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ABSTRACT

Transport systems are primarily designed to address mobility and safety concerns. Today, energy consumption must
also be taken into account in infrastructure design and operation, as environmental issues and tensions in oil production
continue to intensify. For road transport, infrastructure requires energy for its construction, maintenance, and use. During
the use phase, previous studies have assessed the influence of road texture, longitudinal slopes, and curvature on vehicle
consumption. In this study, superelevation in curves is investigated as an additional parameter that may affect vehicle
energy consumption. This investigation is first introduced using a simplified two-wheel model, showing a computed
reduction in rolling resistance of 3% to 9% depending on cases. Full-scale experiments were then conducted using similar
parameter ranges, with an instrumented passenger car on a curved road section featuring a continuous crossfall varying
from 0 to 40%, and at three travel speeds: 80, 110, and 120 km/h. Experimental measurements confirm the numerical
approach, with consumption reductions of up to 10% achieved for a light vehicle on a curve with optimal crossfall. The
aim of this research is not to promote the design of all roads with high superelevation, which could be unsafe in most cases,
but rather to contribute empirical knowledge to refine numerical consumption models. However, in specific situations such
as high-speed highways, intermediate or high crossfall could be considered, provided that appropriate driver warnings are
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implemented or that advanced driving assistance systems become widespread. Future perspectives are discussed, taking

into account other road requirements such as safety.

Keywords: Roads; Use Phase; Energy Consumption; Design; Crossfall; Vehicles

1. Introduction

Transport systems are mainly designed to ensure mobil-
ity and safety at a limited cost. Until now, research based on
these criteria has contributed to improvements in road infras-
tructure: design rules generally focus on mobility and cost,
resulting in choices regarding curvature radius and slopes!!],
and safety is then evaluated, for example, using speed pre-
diction models !,

However, in general, this process is carried out regard-
less of the energy cost of infrastructure, despite the fact that
roads have a considerable impact on anthropogenic climate
change, representing 32% of global energy consumption in
Europe ) and even 81% of all transportation modes™.

Some construction choices are driven by environmental
considerations, such as the use of cold bituminous techniques,
low-lime methods, and material recycling!>. When consid-
ering medium- to long-term Life Cycle Analysis, use-phase
energy costs exceed construction costs, even when account-
ing for time-related effects(®). Some studies indicate that
construction-phase energy is offset within a relatively short
time!”> 81,

Road use-phase energy can be considered the sum of
the fuel consumed by vehicles traveling on it. Reducing
this consumption is relevant for fossil resource savings and
climate change mitigation!, since road transport cannot tran-
sition to renewable energy as easily as rail transport, which
benefits from dedicated electrified infrastructure and high
energy density systems.

Alternative road designs can lead to variations in use-
phase energy consumption.

Slopes and speed limits are the most evident design
and management parameters that significantly influence
operation-phase energy consumption'% ', Variations in ve-
hicle speed or altitude induce significant changes in kinetic
and potential energy, both of which increase with vehicle
mass. Vehicle operating speeds depend on infrastructure
design; thus, features such as roundabouts and intersections
condition speeds, travel times, and eco-driving!'?. In partic-
ular, it has been demonstrated that good alignment between

slopes and speed limits favors eco-driving['3] by reducing the
need for mechanical braking when appropriate road design
allows sufficient speed reduction without braking. However,
as secondary design parameters, the influence of curvature ra-
dius and crossfalls on vehicle consumption has been scarcely
investigated compared to longitudinal slopes!'* 13,

Even a complex model for consumption—travel time
optimization['®!, developed along an itinerary with speed
planning as the optimization parameter, assumes a half-car
model and no transverse slope. Research on electric vehicle
consumption is usually more focused on vehicle weight and
road longitudinal elevation profile and does not take into
account the forces required to maintain vehicle speed and
trajectory in curves, regardless of transverse slope!”). Again,
in the study by Gao et al.['8], speed limits are considered as
a parameter for limiting vehicle consumption, with road in-
put parameters such as longitudinal slope sequences, rolling
resistance, and air resistance, but without considering radial
forces in curves or transverse slopes. For longitudinal slope,
a minimal value of 3% was identified as a critical threshold
impacting vehicle consumption over a round trip.

