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ABSTRACT 
 
ESC efficiency to reduce accident is now well 
proven. But ESC has a significant cost and to install 
it as a standard equipment on small cars will make 
them more expensive and then slow down the 
modernisation of the car in the street which is the 
most efficient way to improve safety. 
 
On the other hand ABS is already standard 
equipment on all cars in many countries. Then if an 
ABS can significantly improve the stability of the 
cars in real world accident cases, one can expect 
major safety benefits without this cost problem. 
 
As ABS can be efficient only when drivers brake, 
accident statistics obtained in France and studies of 
drivers’ reactions are shown to establish in which 
cases the driver has an action on the brakes. 
Important cases like accident in a curve, in a 
straight line or at an intersection are addressed. It is 
shown that a significant accident reduction can be 
expected with an improved ABS. 
 
We made measurements of car behaviour during 
tests reproducing such accident situations. Results 
of these measurements are produced to compare the 
stability of a car equipped with the sensors of a 
state of the art ESC and the improved ABS. As a 
reference performance of a car fitted with a current 
ABS are also provided. 
The special algorithms of ABS used to obtain these 
improvements are introduced. 
 
INTRODUCTION 
 
In [1] we can find an evaluation of the efficiency of 
ESC to avoid accident.  
This study is interesting as it distinguishes the 
different accident scenarios. Then it identifies 
accident situations for which the ESC is pertinent or 
not. For example ESC is pertinent for loss of 
control accidents whilst it is not for cars pulling out 
of a junction. According to this paper, the accidents 
for which the ESC is pertinent are related to loss of 
control or guidance problems. The given list is : 

• Single car accident. Loss of control or 
guidance problem on a straight road 
outside junction 

• Loss of control or guidance problem on a 
straight road outside junction. Collision 
with an opponent 

• Single car accident. Loss of control or 
guidance problem in a bend outside 
junction 

• Loss of control or guidance problem in a 
bend. Collision with an opponent 

• Single car accident. Loss of control or 
guidance problem at a junction. 

 
For these accident scenarios we assume that an 
enhancement of vehicle stability is possible via 
ABS when the driver brakes. To estimate the 
possible accident reduction possible this way, we 
need to determine the proportion of cases with a 
driver’s action on the brakes. Of course when the 
driver does not brake the ESC will be the only way 
to avoid these kinds of accidents. 
Several studies based on real world accidents give 
indications. With [2] we learn that there is a rate of 
40-50% braking actions in fatal accidents in France. 
This study is not precise enough and we cannot 
make a distinction between the accident for which 
an ESP is pertinent or not.  
For this purpose specific studies are more efficient. 
During such studies an accident situation is 
simulated to study the driver behaviour. The LAB 
Laboratory of Accidentology, Biomechanics and 
studies of human behaviour carried out such studies 
for accident scenarios in a straight line and accident 
scenarios in a curve. These studies are realized on 
the field and not in a simulator. The details of these 
experiments methodology and accident simulation 
can be found in [3] for straight line and [4] for a 
curve. The chosen scenarios are pertinent for the 
study of guidance or loss of control problems as 
they may lead to severe steering wheel manoeuvre. 
 
The main advantage of a specific study is that the 
driver’s actions are measured. Then we can see 
that: 

• 68 % of drivers began by braking before 
steering in the straight line case 

• 57 % of the drivers brake before or during 
the steering manoeuvre in the curve case 

 
With this figures, we see that an improvement of 
vehicle stability obtain via ABS will address a 
significant proportion of ESC pertinent accidents.  
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PROPOSED IMPROVEMENT 
  
Existing systems 
 
During a curve, when the driver brakes the ABS 
tries two obtain the same slip or the same braking 
effort on the two wheels of an axle. When a 
difference exists it is a small one. It is obtained only 
via a reduction of the inside wheel braking effort 
due to a sooner ABS regulation as the vertical load 
is smaller. 
These small differences in the braking effort 
produce only a small yaw torque that will not be 
sufficient to counter an oversteer tendency of the 
car. That is true even when the driver brakes 
strongly. 
 
This is illustrated in figure 1 and figure 2. The 
desired slip level corresponding to the black 
horizontal lines in the small graphs are kept 
constant during the manoeuvres. The values are the 
same for the two wheels of an axle and are the same 
as during a straight line. 
 
 

 
 
Figure 1. The desired slip level is kept constant 
during the curve 
 
Description of the new algorithm 
 
The system employed is an ABS 8 from Bosh only 
equipped with the four wheel speed sensors. The 
aim of this study is to avoid side slip angle increase 
or at least to limit it. 
This is obtained with a new algorithm of ABS 
developed during this study. 
The inputs are:  

- an estimation of lateral acceleration ay 
based on the wheel speeds. 

- An ABS instability regulation criteria for 
each wheel 

The estimation of ay is used in a function to 
recognize 

- a curve in ABS 
- a lane change with ABS 

 
 
Figure 2. The desired slip level is kept constant 
during a sever lane change manoeuvre 
 
Depending on these inputs the ABS instability 
regulation criteria is modified. In ABS this criteria 
is here to avoid a sudden increase of the tyre skid. 
So it is related to the desired longitudinal slip of the 
tyre. This criteria is modified in order to increase 
the drag of the wheels outside the curve and to 
reduce it for the wheels inside the curve. With these 
modifications the tyre braking efforts generate a 
yaw torque that big enough to improve the stability 
of the car. 
 
Is important to note that during a severe lateral 
solicitation when a stability problem may occur, the 
vertical load of the inside wheels will be small. As 
a consequence this wheel begins to skid with a 
small longitudinal effort. This explains why the 
described algorithms are efficient with moderate 
braking orders and not only during emergency 
braking. 
The modifications made during a braking in a curve 
and a lane change manoeuvre are now detailed. 
 
BRAKING IN A CURVE 
 
The observed lateral acceleration is symbolised by 
the blue curve of figure three. 
When this estimate becomes higher than a given 
threshold, the instability criteria of the wheels 
outside the curve is modified in order the pressure 
release in the brakes come latter. This leads to an 
increase of braking force produced by these wheels. 
In figure three, the nominal value of the instability 
criteria corresponds to the black line it is the same 
as in figure 1. When the increased of estimates 
lateral acceleration is detected, the value is 
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modified to a higher value corresponding to the red 
line. 
On the opposite, the instability criteria of the 
wheels inside the curve is modified in order the 
pressure release in the brakes is initiated sooner. 
This leads to a decrease of braking force produced 
by these wheels. When the increased of estimates 
lateral acceleration is detected, the value is 
modified to a smaller value corresponding to the 
green line in figure 3. 
The modification on the instability criteria is 
possible on the two wheels of one side of the car or 
only on one wheel depending on the desired 
behaviour of the car. 
 

 
 
Figure 3. Illustration of the brake forces 
modifications during a braking in a curve 
 
To increase the robustness, these modifications of 
the instability criteria are only kept for a limited 
time interval. The magnitude of the duration is 
tuned to produce a desired yaw speed change. Then 
the desired slip values of the two wheels of the axle 
go back to the default values i.e. the straight line 
values. 
 
LANE CHANGE MANOEUVRE 
 
With such a manoeuvre the oversteer tendency 
appears during the second manoeuvre i.e. when the 
driver wants the car to stabilize in the left corridor. 
The time when this second manoeuvre is done by 
the driver is detected with the ay estimation. Then 
modifications similar to those employed during the 
braking in a curve are realized. The magnitudes of 
these modifications are more important to obtain a 
greater effect as the vehicle tends to be more 
instable during this manoeuvre.  
 
The corresponding brake forces modifications are 
illustrated in figure 4. 

 
Figure 4. Illustration of the brake forces 
modifications during a lane change manoeuvre 
 
VALIDATION 
 
The proposed algorithm was tested for both 
manoeuvres on roads with different levels of 
adhesion and with various braking efforts. The 
detail of the test matrix is given in table 1. 
In this table l.c. means lane change and b.i.c. means 
braking in a curve. 
 

Table 1. 
Test matrix 

 
 Master cylinder pressure 
surface test 10 20 30 40 50 60 70 
snow l.c. • • • • • • • 
 b.i.c. • • • • • • • 
wet l.c. • • • • • • • 
 b.i.c. • • • • • • • 
dry l.c. • • • • • • • 
 b.i.c. • • • • • • • 
 
The corresponding results on snow are shown in 
figure 5. In this figure green means the stability is 
good, yellow means the stability is satisfactory for 
an experienced driver and red means the stability 
should be improved. 
 
In this figure the left part gives the results for the 
braking in a curve and the right part for the lane 
change manoeuvre. 
In addition for each test a comparison is made with 
the same car equipped with a state of the art ABS 
(noted ABS), the ABS with the proposed 
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modification (noted ABS plus) and an ESC (noted 
ESP). 
 
With no surprise we can see that the stability is 
always good with the ESC and almost never at the 
desired level with the ABS. 
With the ABS plus the stability should be improved 
only in the case of very low brake pressure (10 
bars) for the braking in a curve and for 10 bars and 
20 bars for the lane change. 
The improvement is very significant. 
 

 
 
Figure 5. Tests results on the snow. 
 
Figure 6 illustrates this improvement with a plot of 
the side slip angle (noted with the french word 
“derive” in the legend). The case tested here is a 
lane change at 80 km/h with a pressure of 40 bars 
measured in the master cylinder. The side slip angle 
obtained with the state of the art ABS means the 
vehicle is not stable. The time histories of side slip 
are very similar with ABS plus and with the ESC. 
We can see a small oscillation of side slip angle 
with ABS plus around t = 6 s. This is because we 
only have an open loop correction so it is difficult 
to terminate it without any oscillation. 
 

 
Figure 6. Time history of the Side slip angle 
during a lane change manoeuvre 
 

CONCLUSIONS 
 
It has been established that ESC are efficient to 
avoid accidents. When going into deeper analysis 
ESC is pertinent for loos of control or guidance 
problems. Theses problem my occur in a straight 
line or in a curve. 
Specific studies with accident situations simulated 
to study the driver behaviour show that : 

• 68 % of drivers began by braking before 
steering in the straight line case 

• 57 % of the drivers brake before or during 
the steering manoeuvre in the curve case 

 
Then we can see that the drivers brakes for a very 
significant part of these loss of control or guidance 
problem. 
When the driver brakes an improvement of the car 
stability can be obtained via an ABS equipped only 
with the wheel speed sensors. 
 
The principle of the algorithm for such an 
improvement of car stability is introduced for the 
braking in a curve and lane change manoeuvre.  
 
Results of tests showing the improvement are 
produced. 
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ABSTRACT 

A process of evaluating robustness of the side slip 
angle estimation and control algorithms for vehicle 
dynamics control is described and selected results are 
presented.  The estimation algorithm is a non-linear 
observer with adaptation to road friction and a 
compensation for a road bank angle.  The estimator 
relies on the information from the sensors and other 
estimates, on a nominal model of vehicle, and on 
assumptions about disturbances, all of which may be 
inaccurate.  In order to evaluate the effects of these 
errors on the estimation of side slip angle, a 
systematic robustness study is performed.  It uses 
analysis, vehicle testing and simulations based on a 
validated vehicle model.  First, the effects of single 
factors in various maneuvers and road conditions are 
examined and those having the largest contributions 
to errors are identified.  Subsequently, the 
combinations of multiple error factors are studied, 
with the emphasis on the worst possible 
combinations.  The robustness of the control system 
is then evaluated along the same lines, with the 
particular emphasis on the worst case scenarios, 
when the side slip angle estimates are the least 
accurate.  

INTRODUCTION 

Accurate information about the side slip angles of 
vehicle and tires is critical in controlling vehicle 
motion in the yaw plane using active chassis systems, 
such as brake-based Electronic Stability Control 
(ESC) systems and active front or rear steering 
systems.  Excessive slip angle of the vehicle and the 
rear axle generally indicates an oversteer condition 
and may lead to the loss of directional control of 
vehicle.  It also increases the risk of tripped rollover, 
especially when the lateral velocity exceeds critical 
sliding velocity (i.e. a minimal lateral velocity, which 
is sufficient for the vehicle to roll over upon 
tripping).  A large slip angle of front tires makes the 
vehicle insensitive to minor steering corrections and 

reduces the effect of brake intervention at a specified 
slip level on vehicle yaw moment.   

