a comparison of frictionmargins predicted by the point-
mass model, steady-state bicycle model, and transient model for an
E-class sedan maintaining a lane within a minimum-radius turn with
no lane changes or braking. Two situations of superelevation are
shown representing extremes: one at 4% and for 16%. The effect of
superelevation is negligible except for speeds above 50 mph, at which
speeds the friction margins on approach to the curve, not within the
curve, become limiting at high speeds. In other words, the approach
transition from level road to severely superelevated road gives worse
friction margins than within the curve. This small sensitivity to

image of Fig.�4
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Fig. 6. Lateral friction margins from point-mass, steady state bicycle, and transient bicycle models for E-class sedan (G = −9%, e = 4 and 16%) (ax = 0 ft/s2).
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superelevation is an effect of the AASHTO design policy, which designs
roadway curvature to precisely cancel the effects of superelevation.
The differences between the various models for this situation is other-
wise negligible, and thus the point-mass model, being simplest, is
most appropriate for design in this brake-free, lane-change free
situation.

Fig. 7 shows comparison of friction margins predicted by the point-
mass model, steady-state bicycle model, and transient model for an
E-class sedan performing a lane change in a minimum-radius curve,
with no braking. One observes that the transient model predicts signif-
icantly lower frictionmargins on both the front and rear axles than does
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Fig. 7. Lateral friction margins from point-mass, steady-state bicycle, and transient bicycl
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Fig. 8. Lateral friction margins from steady-state bicycle (left) and transient bicycle (right) mo
the steady-state model or the point-mass models, neither of which
includes lane-change effects. What is surprising about the result is
that the modest lane-change utilizes a significant fraction (roughly
75%) of the reserve friction margin. Nearly identical results were seen
for truck lane changes, even though these drivers used a different
lane-change duration. Thus, it appears that drivers performing
lane-change maneuvers may be selecting the duration of the lane
change (and hence aggressiveness of tire force usage) to utilize similar
proportions of the reserve friction margin.

Shown in Fig. 8 is a comparison of friction margins predicted by the
steady-state bicyclemodel versus the transient bicyclemodel for steady
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e models for E-class sedan (G = −9%, e= 4 to 16%) (ax = 0 ft/s2 and lane change).
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Fig. 9. Lateral friction margins while maintaining the same lane (left) and with a lane change for E-class sedan (G = 0 to −9%, e = 0%) (ax = 0, −3,−11, and −15 ft/s2).
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lane-keeping but under different braking maneuvers, for an E-class
sedan. The results are quite similar for both models, except above
50 mph for constant speeds and light braking. Again, these differences
are due to the effects of the transition into the curve, rather than the
curve itself.

Shown in Fig. 9 are plots comparing friction margins predicted by
the steady-state bicycle model versus the transient bicycle model for
lane changes under different braking maneuvers, for an E-class sedan.
The results are quite dissimilar. Again, the lane-changes utilize a signif-
icant fraction of the friction margin. For stopping-sight decelerations
(−11 ft/s2) and emergency decelerations (−15 ft/s2), negative friction
margins are observed in the transient bicycle model that indicate a pos-
sibility of vehicle skidding in these situations. Note that the steady-state
bicycle model does not capture these predictions.

Shown in Fig. 10 is a comparison of frictionmargins predicted by the
transient bicycle versus the multi-body model. The results for the front
axle are quite similar for bothmodels, but for the rear tires the transient
bicycle model predicts lower margins. Close analysis of the two model
outputs showed that this difference is due to the dynamics of the tire
and brake system that are neglected in the bicycle model, that cause
the rear tire forces to not be as aggressive in the multi-body model for
this situation. However, for slightly different timing of brake and
steering, the multi-body model gives results quite similar to the tran-
sient model, thus showing that the multi-body model is very sensitive
to parametric choices in the simulation with little appreciable benefit
in understanding. Because their results are quite similar and the tran-
sient model is simpler, the transient bicycle model is more suited for
roadway friction margin analysis.
30 40 50 60 70 80
-0.1

0
0.1
0.2
0.3
0.4

F
ro

nt
 F

y 
M

ar
gi

n

Transient Bicycle Model
Multibody Model

30 40 50 60 70 80
-0.1

0
0.1
0.2
0.3
0.4

R
ea

r 
F

y 
M

ar
gi

n

Speed (mph)

e = 0%, G = -9%, FullSUV

Fig. 10. Lateral friction margins from transient bicycle and multi-body models fo
7. Conclusions

The results of these simulations illustrate that for situations without
lane changes, the point-mass model used by AASHTO is appropriate for
friction margin analysis as long as one includes the friction ellipse to
combine steering and braking effects. In situations with lane changes
and severe braking, the most appropriate method to predict road fric-
tion margin appears to be the transient bicycle model. The multi-body
vehicle simulation appears to be unnecessary for predicting friction
margins and hence skidding events, except for very brief transient
effects such as fast oscillations due to tire or brake dynamics. However,
the results also indicate that there are specificmaneuvers, namely brak-
ing events within lane changes and curves, which consistently predict
the worst-case skidding events across all models. These results suggest
that any vehicle model used for roadway safety analysis should include
the effects of combined cornering and braking.
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