Nevertheless, cornering losses have been assessed in
the study by Dixon['"] as a function of mass, velocity, and
radius. In Burgess and Choititle’s study ", it is pointed out
that vehicle mass is the most significant parameter affecting
energy demand, gravitational losses being proportional to
it; again, cornering losses are found to increase with mass.
Burgess and Choititle>" report a cornering loss ratio of 6
for a mass ratio of 2.5 between the heaviest and lightest ve-
hicles considered. Here, losses refer to the additional energy
required to maintain vehicle speed and generate tire—road
grip during a turning maneuver.

Practically, crossfalls are usually designed to ensure
water runoff, and their maximum value is linked to the de-
sign speed?!l. Crossfall has also been studied in the rail-
way context as a means of reducing contact stresses and rail
wear[?2 231,

For a specific vehicle using magnetic levitation and run-

ning over a banked curvilinear path[**!, relationships were

28



Transportation Development Research | Volume 04 | Issue 01 | May 2026

established between speed, superelevation angle, and lat-
eral forces. The counterforce provided by superelevation
allows cancellation of the centrifugal force associated with
the turn. Simulations indicate an increase in allowable speed
of approximately 7% for a 1° superelevation angle and about
56% for a 6° angle. This work shows that superelevation
suppresses the need for lateral force to maintain a vehicle
in a banked turn compared to a flat turn. These studies mo-
tivate the present research, which evaluates the influence
of road superelevation on road vehicle energy consumption,
particularly because this influence is often neglected, even
for itineraries with numerous turns.

This work, focusing on vehicle consumption, concerns
the operation phase of road infrastructures, regardless of
other contributing phases such as construction and mainte-
nance. The overall objective is to provide a general method-
ology for assessing road energy demand and to determine
the influence of infrastructure geometry on construction, us-
age, and maintenance energy costs for optimization purposes.
The work is experimentally and theoretically initiated in this
paper for the less commonly studied parameter, crossfall,

complementing ongoing research on longitudinal slopes!'3].

2. Theoretical Energy Consumption
in Curves

2.1. Study Context and Limitations

Road infrastructure geometry is determined to max-
imize both mobility and safety. This research focuses on
evaluating an additional road function: energy efficiency. As
discussed in the previous section, several studies have ana-
lyzed energy efficiency as a function of longitudinal slope,
road texture, and speed limits, but crossfall in curves has
not been considered as an influential parameter, except in
railway numerical simulations!?. This work aims to es-
tablish relationships between the superelevation angle in a
curve and potential vehicle energy gains. The models and
experiments are not limited to usual speeds or superelevation
angles, since the objective is to determine the influence of
crossfall rather than to propose design rules.

In straight sections, crossfalls induce transverse forces
that vehicles must compensate for, thereby increasing energy

consumption. In curves, however, this additional transverse
force may facilitate the turning maneuver and thus reduce
vehicle consumption. This work aims to evaluate this as-
sumption.

Several constraints must be considered when analyzing

banked curves:

. the minimum curvature radius must ensure sufficient

grip for curve handling;

. the minimum crossfall must comply with surface water

drainage requirements;

. the maximum crossfall must not endanger low-speed

vehicles under low-grip conditions (when added cen-
tripetal forces exceed the combined centrifugal and
tire grip forces).

The goal of the following subsection is to identify the
physical origin of vehicle rolling resistance during cornering
maneuvers. First, the phenomenon is introduced using a sim-
plified model. Then, rolling resistance is assessed for curves
with crossfall, with a large range of speeds and crossfall lev-
els, beyond the classical values, to investigate the system

limits.

2.2. Simplified Model of a Car in a Flat Curve

Rolling resistance expressions for a cornering maneu-
ver can be found in vehicle dynamics reference books, such

191 However, the as-

as Tires, Suspension, and Handling!
sumptions underlying the mathematical expressions used
are usually not fully explained. The following paragraphs
bridge the gap between the usual equations for this relatively
unknown rolling resistance and its physical origins.