Since the side slip angle cannot be easily measured, it 
must be estimated using available sensors and 
possibly knowledge of vehicle parameters.  A typical 
sensor set available in vehicles equipped with ESC 
systems includes steering angle sensor, yaw rate 
sensor, lateral acceleration sensor, and four wheel 
speed sensors, from which vehicle longitudinal speed 
is derived.  A number of algorithms for estimating 
the side slip velocity and side slip angle using this 
sensor set have been proposed.  They can be roughly 
classified into four categories: 1) estimators relying 
on kinematic relationships such as pseudo-integrator, 
e.g. [1]; 2) estimators based on algebraic equations 
[2], 3) estimators based on a dynamic model such as 
Kalman filter [3, 5], and 4) other methods, for 
example neural networks [4] or fuzzy logic. 

The model based approach is the most common.  It 
has the best potential since it uses all available 
information including the sensor data and the 
knowledge of vehicle dynamics represented in the 
model with specific parameters.  The disadvantage is 
that the accuracy of estimates is affected not only by 
the sensor errors and unknown disturbances, but also 
by the mismatch between the model and the actual 
vehicle.  Since the estimate of side slip angle is used 
in vehicle stability control system [3, 6], the 
estimation errors affect vehicle performance.  
Consequently, robustness of the algorithms must be 
carefully evaluated before introducing the system in 
production vehicles.  To the best knowledge of the 
authors, no comprehensive robustness analysis of 
side slip angle estimation and control algorithms has 
been described in literature.   

In this paper a process of evaluating robustness of 
the side slip angle estimation and control algorithms 
for vehicle dynamics control is described and 
selected results are presented.  The estimation 
algorithm is a non-linear observer with adaptation to 
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road friction and a compensation for a road bank 
angle.  The control algorithm combines tracking of 
the desired yaw rate with regulation of the rear axle 
side slip angle, which must be kept within limits 
necessary for maintaining vehicle stability and 
maneuverability.  Since both the estimation and 
control algorithms are nonlinear, their robustness 
properties depend on operating point, types of driver 
inputs, sensor errors, road conditions, etc.  
Consequently, it is virtually impossible to 
analytically establish global conditions of stability 
and robustness.  A systematic robustness study is 
therefore performed.  It uses analysis, vehicle testing, 
and simulations based on a validated vehicle model.  
First, the effects of single factors in various 
maneuvers are examined and those having the largest 
contributions to errors are identified.  Subsequently, 
the combinations of multiple error factors are 
studied, with the emphasis on the worst possible 
combinations.   

CONTROL SYSTEM OVERVIEW 

This section discusses the design of the entire control 
system, which includes the estimation algorithm 
along with other elements.  The relationship of the 
control system elements is depicted in the block 
diagram representation of Figure 1.   

 

Figure 1.  Functional diagram of the control 
system 

The intent of the control system is to enhance the 
handling characteristics of the vehicle, especially 
during critical driving situations.  One of the design 
goals is to maintain a stable directional response of 
the vehicle, meaning that the vehicle’s side slip angle 
and roll angle are not excessive, thus striving to 
avoid spin-outs and rollovers.  A second design goal 
is to try to track (follow) the driver’s intended path or 
rotation, which is discernable from the driver’s 
inputs of steering, braking, and throttle.  Excessive 
deviations from the target path or excessive side slip 
or roll angle are counteracted through actuation of 
one or more active systems, which may include 

brakes, steering, suspension, or drivetrain systems.  
In this work, the main actuation is with an active 
brake system commonly referred to as Electronic 
Stability Control (ESC), in combination with engine 
torque regulation capability. 

The chosen control system structure is a model-
reference approach that is designed to track a desired 
value of yaw rate while also keeping the vehicle side 
slip angle and roll angle within limits necessary for 
maintaining vehicle yaw and roll stability.  As shown 
in Figure 1, the elements of the control system are: 

• Sensors for monitoring vehicle motion and for 
monitoring driver inputs 

• Actuators to influence tire forces (specifically an 
active brake system) and thereby influence 
vehicle motion 

• Software code implementation of algorithm 
functions for a state estimator, a reference 
model, feedback control, and feed-forward 
control, which are further explained below 

The state estimator generates the estimates of 
variables which cannot be measured directly at 
acceptable cost, but are important for the control 
algorithm.  The estimated variables include vehicle 
speed, surface coefficient of friction, vehicle and tire 
side slip angles, and road bank angle.  This process 
will be described in detail in subsequent sections.  
Vehicle roll angle relative to the road surface can 
also be estimated within this block. 

The reference model generates the desired response 
of the vehicle in terms of the yaw rate, which 
represents the driver’s intention and should be 
tracked by the vehicle, except when the vehicle is in 
danger of losing stability in yaw or roll planes.  The 
primary signals used are the hand wheel angle and 
vehicle speed, which is estimated from wheel speed 
sensors.  In addition, the bank angle estimate and the 
surface friction estimate are utilized.  The first one is 
used to compensate the desired yaw rate for the bank 
angle of the road, the second to limit the desired yaw 
rate depending on road friction. 

The vehicle level feedback control includes closed 
loop control of vehicle yaw rate and side slip angle.  
The output control signal is the corrective yaw 
moment.  It is determined to provide a proper 
balance between the yaw response and stability.  
When the side slip angle is small, tracking the 
desired yaw rate is the primary goal of control.  The 
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emphasis shifts to control of the side slip angle if its 
magnitude and/or rate of change become excessive.  
Conceptually, the control law can be described by the 
following equation. 

      ( ) ( ) ( )[ ]Ω−Ω+Ω−Ω−=∆ ΩΩ
&&

dddpz KKwM 1  

            ( )rdrp KKw ββ ββ
&++                                     

(1). 

Here ∆Mz is the desired change in the yaw moment 
due to feedback correction, Ωd and Ω are the desired 
and measured yaw rates, βr is the rear axle slip angle 
and symbols KΩp, KΩd, Kβp, and Kβd are the 
proportional (P) and derivative (D) gains on yaw rate 
and side slip angle and w is a weighting factor.  The 
control law (1) represents a combination of PD 
tracking control of yaw rate and PD regulation of the 
side slip angle of the rear axle.  The latter is the most 
direct indicator of vehicle stability in the yaw plane.  
The control gains are adapted to vehicle speed and 
surface coefficient of friction.  For example, side slip 
angle gains increase with increasing vehicle speed 
and as surface becomes more slippery. 

The weighting factor w, which determines the 
balance between the yaw rate tracking and side slip 
control depends primary on a term combining the 
estimated rear axle side slip angle and its derivative.  
When this term is below a first threshold value, then 
w = 0 and only yaw rate tracking control is 
performed.  When it is above a second larger 
threshold, then w = 1 and only side slip angle control 
is performed.  When the term is between the two 
thresholds, the weighting factor is assigned a 
proportionate value between 0 and 1.  In this case, 
both feedback control terms (yaw rate tracking and 
side slip regulation) are used with appropriate 
weighting.  The thresholds depend on the surface 
coefficient of friction and vehicle speed.  In effect, 
this logic gives more emphasis to side slip control 
when the rear side slip angle is large or is becoming 
large, and more emphasis to yaw rate when side slip 
angle is small.  The weighting function is continuous, 
thus providing a smooth blending of control terms. 

In addition, the side slip angle control term is 
gradually attenuated when bank angle increases 
beyond a specified threshold.  This is done in order 
to improve robustness of the control algorithm on 
large banks.  Since driving on large banks does not 
occur often and very large bank angles may occur 
only on roads with high coefficient of friction, where 
yaw rate control is quite effective, this is an 
acceptable compromise. 

The feed-forward control generates control actions 
which depend primarily on the driver input signals 
(e.g. handwheel angle, brake pedal force) and vehicle 
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speed, but do not depend on the response of vehicle 
measured by inertial sensors.  One example of feed-
forward control is the rollover mitigating intervention 
in dynamic maneuvers (e.g. NHTSA’s “fishhook” 
road edge recovery maneuver [7] ) which aims at 
preventing the loss of vehicle stability caused by 
large and rapid driver’s steering inputs. 

The outputs of both the feed-forward and feedback 
control blocks are the corrective yaw moments and 
they are combined into one total yaw moment 
command.  The total yaw moment command is an 
input to the actuator control function.  In this 
function, the wheels to which active braking is 
applied are determined, and the desired level of 
brake force or change in wheel velocity for each 
wheel is determined to generate the desired yaw 
moment.  Since the sensitivity of vehicle yaw 
moment to changes in brake slip depends on the 
operating point of the vehicle and tires, the 
knowledge of tire slip angle and surface friction is 
very helpful in this determination.  A tracking control 
is used to regulate wheel brake pressure such that the 
actual wheel slip tracks the desired wheel slip.  
Finally, the actuator control is activated only when 
certain conditions are satisfied in order to prevent the 
frequent activations of the brake system in response 
to very small errors.  In effect, control is disabled 
when the total corrective moment is small in 
magnitude. 

SIDE SLIP ESTIMATION ALGORITHM 
OVERVIEW 

In this section the side slip angle estimation 
algorithm is briefly described.  Since the main 
purpose here is to develop an understanding of how 
the sensor errors, parameter variations, changes in 
road friction, etc., affect the side slip estimates and 
consequently the control of the vehicle, only a 
simplified version of the algorithm is presented.  
Certain details not instrumental to achieving this goal 
have been omitted in the interest of brevity and 
clarity. 

Several approaches to the estimation of vehicle side 
slip angle have been initially developed and 
evaluated in simulation and vehicle testing.  They 
included: 1) an estimator using a kinematic 
relationship between lateral acceleration, derivative 
of lateral velocity, yaw rate and vehicle speed to 
obtain an estimate of lateral velocity through pseudo-
integration, 2) an estimator based on algebraic 
equations derived from a linear bicycle model of 
vehicle and the parametric adaptation of cornering 

stiffness coefficients, 3) an observer based on a 
linear dynamic bicycle model and parameter 
adaptation, 4) an observer based on a two-track 
model of vehicle and estimated longitudinal forces 
from tire brake pressures, 5) a reduced-order 
observer based on a non-linear bicycle model and 
empirically-determined tire lateral force 
characteristics.  The last approach proved to yield the 
most consistent performance and used only readily 
available measurements, hence it was selected.   

There are several difficulties in designing a robust 
observer of vehicle side slip angle, which can provide 
good estimates over the entire operating range.  The 
most fundamental difficulty is the trade off between 
the tracking performance and robustness to errors 
and other variations.  In order to be robust, the 
observer must be stable.  Vehicle behavior, however, 
can become marginally stable or unstable under 
certain conditions.  Since the response of an unstable 
system cannot be tracked precisely by a stable 
observer, a possibility exists that very large side slip 
angle may be underestimated if a level of robustness 
is to be achieved.  This trade-off is acceptable, since 
with the ESC system enabled, very large slip angles 
will be achieved only in extremely rare 
circumstances and the full control authority will be 
directed at reducing the side slip angle after it 
exceeds a certain threshold, regardless of its 
magnitude. 

When vehicle is near or at the limit of adhesion, tire 
forces and consequently yaw dynamics, depend 
strongly on surface coefficient of friction.  For 
example, limit tire forces on ice can be about ten 
times smaller than on dry surface.  The vehicle 
model used within the observer should therefore be 
adapted to the changing surface friction.  The 
coefficient of friction, however, is unknown and has 
to be estimated.  Thus the estimation of side slip 
angle depends on another estimate, which increases 
the potential for errors.  In addition, the effect of 
road bank angle on the measured lateral acceleration 
is similar to the effect of changes in lateral velocity 
of vehicle.  Consequently, estimating bank angle 
which, with the given set of sensors, cannot be made 
completely independent of estimating side slip 
velocity, is helpful in estimating lateral velocity.  
Longitudinal velocity of vehicle, which is estimated 
primarily from wheel speed sensors, is also used in 
the estimation of slip angle.  These influences are 
illustrated in Figure 2. 
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Figure 2.  Signal flow within the side slip 
estimation algorithm. 

In addition to directly measured variables of steering 
angle and yaw rate, the side slip angle estimator uses 
estimated vehicle speed, surface coefficient of 
friction and the estimated road bank acceleration (i.e. 
bank angle).   

The estimator of side slip velocity used in this paper 
is derived from a non-linear single track model of 
vehicle.  Combining the equation expressing the 
second law of dynamics for lateral forces:  

     yrfyfy FFMa += δcos                     (2). 

with the kinematic relationship 

          Ω+= xyy vva &                                (3). 

yields the following equation 

 
M

FF
vv

yrfyf
xy

+
+Ω−=

δcos
&               (4).      