The bicycle model (two-wheel vehicle model) is chosen
to illustrate the characteristics of rolling resistance during a
cornering maneuver. The name “bicycle model” comes from
the fact that both wheels on the same axle are represented by
an equivalent single wheel. This is a widely used model in
vehicle dynamics!?]. Moreover, the system is assumed to
be in a steady-state condition, i.e., the car moves at constant
speed along a circular path of radius R.

Figure 1 presents a top view of the model. Although
the angles shown in the figure are emphasized for clarity, the
calculations are based on the small-angle approximation.
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Abscissa of the road frame

Figure 1. Two-wheels vehicle model in a cornering maneuver.

The variables are as follows: v is the yaw angle be-
tween the road reference frame abscissa and the vehicle
longitudinal axis; g is the vehicle sideslip angle between
the vehicle longitudinal axis and the gravity center velocity
vector 7; oy and o, are the front and rear wheel sideslip
angles; d is the front steering angle, assumed identical for
both front wheels. Assuming the vehicle is rigid, its velocity
corresponds to the gravity center velocity, with longitudinal
and transverse components v, and v,,.

The geometric parameters are: vehicle mass m (kg);
wheelbase | (m), equal to [y + I,., where [y and [, are the
distances from the front and rear axles to the gravity center
G. The vehicle travels at constant speed along a circular arc
of radius R (m).

Kinematic rules allow to express «; (i = f,r) by d;, 53,
1/} and v,:

L

ap = B+l (1)
o = p- ¥ @)
Uy

In non-slip conditions, the lateral force F), generated

by the cornering maneuver and produced by tire—road grip

. 2
counterbalances the centrifugal force m‘%.

Using the small-angle approximation, the simplified

equation becomes:

mV?

R

F,=F, +F, = 3)

F,, and F,, are the front and rear transversal forces.

In steady driving conditions, a common assumption
is a linear relationship between the sideslip angle and the
lateral force through the tire cornering stiffness D; (daN/°).
As previously indicated, in this bicycle model, the right and
left wheels of each axle are combined into equivalent mean
wheels with common sideslip angles. Therefore, the corner-
ing stiffness must be doubled,

F,, = 2Dy, a; (4)

with ¢ = f or r respectively for the front or rear tires.

The rolling resistance for a tire during a cornering ma-

neuver is mainly related to two terms:

. energy dissipation due to bending of the sidewalls and
tire—road contact. As a first approximation, this dis-
sipation is assumed to be the same as in straight-line

rolling;
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. the work of the cornering force F, in the direction of

motion: Fy, ay.

The total vehicle rolling resistance is the sum of each
tire’s rolling resistance. Thus, two phenomena are involved:
energy dissipation in each tire and the specific projection of
the front steering and rear wheel cornering forces.

The dissipation term can be approximated as - - m- g,
where (. s the rolling resistance coefficient of the tires
(speed dependent), and g is gravitational acceleration. (i, is
considered here as a road-independent tire characteristic and
assumed identical for all tires. This approximation could be
refined by adding a term that varies with the speed, but it
will not be worked out in order to be consistent with Dixon’s
equation.

The contribution specifically caused by the cornering
maneuver, RR,, is the sum:

RR, = F,a; + Fyay. (5)

This equation can be simplified.

Under the assumption Fy; = F,,., Equation (3) be-
comes: )
mV F,
F,s=F, = ==z 6
WSV 9R T 2 ©)

By assuming that the cornering stiffness is the same for
all the tires, Equation (6) associated with Equation (4) lead
to:

mV?

= = . 7
“r = IDR ™
By using this last result with the Equations (6) and (5), the

part of the rolling resistance specifically caused by the curve,

af

RR,, can be assessed with the following formula:

4
RR.=m?>—Y— =

F?
y
4D R?

4D,

®)

RR, has to be compared with the total drag of the car.
In this purpose, the aerodynamic drag % pCr ApV?is com-
puted with p the air density, Ap the drag area, C,, the drag
coefficient. It is supposed that there is no surrounding wind
in this simplified model. Then, the total resistance to the
advancement in a curve, AR, can be approximated by:
m2V4
4D, R?’