Here M is vehicle mass, ay is lateral acceleration, Fyf 
is the lateral tire force sum for the two front tires, Fyr 
is the lateral tire force sum for the two rear tires, δf is 
the front wheel steering angle, vy denotes the lateral 
velocity at the vehicle center of gravity, vx is the 
longitudinal velocity, and Ω is vehicle yaw rate.  
Equation (4) is the key equation describing the 
vehicle lateral dynamics.  A critical step in 
constructing an observer is modeling of lateral tire 
forces per axle, Fyf and Fyr.  They depend primarily 
on the tire slip angle and surface coefficient of 
adhesion.  The tire lateral force characteristics used 
in the observer are determined empirically.  First, the 
steady-state characteristics on two extreme surfaces, 

dry concrete and ice, are determined once per vehicle  
by testing the vehicle under nominal load conditions 
in approximately steady-state maneuvers performed 
on level surfaces. These two characteristics form an 
envelope containing all others.  An example plot of 
the tire lateral force per axle determined from the test 
data on dry surface is shown in Figure 3.   

 

Figure 3. Example lateral tire force per axle 
determined from test data. 

The estimates of actual forces are then determined 
within the estimation algorithm through interpolation 
based on the estimated surface coefficient of friction 
in lateral direction.  This process is illustrated in 
Figure 4 where the index i refers to either front or 
rear axle.    

Fyi

αi

Fyimax (dry, µ=1)

Fyimin (ice, µ=0.1)

Fyi = Fyi(Fyimax, Fyimin, µ)

 

Figure 4.  Example axle lateral force 
characteristics. 

The lateral force for any surface friction, µ, is 
determined in real time by interpolating between the 
two extreme characteristics obtained for µdry 
(typically 1.0) and µice (typically 0.1) .  That is  
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       ( )
icedry

ice
iyiiyi FF

µµ
µµ

αµα
−

−
= max),(   

                            ( )
icedry

dry
iyiF

µµ
µµ

α
−

−
+ min         

(5). 

Once these forces are determined, the estimate of 
vehicle lateral velocity, vy, can be computed from 
equation (5), since other variables (vx, Ω and δf) and 
the parameter M on the right side of equation (5) are 
known.  When the lateral velocity, vy, is determined, 
then the vehicle side slip angle, β, and the front and 
rear tire side slip angles, αf and αr, can be computed 
from the known kinematic relationships.  This yields 
the following set of equations for the observer 

  
( ) ( )

M

FF
vv

ryrffyf
xy

µαδµα ˆ,ˆˆcosˆ,ˆˆ
ˆˆ

+
+Ω−=&    (6). 
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x

y
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av
δα −

Ω+
= −

ˆ

ˆ
tanˆ 1                  (7). 

          
x

y
r v

bv

ˆ

ˆ
tanˆ 1 Ω−

= −α                        (8). 

                         
x

y

v

v

ˆ

ˆ
tanˆ 1−=β                                (9). 

In the above equations, hats denote estimated 
variables, and a and b are the distances of the vehicle 
center of gravity to the front and rear axles, 
respectively.  In practice, the differential equation (6) 
is replaced by a discrete time counterpart, from 
which the lateral velocity estimate, yv̂ , at any time 

instant  is determined using the estimate from the 
previous iteration. The tire slip angles used in 
equation (6) are obtained from the previous iteration.  
The estimated lateral axle forces are determined 
from equation (5), in which the unknown surface 
friction coefficient and slip angles are replaced by 
the estimated values.   

The estimate of surface friction is determined 
primarily from lateral acceleration.  When the vehicle 
is at or near the friction limit and approximately in a 
steady-state turn, the surface estimate can be 
determined from  

                    
max

ˆ
y

y

a

a
=µ                         (10). 

Here aymax is the maximum lateral acceleration, 
which vehicle can develop on dry, level surface in a 
steady-state turn.  More specifically, the surface 
estimator uses three sets of conditions: 

entry conditions – vehicle is at or near the limit of 
adhesion and approximately at steady-state.  The 
surface estimate is determined from equation (10); 

exit conditions – vehicle is in the linear range of 
handling, in which case the estimate is set at the 
default value of 1; 

hold conditions – when neither entry nor exit 
conditions are satisfied.  The most recent estimate is 
held.   

The above conditions are determined using the 
desired and measured yaw rate and measured lateral 
acceleration, in particular the magnitudes of yaw rate 
error (the difference between the desired and 
measured yaw rate) and the magnitude of the 
derivative of lateral acceleration.  Note that 
effectively the surface is not estimated when the 
vehicle is in the linear range of handling.  In this 
case, however, the lateral forces are nearly 
independent of surface friction.   

The observer based on equations (5) through (9) is a 
reduced order observer.  A full order observer, which 
includes the yaw moment equation in addition to the 
lateral force equation, has been investigated, but did 
not offer improved performance, since the yaw rate 
signal is quite accurate.  The observer as illustrated 
in Figure 2 includes bank effect compensation.  This 
feature of the algorithm is discussed in the next 
section.   

SIDE SLIP ESTIMATION ROBUSTNESS 

The observer described in the previous section relies 
on several simplifying assumptions, knowledge of 
vehicle parameters and information from sensors, all 
of which may be inaccurate.  More specifically, the 
observer uses the following information, which 
affects the estimates: 

1) Variables obtained directly or indirectly from 
sensors.  These include:  

- directly measured yaw rate Ω;  
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- vehicle longitudinal speed, vx, which is estimated 
primarily from 4 wheel speeds;  

- front wheel steering angle, δf, which is obtained 
from measured hand wheel angle; 

-  lateral acceleration, ay, affecting the estimate of 
slip angle indirectly through the surface 
estimate.   

 
2) Vehicle parameters:  

- vehicle mass, M,  
- load distribution between front and rear axles 

expressed by the distances a and b from the 
center of gravity to front and rear axles, 
respectively,  

- tire lateral force characteristics 
 

3) Assumptions inherent in the bicycle model  

- the road is level (no bank or inclination),  
- no disturbances in the form of lateral forces or 

yaw moments are considered explicitly,  
- lateral forces per axle are not affected by 

braking or tractive forces or by changes in 
vertical force.   

 
As illustrated in Figure 2, many of the error-
contributing factors described above, for example 
sensor bias and road bank angle, are reduced through 
compensation algorithms.  Disturbances in the form 
of lateral forces and moments and the changes in 
lateral forces due to longitudinal forces, even though 
are not explicitly considered, affect the measured 
yaw rate and lateral acceleration signals, which 
reduces sensitivity of  estimates to these 
disturbances.   

Robustness of the estimation algorithm has been 
evaluated via analysis, testing and simulations.  Each 
one of these methods has its strengths and 
weaknesses.  Analysis is limited to simplified 
models, but provides general insights into the 
predicted direction and often magnitudes of the 
estimation errors resulting from particular influences, 
which apply to all vehicles.  Vehicle testing was used 
for three major purposes: 1) to generate the data 
necessary to validate the vehicle model used in 
simulation; 2) for the initial evaluation of the 
algorithm performance in real world conditions and 
to uncover potential weaknesses; 3) to estimate the 
range of errors in some variables, which are difficult 
to model.  An example is the error in vehicle speed, 
which is estimated from wheel speeds.  Simulation 
performed with a validated vehicle model permits the 

most comprehensive evaluation of algorithm 
robustness.  The sensor errors, parameter variations 
and disturbances in the form of road inclinations, 
braking forces, etc. can be modeled with relative ease 
and included in simulation scenarios.  Maneuvers, 
which may be difficult or dangerous to perform, can 
be simulated without risk.   In what follows, each of 
these three methods of evaluation is illustrated using 
examples due to space limitation.   

Analysis  

Analysis using simplified models has been used to 
provide better understating of propagation of errors 
within the algorithm, to estimate the magnitudes of 
errors in side slip estimation resulting from sensor 
errors, parameter variations and disturbances, and to 
determine the direction of these influences.  The 
analytical method is illustrated here using an 
example of bank angle.  The results of this analysis 
suggest a method of compensating for a bank angle.  
Similar analysis has been performed regarding other 
error factors.   

The presence of bank angle, φ,  and the associated 
gravity component, φsing ,  affects directly the 

equation (4) expressing the balance of lateral forces.  
Consequently, in presence of bank this equation 
becomes 

       φ
δ

sin
cos

g
M

FF
vv

yrfyf
xy +

+
+Ω−=&      (11). 

In the observer equation (6), in contrast, the bank 
acceleration component is disregarded.  
Consequently, in the presence of bank angle the 
estimate of lateral velocity is biased.  The amount of 
bias can be determined during driving in the linear 
handling range.  In this case the lateral axle forces 
are 

     ⎟
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⎜
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⎝
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−=−= f

x

y
fffyf v

av
CCF δα        (12a). 

             
x

y
rrryr v

av
CCF

Ω+
−=−= α               (12b). 

Here Cf and Cr denote the cornering stiffness values 
for both tires of the front and rear axle, respectively.  
Analogous equations hold for the estimated lateral 

forces yfF̂ and yrF̂ using the estimated lateral 

velocity, yv̂ .  Substituting these into equations (11) 
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and (6) and subtracting on both sides yields the 
following differential equation for the estimation 
error: 

   φsinge
Mv

CC
e vy

x

rf
vy −

+
−=&             (13). 

Here evy is the lateral velocity estimation error, which 
is defined as a difference between the estimated and 
actual lateral velocity 

                yyvy vve −= ˆ                           (14). 

Consequently, the steady-state errors in side slip 
velocity, evyss and side slip angle, eβss, are  

     φsing
CC

Mv
e

rf

x
vyss +

−=                    (15). 

       φβ sing
CC

M
e

rf
ss +

−=                    (16). 

The estimation errors caused by the bank angle 
depend on the values of cornering stiffness per axle, 
which vary with operating point of vehicle and are 
generally smaller in the non-linear handling range 
than during normal driving.  However, the sum of 
cornering stiffness values is always positive, so the 
sign of errors can be predicted.  Knowing the range 
of values for rf CC +  the range of magnitude of 

errors can be estimated.   

The road bank angle is a significant contributor to 
the error in side slip estimation, but it is partially 
compensated for in the algorithm.  This is done as 
follows.  First, an estimate of the bank angle is 
obtained.  Since the measured lateral acceleration, 
aym, includes the component of gravity due to the 
bank angle, φ, it is given by 

                    φsingvva xyym −Ω+= &                 (17). 

The bank acceleration, φsing , can therefore be 

determined from this equation by substituting the 
estimate of the derivative of lateral velocity from the 
observer.  This value is then low pass filtered, with 
the filter constant depending on the operating 
conditions.   

             ( )
filteredymxy avvg −Ω+= &ˆˆsin φ            (18). 

Here the hat denotes an estimate.  Note that since the 
estimate of bank angle is filtered, it may occasionally 
lag behind the actual bank angle, especially when the 
bank angle changes fast.   

In principle, the bank angle could be compensated by 
adding the bank acceleration estimate to the right-
hand side of the observer equation (6).  This, 
however, has the following drawbacks: 1) bank 
estimate uses the estimate of side slip acceleration 
and vice versa, side slip estimate relies on the 
estimate of bank angle; this creates potential for 
divergence of both estimates in some situations; 2) 
the time lag in the bank angle estimate due to 
filtering is increased when the bank angle is 
compensated for dynamically.  This may lead to 
significant errors when bank angle changes quickly.   

Consequently, it was selected to use the observer 
equation (6) without the bank effect to determine the 
initial side slip velocity estimate.  The effect of bank 
angle is compensated for by subtracting from the 
initial estimate the term given by equation (15) 
representing the steady-state bias due to bank.  The 
bank angle estimate uses the estimate of side slip 
acceleration derived from the dynamic observer 
equation, without bank compensation.  This approach 
avoids both problems associated with the dynamic 
approach.  The bank compensation term, however, 
depends on the values of cornering stiffness per axle, 
which vary with operating point of vehicle.  To 
improve the estimation, these values are adjusted 
depending on the operating point of vehicle and tires.  
This quasi-static bank compensation proved more 
robust than the dynamic approach.   

Vehicle Testing 

Vehicle testing was performed on three surfaces: dry 
asphalt, snow and ice using a variety of maneuvers 
and vehicle speeds.  Initially, vehicle test data was 
used to develop and validate vehicle model in 
CarSim for simulation.  It was found that scaling 
down the tire characteristics obtained on dry surface 
by the surface friction coefficient and applying them 
to snow or ice, as is commonly practiced, did not 
produce a good match between simulation and test 
data in these conditions.  This is primarily because 
the shapes of these characteristics on different 
surfaces change in a manner that is different than 
that modeled by the tire characteristics used by 
CarSim.  This is especially true for the data 
corresponding to the large longitudinal or lateral 
slips.  On some surfaces the tire forces continue to 
rise as slip increases, on others they reach a peak and 
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then decline.  Therefore distinct tire force 
characteristics were used for each surface. 