1
ARC = HUryrmMg + §PCIADV2 + (9)

This equation, without the previous detailed argument,

is presented in Dixon’s book %],

31

2.3. Banked Curve Model

The Figure 2 displays a point-mass representation of
a car on a curve with transverse slope angle . The vehicle
is reduced to its center of gravity G; F, is the normal road
reaction force. In the presence of crossfall, the lateral force
F,.  equals the difference between the centrifugal force and

the gravity component projected onto the road plane:

2

F, =m

Yor 5 mgl = F,, — mgb.

(10)

F, represents the lateral force required in the absence
of crossfall to maintain the vehicle on the desired stable
trajectory.

In a banked curve, this lateral force demand is reduced
because part of the centrifugal force is compensated by the
gravitational component acting along the inclined plane.

However, in extreme cases where the gravitational com-
ponent exceeds the centrifugal force, the resulting lateral
force becomes negative. This implies that a counteracting
transverse force must be generated by the tires in the opposite

direction to maintain the chosen trajectory.

0,

Figure 2. Balance of forces acting on a vehicle in a banked
curvel'® 2],

In Equation (9), which expresses the total advancement
resistance, the term % corresponds to the additional
rolling resistance induced by cornering. In the presence of
crossfall, this term becomes dependent on the effective lateral

2
force F, and can therefore be rewritten as —2<£

YCR> 4D, *
The reduction in lateral force leads to a quadratic re-

duction in cornering rolling resistance because of crossfall:

1. reduces the front and rear lateral forces (F),y and Fy,)

generated by tire-road contact;
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2. reduces the sideslip angle «, which is proportional to

these forces through the cornering stiffness.

From the rolling resistance Equation (9), and by taking
into account the Equation (10), the rolling resistance in a
banked curve is RR.:

(11)

2.4. Numerical Application

The total advancement resistance in curve is computed
for flat and banked configurations in this numerical applica-
tion.

The common computation parameters are: the vehi-
cle mass m = 1,500 kg, D; = 50,000 N, the rolling

resistance coefficient C, = 0.01, the aerodynamic pa-
rameters C, = 0.34, Ad = 2.25m?, and the air density
p=12kg/m’.

In the case of the flat curve model, computation param-
eters are given in Table 1: speed of 90 km/h, radius equal
to 400 m, lateral acceleration of 0.15 g, and crossfall equal
to 0.

The numerical application becomes:

The first term of rolling resistance is yp,rmg = 147 N,

the sideslip angle is 0.7°,
m2A% _

the rolling resistance due to the bend is then 7~ =

27N,
the aerodynamic drag is % pVZAp =289 N,

leading to the total advancement resistance: AR, =
463 N.

Table 1. Numerical computation of the total drag AR..

Maneuver R (m) CR(°) V (km/h) AR. (N)
usual 400 0 90 463
usual 400 3 90 448

dedicated 314 110 622
dedicated 316 11 110 587
dedicated 318 17 110 572

In the case of banked curves, four crossfall angles and
two vehicle speeds have been selected (Values given in Ta-
ble 1).

For a small angle of 3°, which is usual on open roads,
the parameters and the resulting advancement resistance are
given in the second line of Table 1. At this intermediate
value, the influence of crossfall on rolling resistance is sig-
nificant, since it reduces it by half, from 27 N to 12 N. The
total advancement resistance becomes AR, = 448 N. In this
case, crossfall reduces the advancement resistance by 3%.

The last three lines of Table 1 correspond to three ded-
icated experiments carried out on our test track, with a speed
of 110 km/h and crossfall values of 10%, 20%, and 30%.
Overall, over this angle range, the total advancement resis-
tance computed by the simplified model is reduced by 9%,
from 622 N to 572 N.

2.5. Model Limits

Our model is simplified. In particular, it does not take

into account the load transfer that occurs from the inside

wheels to the outside wheels of a vehicle during a cornering
maneuver. This transfer penalizes the grip potential of the
inside wheels by reducing their vertical load. It alters the
cornering stiffness and modifies the suspension geometry.
Changes in suspension geometry affect wheel orientation
and therefore modify the sideslip angle.