Analysis of speed data indicated that in maneuvers in 
which vehicle remained stable and the ABS and TCS 
systems were enabled, the errors in vehicle speed did 
not exceed 2 kph or 3%, whichever is greater, for any 
significant period of time.  As expected, within the 
above limitations, the estimates were the worst on 
ice, especially during braking or when vehicle slip 
angle was large.  (Of course the estimate deteriorated 
when ABS or TCS systems were disabled, but then 
ESC would also be disabled).   

Preliminary test evaluation of the side slip estimation 
algorithm was designed to detect potential problems.  
Therefore, the main focus was on maneuvers and 
conditions presenting difficulties in estimation.  A 
significant portion of testing was performed on low 
friction surfaces, where lateral acceleration and 
sometimes yaw rate are often low in magnitudes, 
which may lead to significant error to signal ratios.   
Figure 5 shows one example of a vehicle test result 
for a lane change maneuver on a snow surface at 60 
kph with ESC disabled.  A Datron optical speed 
sensor was used to measure the actual side slip angle 
for comparison to the estimate.  The data shows 
close correlation of the estimate and the 
measurement. 

 

Figure 5.  Vehicle test data for lane change 
maneuver on snow at 60 kph. 

 

Many test maneuvers included a steady-state portion 
where the effect of errors may be integrated over 
time.  Testing on banked surfaces was limited due to 
safety concerns.  Parameters of vehicle were 
subjected to variations through changes in weight 
distribution, tire pressure variation between front and 
rear axle, changes in type of tires, acceleration and 

deceleration during maneuvers and trailer towing.  
Overall, the test results demonstrated very good 
performance and robustness of the side slip 
estimation algorithm.  One notable exception were a 
few instances of maneuvers performed on snow 
when the surface estimate did not drop early enough, 
resulting in under estimation of slip angle.  As a 
result, improvements in the surface estimation 
algorithm were made.   

One example of evaluation of robustness of the 
algorithm is testing performed with a 5000 lb trailer.  
The test vehicle with a trailer is shown in Figure 6.   

 

Figure 6.  Test vehicle with a trailer. 

The presence of the trailer results in a hitch force at 
the rear of vehicle, which is not accounted for in the 
model and may have significant lateral component 
during cornering maneuvers.  Hence, a significant 
deterioration of the quality of estimates in the 
presence of trailer was expected.   This concern 
proved to be unjustified.  A representative example 
of test results is shown in Figure 7, where the 
estimates of vehicle speed, side slip angle and road 
bank angle are shown.   
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Figure 7.  Estimates of vehicle slip angle, speed 
and road bank angle for vehicle with trailer 

during lane changes on snow.   

In this severe maneuver, the estimate of side slip 
angle tracks the actual value very well, even at the 
side slip angle exceeding 20 degrees.  The speed 
estimate is accurate most of the time with deviations 
occurring during relatively short periods of time 
when vehicle side slip angle is large.  The estimate of 
bank angle is small throughout this maneuver 
performed on level surface.  In other maneuvers with 
the trailer, including steady-state maneuvers, the 
estimator of side slip angle also performed very well, 
contrary to initial expectations.  The main reason for 
this good performance is that even though the 
unknown lateral force at the hitch point is not 
explicitly used by the estimator, it is reflected in the 
measured yaw rate and lateral acceleration, which are 
both used in the estimation.  In severe transient 
maneuvers, when the lateral force at the hitch tends 
to be large, the yaw rate of the vehicle is also 
significant and changing fast, which provides enough 
feedback to the observer to render the estimation 
error small due to this force disturbance.  During 
steady-state maneuvers, on the other hand, when the 
presence of un-modeled lateral force at the hitch 
could lead to significant error due to integration, the 
lateral force is small.  This can be shown using a 
free-body diagram of vehicle with trailer in Figure 8.   
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Figure 8.  Simple model of vehicle with trailer. 

If the hitch angle is small, then the lateral force at the 
hitch, Yh, in a steady state turn is  

              2
2

2
2 yh a

l

b
mY =                       (19). 

Here m2 denotes the total mass of the trailer, b2 is the 
distance of the trailer center of mass to the trailer 
axle, l2 the distance of the hitch point to the axle and 
ay2 is the lateral acceleration of the trailer.  Since the 
distance b2 is usually much smaller than l2, the lateral 
force at the hitch is much smaller than the inertial 
force m2ay2.  In the special case when b2 = 0 (i.e. the 
trailer center of mass is directly above the axle), the 
lateral hitch force is 0 since the inertial force is fully 
balanced by the lateral tire force (without an 
unbalanced yaw moment).  The effect of the lateral 
hitch force, Yh, on the estimated side slip velocity can 
be evaluated analytically as described in the previous 
section for the bank angle.  This yields the following 
value of the steady-state error in lateral velocity: 
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e
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−
=

+
−=             (20).   

Simulation 

The most comprehensive evaluation of estimation 
robustness was performed through simulation using a 
validated vehicle model.  Since the vehicle and the 
observer are non-linear systems, both performance 
and stability of the estimation algorithm depend on 
driver inputs, vehicle speed and environmental 
conditions, in particular the surface coefficient of 
friction.  Simulations have been performed using 
different steering inputs, vehicle speeds and road 
surfaces.  The set of handling maneuvers consisted 
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of five steering patterns: ramp steer, step steer, open 
loop lane change, slalom and fishhook.  The steering 
amplitudes, rates of change and frequencies 
depended on the speed and surface friction.  The 
following initial speeds of vehicle were used: 30, 50, 
70, 120, 140 and 180 kph.  Maneuvers were 
simulated on dry surface, snow and ice.  Some 
combinations of steering amplitudes and initial 
speeds were eliminated, for example when the 
combination of speed, steering angle and surface 
friction resulted in vehicle being well within the 
linear handling range.   

The individual factors contributing to the estimation 
errors were as follows: 

- errors in lateral acceleration measurement, 
including bias and micro-gradient errors 

- errors in yaw rate measurement, including bias 
and micro-gradient errors 

- errors in estimated vehicle speed 
- payload variations 
- variations in tire characteristics, including 

cornering stiffness and ultimate grip 
- variation in road bank angle 
- variation in front/aft road inclination 
- vehicle deceleration due to braking 
- vehicle acceleration 

For each of these factors, reasonable ranges of 
variations were estimated.  For example, the ranges 
of sensor errors are known from specifications and 
the sensor test data.  For the sensors considered here, 
the errors consist of two largely independent 
components: bias, which is an error when the 
measured signal is zero and micro-gradient error, 
which is an error due to changes in the scale factor, 
resulting in an error proportional to the magnitude of 
the measured signal.  The range of errors is 
illustrated conceptually in Figure 9.   

measured
variable

sensor
output

total
error

bias

perfect
characteristic

gradient
error

 

Figure 9.  General sensor error characteristic. 

Since the bias is constant or slowly varying, it can be 
partially compensated for most sensors.  The errors 
in the steering angle are so small that they have no 
meaningful effect on side slip estimation and are not 
considered.  For other contributing factors, the range 
of variations was selected based on experience.  In 
the case of bank angle, the maximum angle of 20 
degrees was used.  While the road grade on public 
roads is limited to 12%, which corresponds to bank 
angle of about 7 degrees [8], larger bank angles are 
possible when vehicle leaves the road.  For obvious 
reason a lower value was assumed on ice.   

First, simulation study was performed using only 
single factors defined above.  Note that in the case of 
sensor errors, a “single factor” here means a 
combination of both bias and micro-gradient errors.  
In each case the maximum errors or parameter 
variations from both sides of the spectrum were 
considered.  For each contributing factor a variety of 
maneuvers on different surfaces, amplitudes of the 
steering angle and entry speeds were used.  
Representative simulation results are discussed next.  

In Figure 10 the results of simulations for a Fishhook 
maneuver performed at 90 kph on dry surface are 
shown with variations in the tire cornering stiffness 
as an error-contributing factor.  Two extreme cases 
are shown: 1) front stiffness reduced by 20% and 
rear stiffness increased by 20% compared to nominal 
values and 2) vice versa, that is front stiffness 
increased by 20% and rear stiffness reduced by 20%.  
In the first case the vehicle develops significantly 
smaller, and in the second much larger side slip angle 
than the nominal vehicle.  In spite of very large 
difference in the slip angles between the two 
extremes, the side slip angle estimator tracks the 
actual slip angle very well in both cases.   
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Figure 10.  Estimation of slip angle in a Fishhook 
maneuver performed with tire cornering stiffness 
variations: 1) -20% front, +20 rear , 2) +20 front -

20 rear vs.  nominal. 

In Figure 11 the results of simulations in an 
aggressive lane change on snow at 70 kph are shown.  
The error factor was the road inclination: in the first 
case the road was flat, in the second there was -10 
degree (e.g.  downhill) inclination.  In the first case 
the vehicle remained stable, in the second it spun out, 
yet the observer tracks the actual slip angle in both 
instances.  In the case of vehicle spin out, the 
absolute error of estimation is quite small when the 
slip angle is below 15 degrees; after that it is 
underestimated.   

 

Figure 11.  Side slip angle in a lane change 
maneuver on snow without and with 10 degree 

road inclination. 

As a result, the influence of each factor on the side 
slip angle estimation error was quantified in terms of 
average increase in estimation error over the entire 
set of maneuvers and in terms of maximum increase 
in estimation error for all maneuvers without spin 
outs.  The former result is summarized in Figure 12.   
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Figure 12.  Average maximum increases in 
estimation errors due to individual factors (effect 

of 10 degree bank corresponds to 1). 

The bank angle of the road has the largest 
contribution to the side slip estimation error, while 
road inclination and payload variations have 
relatively modest influences.  The remaining factors 
have medium effect on average, but they may differ 
substantially among maneuvers.   

In addition to the magnitudes of the estimation 
errors, the direction of the side slip angle error 
resulting from each individual factor were 
determined.  These findings were confirmed by 
simplified analysis and are summarized in Table 1.   

Factors contribute to over-estimation either because 
the estimate increases more than the actual vehicle 
response or the vehicle response decreases more then 
the estimate.  An analogous statement is true in the 
case of under-estimation tendency.  One possibly 
surprising result is that both heavy braking and heavy 
acceleration usually contribute to overestimation.  
Braking has primarily two effects, which have 
opposite influences on the vehicle slip angle.  It 
increases the front axle normal load, which tends to 
increase front lateral force and the vehicle slip angle.  
Braking also introduces longitudinal slip of front and 
rear wheels, which reduces lateral forces.  During 
heavy braking the brake slip of the front wheels is 
significantly larger than that of the rear wheels, 
which decreases vehicle slip angle.  Under heavy 
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braking, the second effect is typically larger than the 
first, hence vehicle slip angle is reduced as compared 
to the case without braking, leading to overestimation 
tendency. 

Table 1.  Single factors contributing to over- and 
under-estimation of side slip 

Factor contributing to 
side slip over-estimation 

Factor contributing to 
side slip under-

estimation 

Bank angle in the 
direction that reduces 

measured lateral 
acceleration 

Bank angle in the 
direction that reduces 

measured lateral 
acceleration 

Lateral acceleration 
errors reducing the 
magnitude of lateral 

acceleration 

Lateral acceleration 
errors increasing the 
magnitude of lateral 

acceleration 

Yaw rate errors 
increasing the magnitude 

of yaw rate 

Yaw rate errors reducing 
the magnitude of yaw 

rate 

Vehicle speed errors 
increasing the magnitude 

of speed 

Vehicle speed errors 
reducing the magnitude 

of speed 

Heavy braking (usually)  

Reducing front tire 
cornering stiffness and 

increasing rear cornering 
stiffness 

Increasing front tire 
cornering stiffness and 
reducing rear cornering 

stiffness 

Front payload bias Rear payload bias 

Uphill road inclination Downhill road 
inclination 

Heavy acceleration 
(usually) 

 

  

During acceleration, the normal load of the rear axle 
is increased, which increases lateral force capability 
and reduces vehicle slip angle.  At the same time 
longitudinal slip on driven wheels is present, which 
reduces the lateral force capability of these wheels.  
For front wheel drive vehicle, this further contributes 
to the reduction in side slip angle, for the rear wheel 
drive it increases the side slip angle, but for vehicle 
with traction control this increase usually does not 

dominate the first effect.  Thus in most cases heavy 
acceleration reduces side slip angle as compared to 
the case without acceleration.   