However, in a usual maneuver, these phenomena are
mitigated by the crossfall effect, since crossfall itself reduces
load transfer. In this case, load transfer has to counterbal-
ance the resultant of both the centrifugal force and the gravity
component projected onto the same plane. Conversely, the
outside wheels benefit from an increased load and there-
fore from increased grip potential, assuming sufficient road
surface quality and condition.

One assumption of the calculation is that energy dis-
sipation due to the bending of the tire sidewalls is identical
in straight-line and cornering conditions. It is clear that
this term increases during a cornering maneuver because
the sidewalls undergo greater deformation. However, this

phenomenon is difficult to assess and depends on tire char-
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acteristics. Crossfall, by reducing the sideslip angle and
therefore tire deformation, decreases this dissipation.

In conclusion, our calculation is conservative regarding
the influence of crossfall on advancement resistance. De-
spite this conservative assumption, the model indicates that a
conventional crossfall reduces the total vehicle advancement
resistance by 3%. Using a validated fuel consumption model
(VTI report 748 A), the corresponding fuel consumption
reduction is estimated at 1.5%.

This gain may appear modest, but it concerns the entire
vehicle traffic. Consequently, cumulative individual gains
could lead to significant energy savings. Moreover, it is con-
sistent with improved road safety, since transverse grip is
less demanded to maintain the curved trajectory.

These results are difficult to assess under normal driv-
ing conditions because of various sources of disturbance
arising from poorly controlled parameters, such as weather
conditions (wind field, air density, temperature) or vehicle
state (engine and tire temperatures, vehicle wear). Dedicated
experiments were therefore designed to assess the influence
of selected crossfall levels.

For this purpose, the simplified bicycle model is used

to verify whether the conditions of our dedicated experi-
ments allow quantification of the role of crossfall in energy
consumption.

These results are subject to some uncertainties, related
to load transfer effects (with both benefits and drawbacks),
as well as to non-linearities and small-angle approximations.

Although subject to discussion, these results suggest
that the influence of crossfall can be detected experimentally,
which constitutes the objective of this theoretical section: to
forecast and estimate the results of the subsequent experi-

mental phase of this work.

3. Experimental Evaluation of Cross-
fall Influence

3.1. Experimental Setup

Full-scale tests have been carried out with an instru-
mented passenger car on a circular test track, with the aim of

identifying consumption variations under different crossfall
levels. The specific test track presents several crossfall levels

for almost the same curvature radius (Figure 3).

7

Figure 3. Test vehicle on the C' crossfall level trajectory.

The test vehicle, a RENAULT CLIO, is a medium-
sized passenger car equipped with numerous instruments,
the most important for this study being a Kistler dynamomet-
ric wheel mounted on the right front wheel, a Correvit optical

speedometer, a wind speed anemometer on the roof, an iner-

tial measurement unit, and proprietary sensors whose data
are delivered via the vehicle CAN bus (instantaneous fuel
consumption, steering wheel angle, ...). Data are acquired
at a common sampling frequency of 100 Hz.

The portion of the test track used in this study is a cir-
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cular curve approximately 1,100 m long, with a progressive
crossfall from 0% to 41%, for a proportional radius ranging
from 312 to 320 m. For the study requirements, five crossfall
levels are considered, named C to C, and associated with
the following (crossfall level, radius) pairs: C (0,312); Cy
(10,314); C5 (20,316); Cy (30,318); and C'5 (41,320).

Each test consists of a run along the whole curve at a
stabilized speed and steering angle. Tests are performed at
speeds of 80, 110, and 120 km/h, and for three different cross-
fall levels at each speed (indeed, some combinations of speed
and crossfall levels lead to abrupt and strong control inputs,
which are not pursued in this context; therefore, only 3 out of
the 5 crossfall levels have been operated for each speed case).

Main recorded data are:

. vehicle speed determined optically by means of a Cor-
revit;
. longitudinal and transversal relative wind speeds mea-

sured 20 cm above the vehicle roof by means of two

axial anemometers;

. instantaneous fuel consumption acquired from the ve-
hicle CAN bus;
. longitudinal and transverse contact forces for the right

front wheel measured by means of a Kistler dynamo-
metric wheel;

. applied torque to this wheel measured by means of
strain gauges fitted on the transmission arm;

. vehicle yaw rate extracted from the inertial measure-

ment unit.