After studying the effect of single factors, the effect 
of multiple factors was considered.  In order to 
reduce the number of cases to a manageable level, 
only the worst cases were considered.  Based on the 
single factor study, the worst combinations of 
multiple factors were determined.  The underlining 
principle was to stack up the factors, which have the 
largest effect on estimation error and act in the same 
direction.  When two or three factors were 
considered, the extreme errors were used for each 
one of them in the direction that produce the 
estimation error in the same direction.  However, 
since most of the factors can be considered 
independent random variables, stacking up the 
maximum errors of more than three factors is too 
conservative.  As the number of factors increases, it 
becomes increasingly unlikely that each one of them 
is at the extreme of the range.  In order to keep the 
same confidence level in the case of multiple factors 
as for single factors, the maximum errors for each 

factor in the multiple-factor analysis, mult
iemax  is 

     1/maxmax −= Nee ind
i

mult
i                      (21). 

Here ind
iemax is the maximum error used in the single 

factor analysis and N is the number of contributing 
factors in the multiple factor analysis.   

Two important findings of the robustness analysis 
were that the single largest factor contributing to 
errors in side slip estimate was a large bank angle of 
the road.  At the same time, it was observed that the 
bank angle estimates were quite reliable.  
Consequently two ways of increasing robustness 
have been pursued: improvement in compensation 
for bank angle during estimation and gradually 
eliminating side slip angle control when very large 
bank angles are detected. 

CONTROL SYSTEM ROBUSTNESS 

By definition, the robustness of a system is related to 
its sensitivity to parameter variations.  A 
fundamental advantage of a closed loop control 
system is its ability to have low sensitivity, i.e. high 
robustness, to internal variations.  For vehicle 
handling control systems, typical variations are due 
to changes in tires, load conditions, sensors, road 
friction, speed, and others.  To verify the robustness 
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of the entire control system, an extensive analysis 
was performed to evaluate the impact of internal 
variations along with input variations. 

The control system robustness analysis consisted of 
two phases.  The intent of the first phase was to 
provide exposure to a wide variety of maneuvers on 
several road surfaces and various speeds.  Both 
vehicle tests and simulations were used in this phase.  
The variable elements included driver inputs 
(steering, braking, and throttle), surface coefficient 
of friction, and vehicle speed.  The other vehicle 
parameters were held constant at nominal values 
throughout this analysis phase.  The test matrix is 
shown in Table 2. 

Table 2.  Test matrix for phase 1 

 

 

In the second phase of the control robustness study, 
sensitivity to variations in vehicle parameters, sensor 
errors, and variations in environment was evaluated.  
Simulation analysis was a primary approach used in 
this phase.  The evaluation was performed after the 
side slip estimation robustness analysis was 
completed, and it proceeded along the same lines.  
One exception was that in order to reduce the total 
number of simulations, only the worst among the 

single factors and the worst combinations of multiple 
factors were considered.  Specific maneuvers were 
limited to the ramp steer, step steer, fishhook, and 
sine-with-dwell lane change. 

As intended, the overall process to design and tune 
the control algorithm and to evaluate its robustness 
was an iterative sequence.  In the first iteration, the 
results of the phase 1 analysis showed the need to 
make improvements through tuning and through 
some minor algorithmic modifications.  After 
modifications were implemented, the robustness 
analysis was repeated to confirm the improvements.  
Specifically improvements were made in the way the 
feedback and feed-forward control terms are merged 
to form the total yaw moment command.  Still other 
improvements were made in the surface friction 
estimation algorithm. 

The following figures show representative data from 
vehicle tests and from simulations as part of the 
robustness analysis.  Figure 13 shows a vehicle test 
result for a sine-with-dwell lane change maneuver at 
50 MPH on dry asphalt, with overlay comparison for 
ESC Off and On.  A steering robot was used to 
generate the NHTSA-specified steer input [9].  
Comparing the results, the side slip angle is held to 
an appropriately small magnitude and the yaw rate 
and lateral acceleration decay more quickly with ESC 
On, indicating an improvement in the stability 
margin. 

 

Figure 13.  Vehicle test data for sine-with-dwell 
lane change maneuver at 50 MPH 

Figure 14 shows a simulation result for a step-steer 
maneuver at 50 MPH on snow, with overlay 
comparison for ESC Off and ESC On.  With ESC 
On, the side slip angle is well regulated and the 
vehicle’s handling response is stable.  With ESC Off, 
the side slip angle diverges quickly which indicates a 
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spin-out condition, demonstrating a loss of handling 
stability. 

 

Figure 14.  Simulation data for step steer 
maneuver at 50 MPH on snow 

Lastly, in this investigation it was found that 
attenuating the side slip angle control on roads with 
large banks was very effective in improving 
robustness with respect to errors in side slip angle 
estimation in these conditions.  Additionally it was 
found that the control was always appropriate when 
active, and the weighting factor worked very well to 
balance vehicle responsiveness (tracking of the 
desired yaw rate) versus stability (side slip angle 
control). 

CONCLUSIONS 

In this paper a systematic process of evaluating 
robustness of a side slip angle estimation and control 
algorithm has been described.  The side slip angle 
estimator is a nonlinear reduced order observer with 
compensation for road bank angle.  The control 
algorithm combines tracking control of vehicle yaw 
rate with regulation of rear axle side slip angle and 
blends these tasks smoothly depending on the 
operating conditions.  Evaluating robustness of the 
algorithm was an iterative process, in which initial 
results of robustness investigation provided 
motivation for improvements in algorithms providing 
sensor bias compensation, road bank angle 
compensation, surface friction estimation and 
blending of control terms.  Robustness was evaluated 
using a set of maneuvers performed at different 
speeds and different surface conditions.  The effects 
of single error-contributing factors on estimation 
errors was first evaluated.  This provided information 
regarding the magnitude and direction of errors 

resulting from single factors, which in turn was used 
to identify the worst combinations of factors for 
multiple factor evaluation.  The study involving 
multiple factors was reduced to the worst case 
scenarios, which helped keep the number of 
combinations manageable.  Modifications in the 
control laws were made to maintain robustness in 
rare conditions when the side slip angle estimation 
error could be significant due to large bank angle.   
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ABSTRACT 
 
An experiment was designed to evaluate the effect of 
changes to two vehicle parameters on rollover 
maneuvers.  The changed parameters were tire size 
and static stability factor (SSF).  The statistically 
designed experiment tested each vehicle condition 
utilizing the NCAP Dynamic Rollover Maneuver.  
The NCAP Dynamic Rollover Maneuver test 
procedure dictated a consistent tire condition, test 
order, vehicle load, and steer regime. Testing utilized 
an AB Dynamics steering robot. Results of testing 
demonstrated different and improved vehicle 
performance with changed vehicle parameters.  
Evaluation of the test results showed statistical 
significance in vehicle response due to changed SSF 
and no statistical significance in vehicle response due 
to changed tires for one of the steering sequences.  
Close examination revealed that for evaluation of 
effects in vehicle response due to changes of vehicle 
parameters no additional statistically significant 
information in vehicle response was observed for 
initial left turn versus initial right turn and default 
steer versus supplemental steer.  When evaluating 
vehicle response to changed vehicle parameters an 
initial streamlined test regime utilizing the NCAP 
Rollover maneuver is suggested.  The complete 
NCAP Dynamic Rollover test procedure for vehicle 
validation is recommended.  Future investigations 
that build on these results could include changes in 
the roll moment distribution together with SSF. 

INTRODUCTION 
 
The Transportation Recall Enhancement, 
Accountability, and Documentation (TREAD) Act of 
2000 required NHTSA to develop a dynamic test on 
rollovers by motor vehicles for the purposes of a 

consumer information program.    After conducting a 
rulemaking to determine how best to disseminate 
dynamic test results to the public, NHTSA used 
results of the dynamic rollover test as supplementary 
information in combination with a vehicle�s Static 
Stability Factor (SSF).  Consumer information results 
are published in New Car Assessment Program 
(NCAP). The NHTSA NCAP dynamic rollover test 
specifies a consistent concept of vehicle load, 
specific method of steer characterization, tire break-
in, tire use, test sequence and steering maneuver.  
The steering maneuver is a double-step-steer, 
fishhook, maneuver based upon roll rate feedback(1). 
 
According to NHTSA, the original fishhook 
maneuver was developed by Toyota Motor 
Corporation and it is fully described in Toyota 
Engineering Standard TS-A1544 (2).  Variations of 
fishhook maneuvers were suggested by Nissan and 
Honda. NHTSA experimented with several versions 
since 1997(1).  An important feature of NHTSA�s 
fishhook test is a steering maneuver that can only be 
preformed with a steering machine based upon roll 
rate feedback provide while a test is being preformed.  
The roll rate feedback identifies the moment of 
maximum roll angle by identifying when the roll rate 
oscillation first crosses zero, triggering a coincidental 
steer reversal. 
 
For the testing presented in this paper a statistical test 
design is employed to evaluate the hypothesis that 
increased SSF and decreased tire size will reduce the 
occurrence of a simultaneous 2-wheel lift in a vehicle 
in a dynamic rollover maneuver. 

METHOD 
 
The statistically designed test matrix allowed for 
estimates of the relative importance of two vehicle 
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factors.  Evaluated factors were the SSF and tires.  
SSF0 refers to the unmodified base vehicle.  SSF1 
refers to the base vehicle modified with two-inch 
spacers at each wheel, a four-inch increase in track 
width.  SSF2 was the vehicle with the four-inch 
increase in track width and a cg that was reduced by 
one-inch.  Tire 0 was a Michelin X Radial LT 
P235/70R16LT OEM specified tire.  Tire 1 was a 
Michelin X Radial LT P235/70R15LT tire and Tire 2 
was a Michelin X Radial P205/75R15 tire.  Because 
the smaller tires and wheels resulted in a lower 
vehicle cg height a corresponding upward adjustment 
of the vehicle cg was made utilizing a movable mass.  
Use of the movable mass allowed for testing of the 
three SSF conditions and three tires in isolation and 
combination consistent with the statistical experiment 
design. 
 
A 2002 two wheel drive Ford Explorer Sport (two-
door) with 39095 miles was purchase.  The vehicle 
frame, suspension, steering and overall condition was 
inspected, measured and, where necessary, restored 
to manufacture specification with OEM parts by 
certified mechanics.  For testing the vehicle was 
fitted with instrumentation and steering controller, 
ballasted and equipped with outriggers.  
Instrumentation measured speed, slip angle, three 
axis of acceleration, yaw rate, roll rate, hand wheel 
angle, rear wheel heights and body height behind the 
front tires.  Roll angle was calculated from the front 
body height measurements.  The motor for the 
steering controller replaces the steering wheel and 
was an AB Dynamics steering robot.  Data was 
collected at 200 samples per second with a 100 Hz 
preacquisition filter. 
 
Ballast in the right front seat included 
instrumentation and steering controller electronics 
combined in a configuration that replicated the cg 
position and mass of a 175 pound water dummy.  The 
rear seat was replaced with a light steel fixture that 
allowed the vertical adjustment of a mass equivalent 
to the rear seat and two water dummies.  The cg of 
the rear adjustable mass was laterally positioned at 
the vehicle centerline and longitudinally positioned 
identical to the installed rear seat containing two 169 
lb water dummies.    The rear adjustable mass was 
composed of lead weight distributed over an area 
approximately 40 inches from side to side and 15 
inches  from front to back.  The moment-of-inertia of 
the rear seat with 169 lb water dummies was not 
replicated by the rear seat movable mass.  The test 
driver weighed 175 lbs.  As tested the vehicle 
weighed 4815 lbs which is 55 lb over the vehicle 
GVWR.  The front and rear axle weights were under 
the GAWR.  Individual wheel weights were: left 

front � 1225 lb, right front � 1137 lb, left rear 1232 lb 
and right rear � 1221 lb.  
 
Adjustment of the rear seat mass compensated for 
changes in vehicle cg height due to different tire 
rolling radius and reduced cg height at the greatest 
SSF condition.  The vertical adjustment was 
determined by the formula:  
 

(1) ∆hcg(mm) = W/Wmm(∆hcg - ∆ht),  

Where: 

∆hcg(mm) is the calculated displacement 

of the movable mass, 

W is the weight of the vehicle, 
Wmm is the weight of the movable mass, 
∆ht is the change in height of the 
vehicle due to tire (reduced radius is 
negative), 
∆hcg is the desired change in height of 
vehicle CG (reduced height is negative), 

 
The calculated vertical displacement of the movable 
mass is shown in Table 1.  The equivalent vertical 
position of the rear seat and water dummy was 
determined by measurement and analysis to be 40 
inches above the ground in a loaded vehicle.  The 
tested position of the movable mass in the Tire 1, 
SSF2 condition was 0.1 inches lower than 
calculated1.  
 