3.2. Experimental Results

Some recorded data from a particular test case are plot-
ted in Figure 4, corresponding to the lowest speed and lowest
crossfall level case, i.e., the 80 km/h and flat crossfall test

case.
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Figure 4. Stationary test run filtered signal data.

Note: Test conditions: 80 km/h speed and C'; crossfall level.

Experimental data are acquired at a frequency of 100
Hz over a total duration of about 15 s, starting a few seconds

after reaching a steady state in vehicle dynamics. The plotted
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data result from two successive numerical treatments: the
data are first smoothed by means of a linear centred averag-

ing function and then decimated by means of a block-to-point
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averaging function in order to reduce the number of retained
values.

It can be noted that the plotted data in Figure 4 corre-
spond to a longer duration than the retained data. Neverthe-
less, noticeable signal variations are due to engine instability,
wind fluctuations, and unavoidable driver-related factors.

For the sensitivity study of the crossfall parameter,
global mean values are used for each experimental case.
Mean values of the most significant measured parameters
are given in Tables 2—4 for all tested situations.

In the particular case of the low speed of 80 km/h (Table
2 and Figure 4), for which the crossfall level is greater than
necessary to balance the low centrifugal forces, fuel con-
sumption is reduced by 2.5% and 5% with successive in-
creases in crossfall from C;. The assumption of transversal
force compensation by the gravity component is nevertheless
not fulfilled. Indeed, the negative F), force for the C cross-
fall case corresponds to the natural behaviour in which the

driver must generate a centripetal force when driving through

a curve. For the Cy and Cj3 crossfall cases, the crossfall lev-
els are too high and positive F;, forces must be generated to
remain on the chosen stable path. In other words, an outward
force must be applied by the driver to avoid an oversteering
manoeuvre. For these two latter cases, in the tangential plane
of the road, the gravity component becomes higher than the
dynamically induced centrifugal forces, and the difference
must be compensated by tire lateral forces.

For the speed of 110 km/h, the measurements given
in Table 3 are consistent with the anticipated result that the
required transversal driving force F); decreases with increas-
ing crossfall level, since the gravitational component in the
road plane partly compensates for the centrifugal forces due
to curve dynamics. This decrease in required transversal
contact force is confirmed by a reduction in steering angle.
Although fuel consumption is not uniquely and directly de-
pendent on these two indicators, it decreases significantly
for the C3 and C} situations compared with the C test case,
by 5.4% and 10.3%, respectively.

Table 2. Lower speed test case (80 km/h): Fuel consumptions, contact forces and steering angle for the three experimented crossfall

values C to C's.

Test Case Speed (km/h) Cons. (1/100) F,(N) F, (N) Steer (°)
80 km/h, Cy 77.4 5.96 —264 —369 —-17.1
80 km/h, Co 77.2 5.81 —231 262 —10.7
80 km/h, Cs 773 5.67 —225 457 —8.5

Table 3. Intermediate speed test case (110 km/h): Fuel consumptions, contact forces and steering angle for the three experimented

crossfall values C5 to Cj.

Test Case Speed (km/h) Cons. (1/100) F:(N) Fy, (N) Steer (°)
110 km/h, Cs 106.4 7.55 —351 —436 —15.8
110 km/h, C3 106.4 7.14 —336 —157 —13.6
110 km/h, C4 106.4 6.77 —343 —123 —13.2

In this speed case, gravity compensation of the transver-
sal force is never excessive; that is to say, the speed/cross-
fall combinations for the C3 and C} levels both constitute
improvements compared with the speed/C’y crossfall combi-
nation.

It goes without saying that this improvement in fuel
consumption for the C5 to Cy crossfall cases at 110 km/h
is fully dependent on the vehicle class. The improvement
is observed here for a passenger car, but it could differ for
a heavy vehicle. The present work aims to emphasize the

achievable energy savings within a given test framework.