Table 1. 
Calculated vertical displacement of rear seat 

movable mass. 
  

Tire 0, SSF0 0.00 0.00 0.0
Tire 0, SSF2 0.00 -1.00 -12.4
Tire 1, SSF0 -0.23 0.00 2.9
Tire 1, SSF2 -0.23 -1.00 -9.6
Tire 2, SSF0 -1.19 0.00 14.8
Tire 2, SSF2 -1.19 -1.00 2.4

Change in 
rolling 

radius (in)

Desired 
change in 
CG (in)

∆hcg(mm)  

(in)

 
 
Titanium outriggers designed by NHTSA replaced 
the vehicle front and rear bumpers.  The outriggers 
were attached to the vehicle with custom fitted 
brackets.  Attachment of the skid plates at the end of 

                                                 
1 The effect of a 0.1 inch change in rear seat movable 
mass manifest as 0.008 inch change in vehicle cg 
height and no change in the calculated SSF rounded 
to two significant digits. 
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the outriggers were lightened and shortened reducing 
the outrigger mass and moment of inertia and 
lowering the mass of the outrigger relative to the 
vehicle cg. 
 
Tires were Michelin X Radial LT for the 
P235/70R16LT and P235/75R15LT configurations, 
Tire 0 and Tire 1, respectively.   Tire 2 was a 
Michelin X Radial for the P205/75R15 configuration.  
LT designated tire were not available in the 
205/75R15 size.  The tire distributor recommended 
the Michelin X Radial without the LT designation as 
an equivalent in the smallest size.  All rims were 
either 16X7 or 15X7.  Tires were fitted with radial 
tubes to prevent catastrophic tire debead.  All tires 
were purchased new and broken in using the NHTSA 
tire break-in procedure.  Tire pressures were set after 
break-in and before testing consistent with the 
vehicle placard at 30 psi for the front and 35 psi for 
the rear throughout testing.  Tire pressures were 
checked but not changed during test sequences. 
 
Steering characterization was conducted using the 
steering controller programmed to slowly increase 
steering at 13.5 degrees per second to a magnitude of 
75 degrees.  The steering was held constant for 2 
seconds at 75 degrees.  Utilizing the analysis method 
described in the NHTSA NCAP the resulting steering 
characterization CS was 32.1 degrees.  The default 
steer was 209 degrees and the supplemental steer was 
177 degrees.  Five sinusoidal passes were conducted 
for tire break-in prior to the steer characterization 
testing because the first break in runs did not produce 
a 0.5 g to 0.6 g lateral acceleration. 
 
Dynamic rollover tests were conducted using the 
NHTSA NCAP flow chart except all vehicle 
conditions except conditions at SSF0 were tested in 
both the Left-Right (LR) and Right-Left (RL) 
sequence.  The SSF0 condition was only tested in the 
LR direction and the performance in the LR direction 
was presumed for the RL direction.  The NCAP flow 
chart dictated cessation of testing if a failure 
conditions results in the LR sequence prior to RL 
testing.  In addition a test sequence was conducted in 
one direction to its conclusion before testing in the 
other direction was started.  A test sequence in one 
direction is concluded pursuant to the NCAP 
flowchart when simultaneous two wheel lift occurs 
(S2WL), a tire debeads, rim to ground contact occurs 
or all tests in the sequence are successfully 
completed.  A sequence in one direction is complete 
when the vehicle has successfully passed both a 
default and supplemental steer at 50 mph.  
Simultaneous two wheel lift was determined when 
the rear wheel height sensors indicated wheel lift in 

excess of two inches.  The vehicle�s front roll 
stiffness forces the front wheels higher off the ground 
when the rear wheels are off the ground due to body 
roll. 
 
Outrigger contact was determined by painting the 
skids on the end of the outrigger and checking for 
abrasion of the paint following a test.  Tire to ground 
contact was evaluated by inspecting the tires and 
wheels and test track surface. 
 
Testing was conducted on an asphalt parking lot at 
Southwest International Raceway (SIR) South of 
Tucson Arizona.  The test surface peak friction 
coefficient (PFC) was measured in accordance with 
ASTM Method E 1337�90, at a speed of 64.4 km/h 
(40 mph), without water delivery using an American 
Society for Testing and Materials (ASTM) E1136 
standard reference test tire.  The peak friction 
coefficient was 0.91.  The test surface has an East to 
West slope of minus 1.0% and has an North to South 
slope of 0.8%. Vehicle direction prior to first steer is 
approximately toward the Southwest and along the 
path of vehicle approach the slope is minus 0.1%. 
 

RESULTS 
 
The default steer magnitude was 209 degrees and the 
supplemental steer magnitude was 177 degrees.  A 
master table of the fishhook test results is shown in 
Table 2.   For each test condition the R-L sequence is 
listed first since it consistently resulted in 
simultaneous two wheel lift at a lower speed.   
 
For the RL default steering experiment, SSF was 
tested at 2 levels and tires at 3, resulting in a 2 X 3 
experiment. For the LR default steering experiment, 
SSF was tested at 3 levels and tires at 3, resulting in a 
3 X 3 or 32 experiment.  The response variable was 
the mph at which the design failed the test. 
Specifically, the possible values of the response were 
35, 40, 45, 47.5, and 50. The value 55 was assigned 
when there was no failure. When there was a failure 
at 47.5 or 50 mph, the test was repeated. For analysis 
purposes, the second test result is considered a 
duplicate. While the tires were new for this duplicate 
run and therefore the experimental conditions 
yielding this duplicate observation were slightly 
different, it offered the possibility of examining an 
interaction term between tires and SSF.  
 
Each of the steering sequences were analyzed 
separately. Table 3 provides the factors and p-values 
of significance. In both the default steering sequence 
directions, the SSF was significant at the 0.05 level, 
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Table 2. Summary of test results 
 

RL LR RL LR RL LR RL LR RL LR RL LR RL LR RL LR RL LR

1 P P P P P F P F P P P

2 F F

1 F P P P P P F P P

2 P P1 P

1 P P P P P P P

2 P

1 F P P P P P P

2 P P

1 P P F P P P

2 P P P P

Notes:
1Passing 50 mph RL Default at SSF2, T1 condition was an exception to the NHTSA NCAP sequence and not included in analys

The tested position of the movable mass in the SSF2, T1 condition was 0.1 inches lower than calculated

New tires are utilized at the beginning of each test sequence

"RL" and "LR" refer to the turn sequence directions from the NCAP test series
"# of tires" refers to situation when a new tire set was required to verify S2WL. New tires were not fitted for S2WL at <=45 mph
NCAP test sequence is followed except testing is completed in one direction before the second direction is initiated.

A "F" and filled box denotes a configuration that resulted in Simultaneous Two Wheel Lift (S2WL).  A "P" denotes no S2WL

S2WL is presumed in grey shading for all tests in sequence following the test of observed S2WL
S2WL is presumed in grey shading for all tests in RL sequence of the SSF0 conditions based upon LR result
Failure in default RL at 47.5 with the first tire in the SSF2, T1 condition is accompanied by rim to ground contact

N YN N N N

Tire 2 (205/75R15)
SSF0 SSF1 SSF2

Tire 1 (235/75R15)
SSF0 SSF1 SSF2SSF0

Baseline Tire (235/70R16)
SSF1 SSF2

# 
of

 ti
re

s

Did Configuration 
Pass NCAP Series?

N Y

35 mph 
Default      
Steer
40 mph 
Default      
Steer
45 mph 
Default       
Steer
47.5 mph 
Default      
Steer

P

F

Y

50 mph 
Default       
Steer
45 mph 
Supplemental 
Steer
47.5 mph 
Supplemental 
Steer
50 mph 
Supplemental 
Steer

O
rd

er
 o

f T
es

t i
n 

S
eq

ue
nc

e

Test

A "F" or "P" denotes the result of a test that was actually conducted

1

1

1

P P P P P P P P P P P P P P P

P P P P F P P P P F P P P P

P P P P F P P P P P P P

  
Table 3. Summary of Test Results. 

 
 

Testing 
Significant 
Factor and  

p-value 

 
Not 

Significant 

Default 
Steering RL 
R2 = 81.11 

 
Tires        0.020 
SSF         0.042 

 
Interaction 

Default 
Steering LR 
R2 = 90.49 

 
SSF         0.001 

Tires 
Interaction 

Supplemental 
Steering 

 
No factors 

Tires 
SSF 

however, tires were only significant for the RL 
sequence. Analysis of the supplemental steering 
results yielded no significant factors. The main 
effects plots in Figures 1 and 2 illustrate these results 
and indicate that the direction of the main effect of 
the SSF is the same for both steering sequences, LR 
and RL. In other words, as SSF increases, 
performance improves. While the LR sequence 
shows no effect of tires, the RL sequence results 
show the best performance for the baseline tires.  
 
It is noteworthy that these simple models provide 
very good fits as summarized in the R-squared 
values, 81.11% for RL and 90.49% for LR. 
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Figure 1. Main Effect Plot of Tires and SSF for Default Steering LR Experiment, Tires Insignificant and SSF 
Significant 
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Figure 2. Main Effect Plot of Tires and SSF for Default Steering LR Experiment, Tires Insignificant and SSF 
Significant 
 
Examination of the residual plots indicates no 
violations of the underlying modeling assumptions. 
While the order of the experimental runs was not 
random, no underlying pattern in the residuals 
according to run order was notable. 
 

In summary, under the experimental conditions and 
procedures implemented, the conclusion is that an 
increase in SSF and a reduced tire size reduces the 
occurrence of a simultaneous 2-wheel lift in a vehicle 
in a dynamic rollover maneuver. By performing the 
separate  analysis  on  the  different  default   steering  
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sequences and the supplemental steering, it was also 
found that the RL steering sequence provided the 
most information about vehicle sensitivity to changed 
vehicle parameters. Hence, these results suggest an 
initial streamlined test procedure.   

CONCLUSION 
 
Results of testing demonstrated different and 
improved vehicle performance with changed vehicle 
parameters.  Evaluation of the test results showed 
statistical significance in vehicle response due to 
changed SSF and no statistical significance in vehicle 
response due to changed tires for one of the steering 
sequences.  Close examination revealed that for 
evaluation of effects in vehicle response due to 
changes of vehicle parameters no additional 
statistically significant information in vehicle 
response was observed for initial left turn versus 
initial right turn and default steer versus supplemental 
steer.  The testing performed under these 
experimental conditions concludes that increased SSF 
and decreased tire size reduces the occurrence of a 
simultaneous 2-wheel lift in a vehicle in a dynamic 
rollover maneuver. Furthermore, when evaluating 
vehicle response to changed vehicle parameters an 
initial streamlined test regime utilizing the NCAP 
Rollover maneuver is suggested.  The complete 
NCAP Dynamic Rollover test procedure for vehicle 
validation is recommended.  Future investigations 
that build on these results could include changes in 
the roll moment distribution together with SSF. 
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ABSTRACT 

Phase 1 of the NHTSA Tire Aging Test Development 
Project consisted of the analysis of six different tire 
models collected from privately owned vehicles in 
the Phoenix, Arizona USA metropolitan area during 
the spring of 2003.  This study was conducted to 
provide a better understanding of service-related tire 
degradation and to serve as the “real-world” baseline 
for the development of laboratory-based accelerated 
service life test for tires (often referred to as a “tire 
aging test”).  On-road tires and full-size spare tires, as 
well as the corresponding vehicle information were 
collected through 22 Phoenix-area retailers in 
exchange for new tires at no charge to the study’s 
participants.  Within the six different tire models 
studied, a total of 174 on-road tires and 9 full-size 
spare tires retrieved from Phoenix of varied ages and 
mileages were compared to 82 new, un-used versions 
of themselves.  The tires were either subjected to one 
of two whole-tire roadwheel tests or cut apart for 
material properties analysis.  The results were 
correlated against the absolute age and mileage (if 
original equipment) of the tires and will be discussed 
in this paper.  The raw dataset and project notes are 
available for download at (VIN redacted for vehicle 
owner privacy):  http://www-
nrd.nhtsa.dot.gov/vrtc/ca/tires.htm  
 

INTRODUCTION 

In late 2000, the U.S. House of Representatives’ 
Committee on Energy and Commerce conducted an 
inquiry into the fatalities and injuries resulting from 
the tread separation failures of Firestone Radial ATX, 
Radial ATX II, and Wilderness AT tires on specific 
models of Ford, Mercury, and Mazda light trucks and 
SUVs.  During these hearings, members of Congress 
inquired as to the possibility of a tire aging test (i.e. 
accelerated service life test) that could evaluate the 
risk of failure at a period later in service than that 
evaluated by current regulations, which only test new 
tires.  As a result of the committee’s actions, the  

 
 
 
 

House drafted the Transportation Recall, 
Enhancement, Accountability, and Documentation 
(“TREAD”) Act [H.R. 5164], which was enacted on 
November 1, 2000.  The TREAD Act contained 
provisions mandating the USDOT National Highway 
Traffic Safety Administration (NHTSA) to update the 
passenger car and light truck tire safety standards 
(however the legislation did not contain specific 
requirements for a tire aging test). 
 