At last, for the highest tested speed of 120 km/h, the
measurements given in Table 4 exhibit the same behaviour
of successive decreases in steering angle and transversal con-
tact force for the right front wheel with increasing crossfall
level from C'5 to C's. Meanwhile, reductions in fuel consump-
tion are observed but are not proportional to the crossfall
increase, with 7% and 4.3% reductions for the C4 and Cj
levels, respectively, compared with the C fuel consumption
level.
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Table 4. Highest speed test case (120 km/h): Fuel consumptions, contact forces and steering angle for the 3 experimented crossfall

values C3 to Cs.

Test Case Speed (km/h) Cons. (1/100) F,. (N) Fy (N) Steer (°)
120 km/h, C3 116.2 8.54 -390 —626 —17.6
120 km/h, C4 116.2 7.94 —397 —468 —15.4
120 km/h, Cj 116.1 8.17 —386 —225 —12.8

A careful review of the recorded data leads to the con-
clusion that measurements on the right front wheel cannot
be assimilated to a two-wheel model at such high crossfall
levels as Cy and C'5. Further experiments should therefore
include force measurements on both front wheels to account
for transverse load transfers. Indeed, despite lower effective
fuel consumption for higher crossfall levels, the longitudi-
nal force F), varies only slightly, particularly because these
crossfalls above 20% generate significant load transfer and

force asymmetry.

(@] (@) a

Fuel consumption (1/100)
*

80 90100110 80 90 100110 80 90 100110

The Figure 5 shows the overall reductions in fuel con-
sumption for the three test speeds over five subplots corre-
sponding to the five crossfall levels. This synthesis figure
confirms significant fuel reduction with increasing crossfall,
except for the previously discussed case at the highest speed
and highest crossfall level.

Despite the limited number of crossfall levels tested,
a near-linear relationship between crossfall and fuel con-
sumption is observed for two out of the three speed cases, as
highlighted by dashed lines in Figure 5.

ca s
Tl o
H N

Planned speed
(km/h)
® 30
* 110
0120

80 90100110 80 90 100110

Measured vehicle speed (km/h)

Figure 5. Fuel consumptions vs. crossfall cases and test speeds.

4. Discussion

The literature provides many elements for modeling
vehicle fuel consumption on straight roads and longitudi-

nal slopes, but very few investigations address the influence

of curves and banked curves on fuel consumption. Aside
from classical fuel consumption parameters such as vehi-
cle characteristics, wind field fluctuations, driving inputs,
road materials, and slopes, this work aims to propose a first

experimental assessment of crossfall in curves.
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The full-scale experiments show that in the case of a
crossfall level that is excessive relative to the operating speed
of the vehicle, a transversal force must be developed in a di-
rection opposite to that required in the flat crossfall situation.
This phenomenon is induced by the excessive gravity com-
ponent, which overcomes the centrifugal component in the
road plane. It represents a real drawback of banked curves,
since it results in a non-natural and unexpected manoeuvre
for a driver travelling at too low a speed. This situation
was encountered for the 80 km/h speed case with significant
crossfall. Despite this, fuel consumption reductions between
2.5% and 5% were observed for this low-speed case, for the
C5 and C} crossfall configurations compared with the flat
curve C; configuration.

For the same light vehicle, experiments carried out at
higher speeds of 110 km/h and 120 km/h do not lead to the
same drawback. In these cases, the crossfall does not ap-
pear to be excessive, since the transversal force decreases
without changing sign. The gravitational force contributes to
reducing the transversal forces, as predicted by Equation (10).
Consequently, it also contributes to a reduction in the wheel
steering angle, which is a secondary efficiency indicator of
crossfall influence.

Reductions in fuel consumption appear to be signifi-
cant, ranging from about 5.4% to 10.3% at the intermediate
speed of 110 km/h and from 4.3% to 7% at the highest speed
of 120 km/h.

The intermediate speed case can be considered the most
appropriate combination of crossfall selection, vehicle speed,
and vehicle mass in terms of fuel consumption optimization.

On the other hand, the higher speed case shows limi-
tations in force evaluation from measurements, due to the
limitations of a two-wheel model and the use of a single
instrumented wheel. Furthermore, such high crossfall lev-
els are not considered by vehicle manufacturers, and com-
ponents such as suspensions are not operating within their
normal use range.