In response to the TREAD Act, NHTSA conducted 
tire safety research in support of what would become 
the new Federal Motor Vehicle Safety Standard 
(FMVSS) No. 139, “New pneumatic radial tires for 
light vehicles”.  During these efforts, the agency 
conducted a comprehensive review of literature and 
had numerous consultations with industry regarding 
the effects of service life (i.e. age and mileage) on 
tire durability.  The agency concluded that while an 
industry-wide recommended practice for conducting 
accelerated service life testing of tires did not exist, 
some methods were seeing limited use and warranted 
evaluation.  The agency decided to conduct a study to 
provide a better understanding of service-related tire 
degradation and to serve as the “real-world” baseline 
for the development of laboratory-based accelerated 
service life test for tires (often referred to as a “tire 
aging test”).  This would involve studying “field” 
tires collected from on-vehicle use in the U.S., 
thoroughly examining national accident statistics for 
trends involving tire service life, and conducting test 
“tire aging” test development. 
 

Tire Service Life in the U.S. 
The average tread life of a passenger car tire in the 
U.S. was approximately 44,700 miles in 2004 [1], 
which represents an 86% increase from an 
approximate 24,000 miles in 1973.  Using an average 
miles traveled by passenger vehicles of 12,497 miles 
in 2004 [2] and 9,992 miles in 1973 [3], the average 
tire service life was calculated to be around 3.6 years 

MacIsaac/Feve 1 
 

http://www-nrd.nhtsa.dot.gov/vrtc/ca/tires.htm
http://www-nrd.nhtsa.dot.gov/vrtc/ca/tires.htm


in 2004 and 2.4 years in 1973.  This suggests roughly 
a 49% increase in average tire service life over a 
thirty year period. 
 
The current U.S. Federal motor vehicle safety 
standard for light vehicle tires contains performance 
tests for new tires only.  The longest of these tests is 
currently the Endurance and Low Pressure test 
sequence, which is 35.5 hrs.  These performance tests 
are based on the premise that acceptable performance 
when the tire is new results in acceptable 
performance throughout the service life of the tire.  
However, the agency noticed in data from the 
aforementioned Firestone tire investigation [4], as 
well as many similar cases, that defective tire designs 
generally performed well in their first couple years of 
service and only began to fail after years of use.  
 

METHODOLOGY 

Phase 1 of the NHTSA Tire Aging Test Development 
Project consisted of the collection of 12 different tire 
models from use on private vehicles in the Phoenix, 
Arizona USA metropolitan area.  The Phoenix 
metropolitan area was selected as the collection 
location for the following reasons: 
 
1. Agency data indicated that states with high 

average ambient temperatures have higher tire 
failure rates.   Phoenix, AZ has an annual normal 
daily mean temperature of 23.4 Deg. C (74.2 
Deg. F). [5] It also has a mean number of 169 
days with a maximum temperature of 32.2 Deg. 
C (90 Deg. F) or higher. [6] 

2. A study conducted by the Ford Motor Company 
of the rates of degradation of tire material 
properties in six U.S. cities [7] indicated that the 
Phoenix, Arizona metropolitan area had the 
highest degradation rates of the six cities studied.  
These results were attributed to the exponential 
increase in the rate of the degradative reaction 
with temperature occurring in the relatively high 
mean and maximum temperatures of the Phoenix 
area. 

3. Maricopa County (Phoenix metro area), Arizona 
was a large population center of over 3 million 
residents [8] and possessed a large infrastructure 
of tire retail centers. 

4. The diminished need for minimum tire tread 
depth to facilitate wet and snow traction in the 
arid climate of the Southwest [9], as well as a 
relatively less aggressive roadway aggregate, can 
result in longer tire service lives in that region. 

 

In late 2002, NHTSA researchers used industry 
statistics on the most popular tire brands, sizes, 
manufacturers, etc. to construct a preliminary list of 
models for the study.  Tire manufacturers were 
contacted for help in narrowing down models to 
those that were in production from 1998 to 2003, had 
no ‘significant’ design changes in that period, and 
were available for purchase in Arizona.  During the 
February 25th to March 17th, 2003 timeframe the 
agency sent a team of Federal and contractor staff 
from the NHTSA Vehicle Research and Test Center 
(VRTC) in Ohio to Maricopa County (Phoenix), 
Arizona.  The team’s assignments were to recruit tire 
retail locations for collection centers, establish 
storage and transportation logistics, train retail staff 
on retrieval procedures, and launch the tire collection 
program.   
 
Sixteen tire retailer locations and six vehicle 
dealerships agreed to participate in the tire collection 
program.  A centrally located warehouse and a small 
fleet of moving vans were leased to facilitate short-
term tire storage and transportation.  After the first 
three weeks, the launch team returned from Phoenix 
and the program was administrated remotely from the 
VRTC until the end of April 2003.  At the conclusion 
of the project, all Phoenix-retrieved tires were 
shipped back to the VRTC for processing and 
distribution to the test labs. 
 
The details of the tire collection program were as 
follows:  The vehicle sample population was 
primarily comprised of random vehicles entering tire 
retail locations, as well as past customers of the 
businesses that were contacted by the retailer’s 
employees for interest in participation.  However, a 
small number of tires were retrieved from vehicles on 
auto dealer lots.  For vehicles entering a collection 
location, service personnel checked the tires against a 
collection list updated by the VRTC each day.  If the 
tires matched the exact specifications on the 
collection list, met age/mileage requirements, and the 
vehicle had current Arizona license plates, NHTSA 
offered to pay for the installation of a new set of tires 
with a road-hazard warranty at no charge to the 
customer in exchange for their current tires 
(including full-size spares).  Mini-spare tires were not 
collected. 
 
Table 1 documents the data collected at the retrieval 
of the tires.  Vehicle information such as the vehicle 
brand, model, odometer mileage, and vehicle 
identification number (redacted from public release) 
were collected.  For each tire, the mounting location 
at collection time, inflation pressure, and sidewall 
information were recorded.  In total, over 493 on-

MacIsaac/Feve 2 
 



road tires of 12 different models were collected from 
local residents’ vehicles (See Table 10 in the 
Appendix for a list of the 12 tire models collected).   
 

Table 1. 
Data Collected from Tires at Retrieval 

Category Test 
DOT Code 
Brand / model / size / load index / speed 
rating 
Inflation pressure 
Position on vehicle 

Tire 

Original date of sale if known 
Arizona license plates (Yes/No) 
VIN (redacted from public dataset) 
Make / model 
Model year 

Vehicle 

Mileage 
Store identification number Collection 

Location Date of retrieval 
 
Following the Phoenix tire collection, VRTC staff 
separated full-size spare and non-Arizona tires from 
the main on-road tire population through searches of 
tire collection sheets, vehicle identification numbers, 
photos, and vehicle registrations.  About 10% of 
sample tires were eliminated from testing because the 
vehicle was not registered in Arizona for entire 
service life of tire.  This was done to prevent tires 
that may have been in service in other lower-
temperature regions of the country from confounding 
the results of the analysis of Phoenix tires. 
 
Within the population of the 12 tire models, an 
acceptable distribution of age and mileage could only 
be obtained for five original equipment tire models 
(i.e. tire model on the vehicle when purchased new) 
and one replacement tire model.  This result can be 
attributed to the technicians’ ability to watch for a 
specific vehicle model when searching for “original 
equipment” (OE) tire models, but not for 
“replacement market” tire models.  Replacement tires 
were not on any specific vehicle and therefore a good 
distribution of each model was difficult to obtain.  
Consequently, the six Phoenix-retrieved tire models 
with the best distribution of age and mileage were 
selected for testing (See Table 2). 
 

Table 2.  
Six Tire Models Selected for Phase 1 Testing

NHTSA 
Tire ID

OE 
Fitment?

Tire Brand Tire 
Model 

Tire Size Load 
Range 

Speed 
Rating

B Yes BFGoodrich Touring 
T/A SR4 

P195/65R15 89 S 

C Yes Goodyear Eagle GA P205/65R15 92 V 
D Yes Michelin LTX M/S P235/75R15XL 108 S 
E Yes Firestone Wilderness 

AT 
P265/75R16 114 S 

H No Pathfinder1 ATR A/S LT245/75R16 120/116E Q 
L Yes General Grabber 

ST 
255/65R16 109 H 

1 Manufactured for the Discount Tire Company by the Kelly-
Springfield Tire & Rubber Company, a subsidiary of the Goodyear 
Tire & Rubber Company 
 
Information on the 265 tires tested in Phase 1 is listed 
in Table 3.  The “age” of the tires was determined by 
subtracting the build date in the DOT code from the 
date the tire was collected from service.  This method 
of determining age was considered the most accurate, 
since once tires are depressurized when dismounted 
from the wheel, the thermo-oxidative degradation 
(aging) of tire rubber compounds should slow 
dramatically. 
 

Table 3. 
Phase 1 Sample Size 

Tire 
Position 

Number 
of Tires 

Average 
Age 

(years) 

Standard 
Deviation 

(years) 

Oldest 
Tire 

(years)
On-road 174 2.66 1.76 7.38 
Spare 9 4.08 3.34 10.7 
New 82 - - - 
Total 265 
 
The Phase 1 test tires were subjected to either testing 
on an indoor 1.7-m (67-inch) laboratory roadwheel or 
a cut-tire analysis of tire component materials 
properties.  Some tires were excluded from the final 
dataset due to an invalid roadwheel test (i.e. valve 
leak, wheel failure, test machine failure, etc.) or the 
fact that they were not true zero-mileage full-size 
spare tires.  The results from 183 tires retrieved from 
Phoenix of varying ages and mileages were compared 
to 82 new, un-used versions of themselves to 
determine overall rates of degradation in whole-tire 
or component material properties.  Table 4 
documents the distribution of the Phase 1 tires 
between the various tests. 
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Table 4. 
Total Tires Tested In Phase 1 

Tire 
Position 

Roadwheel 
Tests 

Materials 
Tests 

Total

New 45 37 82 
On-road 103 71 174 
Spare 8 1 9 
Total 156 109 265 
 

Phase 1 Tire Tests 
In Phase 1, the new and Phoenix-retrieved tires of the 
six models selected for testing were subjected to one 
or more tests listed in Table 5 at independent tire 
testing laboratories.  The results of key measures will 
be discussed in the following sections. 
 

Table 5. 
Phase 1 Tire Data Collected 

Test Category Test 
Crack Coding 
Puncture/Repair Coding 
Shearography 
Tread Depth 

Nondestructive 
Inspection 

Tread Durometer 
Stepped-Up Speed to Failure Laboratory 

Roadwheel Testing Stepped-Up Load to Failure 
Innerliner Compound Analysis 
Innerliner Permeability 

Destructive 
Inspection 

Microscopy 
Indentation Modulus Profile 
Peel Strength 
Shore Hardness 

Mechanical 
Properties of 
Compounds 

Tensile Properties 
Dynamic Mechanical Analysis 
Interlaminar Shear Strain 
Micro-DeMattia Crack Growth

Dynamic Properties 
of Compounds 

Two-ply Laminate Fatigue 
Crosslink Density Chemical 

Properties of 
Compounds 

Fixed Oxygen by Weight 

 

RESULTS AND DISCUSSION 

The testing conducted in Phase 1 of the NHTSA Tire 
Aging Test Development Project generated an 
extremely large and varied set of data for use in test 
development.  It is not possible to discuss the results 
of all of these tests in one short paper.  Therefore the 
results presented in this paper focus on the changes 
with age and mileage in intuitive measures such as 

retrieval condition, whole tire roadwheel 
performance, and mechanical properties. 

Tire Retrieval Data 
Data were collected from the Phoenix tires during the 
removal process for both the on-road tires and full-
size spare tires.  The inflation pressure of each tire 
was recorded by the service technician at the 
collection facility before the tire was removed from 
the vehicle.  Figure 1 documents the retrieval 
pressures versus the age of the tire for 453 on-road 
tires, separated into either the passenger or light truck 
category for analysis.  (Results for the full-size spare 
tires are analyzed in a separate section.) 
 