This experimental work was conducted over a wide
range of crossfall values, at moderate and high speeds, and
for a single passenger car. The objective was not to inves-
tigate high crossfall levels from a road design perspective,
but rather to explore a broad experimental range of this ge-
ometric parameter, since almost no previous experimental

research had been conducted in this area.

It appears that high crossfall levels can be difficult for
drivers to handle at low speeds. At high speeds, the limita-
tions arise more from vehicle characteristics, as vehicles are
not designed for such specific infrastructure conditions.

Nevertheless, at a typical speed of 80 km/h, intermedi-
ate crossfall levels, slightly higher than conventional ones,
can lead to fuel consumption reductions of 2.5% to 5% com-
pared with the flat curve case. Moreover, the transversal
forces required to maintain the vehicle trajectory are lower,
resulting in reduced use of road grip potential and potentially
improved overall safety.

These results should be considered as part of an experi-
mental study, with possible practical applications limited to
moderate crossfall values adapted to usual operating speeds.
Finally, this research should be extended to include experi-

ments with heavy vehicles, utility vehicles, and motorbikes.

5. Conclusion

Mid-term expectations regarding oil availability, oil
prices, and climate change justify new investments in trans-
port systems to improve their energy efficiency.

In this context, reducing the energy demand of the road
transportation system is a key objective for fossil resource
savings, since road transport is less likely than rail trans-
portation, for example, to shift entirely to renewable energy
sources.

Without altering safety or mobility standards, alterna-
tive road designs can lead to variations in operational phase
fuel consumption. While slopes and speed limits have al-
ready been studied with this objective, the influence of cur-
vature radius and crossfall on vehicle consumption has been
scarcely investigated, although cornering losses have been
assessed as a function of mass, velocity, and radius.

In this work, the influence of crossfall in curves has first
been evaluated theoretically using a simplified two-wheel
model and then assessed experimentally.

Full-scale tests have been carried out with an instru-
mented passenger car on a circular test track approximately
1,100 m long, with a progressive crossfall from 0% to 41%,
corresponding to radii ranging from 312 to 320 m. Five
crossfall levels have been considered within this range for
the study.

Experimental results have shown that when the cross-
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fall level is excessive relative to the vehicle operating speed, a
transversal force must be developed in a direction opposite to
that required in the flat crossfall case, with the gravity compo-
nent not only assisting in reducing the centrifugal component
but actually overcoming it in the road plane. Such excessive
crossfall should be avoided, as it implies non-natural and
potentially unsafe manoeuvres. Despite this drawback, fuel
consumption reductions of up to 5% have been achieved in
the low-speed case of 80 km/h for relatively high crossfall
levels of 10% and 20%.

An intermediate speed case of 110 km/h appears to
be the most appropriate combination of crossfall selection,
vehicle speed, and vehicle mass in terms of fuel consump-
tion optimization. Fuel consumption reductions of 5.4% and
10.3% have been achieved for crossfall levels of 20% and
30%, respectively, compared with the reference level of 10%.
In this experiment, the flat curve case was not recorded be-
cause it would have required excessively high transversal
forces on the tires.

For the higher speed case of 120 km/h, fuel consump-
tion reductions ranging from 4.3% to 7% have been observed.
However, force measurements were less conclusive, as the
assumption of vehicle symmetry could no longer be consid-
ered valid for crossfall levels greater than 20%, and therefore
two instrumented wheels would be required. Moreover, ve-
hicles are not designed for such conditions, and mechanical
failures could occur in components such as the suspension.

In this initial stage, a simple symmetrical model has
been established and used to facilitate the experimental evalu-
ation. The experiments demonstrate the potential of crossfall
variations to reduce vehicle fuel consumption on curved road
sections within a reasonable range of crossfall values, partic-
ularly at relatively high speeds.

In future work, a broader range of experimental condi-
tions is planned, particularly for different types of vehicles
such as heavy vehicles, buses, or motorbikes, and with a

more finely discretized set of crossfall levels.
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