Figure 1.  Inflation Pressure at Retrieval vs. Tire 
Age, Phoenix-Retrieved Non-Spare Tires, All Tire 
Models. 

For the data presented in Figure 1, the average 
inflation pressure at retrieval for the 11 passenger tire 
models was 223 kPa (32 psi), and for the load range 
E light truck tires the average was 367 kPa (53 psi).  
While a large amount of scatter was seen for both the 
passenger and light truck tire models, the mean tire 
inflation pressure levels did not deviate significantly 
with the increasing age of the tires.  Out of the 12 tire 
models collected, the light truck tires had the widest 
distribution in inflation pressures at retrieval.  This 
might be attributed to their use on full-size pickup 
trucks of varying payload capacities (“½ ton” vs. “¾ 
ton”), use in dual tire configurations, or the use of 
lower inflation pressures by some vehicle owners for 
better ride quality when lightly loaded. 
 
The minimum cold inflation pressures available in 
the Tire and Rim Association (T&RA) Yearbook [10] 
load limit tables are 180 kPa (26 psi) for passenger 
tires and 250 kPa (36 psi) for light truck tires.  
Though a small number of these tires were retrieved 
from vehicles on dealer lots, approximately 11% 
(44/411) of passenger vehicle tires and 14% (6/42) of 
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light truck tires had retrieval pressures below the 
respective minimum T&RA pressures. 
 

Nondestructive Inspection 
Tread Depth - Per the ASTM F 421-00 

standard test method, tread depths of the six tire 
models selected for testing (of the twelve collected) 
were measured in each groove of the tire at a 
minimum of six locations around the circumference 
of the tire and then averaged.  The average tread 
depth versus mileage is displayed in Figure 2.  New 
tires are denoted by a “0” mileage on the x-axis.  
Since the actual mileage is only known for original 
equipment (OE) tires, only OE tires are plotted.  The 
U.S. Uniform Tire Quality Grading Standards 
(UTQGS) treadwear grade is listed in the legend for 
each tire model.  A summary of the linear curve fits 
to the data in Figure 2 is contained in Table 6. 
 

Figure 2. Tire Tread Depth at Retrieval vs. 
Mileage, Phoenix-Retrieved Non-Spare Tires, 5 
Tire Models (Original Equipment Tires only). 

One obvious trend in Figure 2 is a relatively linear 
reduction in average tire tread depth with known 
mileage. 
 

Table 6.  
Treadwear Rates vs. Mileage from Linear Fits 

Vehicle 
Class 

UTQGS 
Treadwear 
Grade 

NHTSA 
Tire ID 

Slope 
of 
Linear 
Fit 

Y - 
Intercept 
(mm) 

R^2 

Passenger 540 B -5E-05 7.0 0.73 
Passenger 300 C -9E-05 7.2 0.94 
LT/SUV 440 D -1E-04 9.9 0.83 
LT/SUV 440 E -7E-05 9.1 0.69 
LT/SUV 360 L -7E-05 8.4 0.99 
 
In general, the treadwear rates of tires retrieved from 
Phoenix showed good correlation to known mileage, 

with the treadwear grade being somewhat predictive 
of treadwear rate within a vehicle class. 
 

Shearographic Interferometry - 
Shearography is a non-destructive testing method that 
identifies and measures the internal separations 
present between layers of a tire.  These separations 
are considered undesirable in terms of tire durability.  
The shearography machine uses lasers to map the 
interior surface of the tire at normal atmospheric 
pressure, and once again under vacuum conditions.  
Internal separations in the tire will spread apart under 
the vacuum, causing the interior surface of the tire to 
exhibit raised areas resembling bubbles above the 
internal separations.  The resulting difference 
between mapping images of the two surfaces can be 
used to identify and measure the total internal 
separations (cracks or delaminations) within a tire. 
 
Figure 3 displays the results of full bead-to-bead 
shearography of the six Phoenix-retrieved tire models 
versus the age of the tires at retrieval.  New tires of 
each model had essentially no measurable separation 
when tested.  For some tire models, the total level of 
internal separation was observed to be higher in older 
tires.  However, the shearography measure did not 
appear to correlate strongly with age overall. 
 

Figure 3. Bead to Bead Shearography Separation 
@ 50 mbar Vacuum vs. Age, Phoenix-Retrieved 
Non-Spare Tires, 6 Tire Models. 

Figure 4 instead plots the measured level of internal 
separation versus the mileage of the tires.  The results 
shown in Figure 4 suggest the internal separation of 
tires appears to correlate better to the mileage 
experienced by the tire than to the age of the tire.  
This is an intuitive observation, since the initiation 
and growth of internal cracks/separations are driven 
primarily by the cyclical deformation of the tire. 
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Figure 4.  Bead to Bead Shearography Separation 
@ 50 mbar Vacuum vs. Mileage, Phoenix-
Retrieved Non-Spare Tires, 5 Tire Models 
(Original Equipment Tires only). 
 

Laboratory Roadwheel Testing 
Evaluations of whole tire performance were 
conducted on new and Phoenix-retrieved tires using 
laboratory roadwheels.  All roadwheel testing was 
completed at a single laboratory per the ASTM F 551 
standard practice for testing tires on a 1.7 meter (67 
inch) roadwheel.  All Phoenix-retrieved tires 
underwent multiple pre-test visual inspections as well 
as shearographic inspection before testing.  To not 
unfairly bias the results, only tires free from visible 
damage and repairs (patches, plugs, exposed belt 
edges, etc.) were subjected to roadwheel testing.  
Comprehensive pre and post-test inspections of the 
tires were completed with uniform coding of the 
results and photographic documentation.   
 
Within the six tire models tested, 111 Phoenix-
retrieved tires and 45 new tires were subjected to 
either a stepped-up speed to failure or stepped-up 
load to failure test on a laboratory roadwheel (See 
Table 7).  The Stepped-Up Speed test (SUS) is 
intended to measure a tire’s retention of prolonged 
maximum speed capability while under a typical 
loading condition.  The Stepped-Up Load test (SUL) 
was intended to measure a tire’s resistance to 
prolonged operation at a typical U.S. interstate 
highway speed while over-deflected (i.e. overloaded 
and/or underinflated).  Both roadwheel tests are 
based on the pass/fail tests in the new FMVSS No. 
139, “New Pneumatic Radial Tires for Light 
Vehicles”.  However, since the pass/fail test criteria 
in the new standard are based on a minimum 
performance level, the criteria are of marginal utility 
as a research tool.  Instead, the versions of tests used 
in this program continued to step up the test speed or 

load until tire failure rather than stopping the test at 
the passing mark. 
 

Table 7.  
Phase 1 Roadwheel Tests Sample Size 

Tire 
Position 

Stepped-Up 
Speed Test 

Stepped-Up 
Load Test 

Total

New 21 24 45 
On-road 38 65 103 
Spare 6 2 8 
Total 65 91 156 
 
The results of the Phase 1 testing for the six Phoenix-
retrieved tire models were compared to new, unused 
versions of themselves in the next section of this 
report.  (As always, when examining indoor 
laboratory roadwheel results it is important to 
consider that a straight-line test, under static uniaxial 
loading conditions, on a curved steel roadwheel only 
approximates the real world operation of a tire under 
dynamic multi-axial handling and loading conditions 
on a flat roadway surface.) 
 

Stepped-Up Speed Roadwheel Test 
Results - The Stepped-Up Speed (SUS) roadwheel 
test is based on the new FMVSS No. 139 High Speed 
tire test.  Per the standard’s High Speed test 
conditions, the tire is subjected to a two hour break-in 
on the roadwheel at 80 km/h (50 mph), then run 
continuously and uninterrupted for ninety minutes 
through three thirty-minute test stages at the 
following speeds: 140, 150, and 160 km/h (87, 93, 
and 99 mph).  If the tire completes the roadwheel test 
intact (i.e. no catastrophic structural failures or 
significant loss of inflation pressure), the tire is 
stopped for a one-hour cool down period and 
inspected.   
 
Unlike the pass/fail FMVSS No. 139 High Speed 
test, which ends after the 90-minute test period is 
complete, the tire was restarted and run through 
additional speed steps that increase 10 km/h every 30 
minutes until the speed rating of the tire is reached.   
Once the speed steps reach the speed rating of the 
tire, the tire is run at that speed uninterrupted until a 
catastrophic failure occurs.  Details of the test are 
listed in Table 11 in the Appendix. 
 
The results of the Stepped-Up Speed (SUS) 
roadwheel test versus age for new and on-road (non-
spare) tires can be seen in Figure 5.  (Spare tire 
results will be analyzed in a separate section.)  Since 
the “Type D” tire model had only one Phoenix-
retrieved tire tested, no exponential trendline was 
plotted through its data.  Figure 5 is organized by the 
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speed rating of the tire and displays the results for 
new, original equipment, and replacement non-spare 
tires retrieved from Phoenix.  The time to failure in 
minutes is plotted against the age of the tire at 
retrieval.  (The time to failure plotted does not 
include the 120 minute pre-test break-in period.)  
New tires are denoted by a “0” age on the x-axis. 
 

Figure 5.  Stepped-Up Speed to Failure Test: Time 
to Failure vs. Age, Phoenix-Retrieved Non-Spare 
Tires, 6 Tire Models [Excludes 2 Hour Break-in 
Time]. 

To evaluate the SUS test results in context, it’s 
necessary to look at the requirements of the FMVSS 
No. 139 High Speed test for new tires.  This 
regulation requires new tires to complete a 2 hour 
low-speed break-in and three 30-minute steps of 
increasing speed to pass.  All new tires tested in the 
SUS test easily exceeded the minimum requirements 
of the standard.  The new “Type H” load range E 
light truck tires, which have a Q-speed rating of 160 
km/h (99 mph), ran at that speed rating for hundreds 
of additional minutes beyond the passing mark.  
However, as displayed in Figure 5, this tire model 
exhibited a precipitous decline in time to failure with 
age.  Two of the three S-speed rated tires did show a 
decline in time to failure with age, with some tires 
eventually dropping below the new tire requirements.  
Conversely, the two tire models with the highest 
speed ratings (H and V-speed rated) showed little 
change in the test with increasing age.  For these two 
tire models the coefficients of determination (R^2) 
for the SUS test were very weak.  
 
8% (3/38) of the on-road Phoenix-retrieved tires 
failed before reaching the requirement of the FMVSS 
No. 139 High Speed test for new tires (See Table 8).  
All three were S-speed rated (180 km/h [112 mph]) 
tires and failed during one of the last two speed steps. 
 

Table 8.  
On-road Phoenix-Retrieved Tires That Did Not 

Exceed FMVSS No. 139 High Speed Test 
Requirements for New Tires 

Speed 
Step 

Speed Step 
Duration (min) 

Speed Failed

Break-in 120 80 km/h 
(50 mph)

0

1 30 140 km/h 
(87 mph)

0

2 30 150 km/h 
(93 mph)

1

3 30 160 km/h 
(99 mph)

2

Failures 3/38
 
In Figure 6, the results of the SUS test are plotted 
against the mileage of the tires at removal date.  
Since only OE tires can be plotted against mileage, 
only the two tire models with OE tires tested in the 
SUS test are displayed.  For the two tire models, the 
time to failure in the SUS test was observed to 
decrease with increasing mileage. 
 

Figure 6.  Stepped-Up Speed to Failure Test: Time 
to Failure vs. Mileage, Phoenix-Retrieved Non-
Spare Tires, 2 Tire Models (Original Equipment 
Tires Only) [Excludes 2 Hour Break-in Time]. 

The overall results of the SUS test showed 
correlation to age and mileage for some tire models, 
but not for others.  For the Q and S rated tire models 
the results of the SUS test suggest a reduction in 
prolonged maximum speed capability with age and 
mileage.  Construction features for H and V rated 
tires such as overlays (e.g. cap-plies) may explain 
their better retention of prolonged maximum speed 
capability with age and mileage.  
 

Stepped-Up Load Roadwheel Test Results 
- The Stepped-Up Load (SUL) roadwheel test is 
based on the new FMVSS No. 139 Endurance tire 
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test.  Per the Endurance test conditions there is no 
pre-test break-in.  The tire is run continuously and 
uninterrupted at 120 km/h (75 mph) while 
overloaded/underinflated for four hours at 85% max 
load, six hours at 90% max load, and then twenty 
four hours at 100% max load.  If the tire completes 
the roadwheel test intact (i.e. no catastrophic 
structural failures or significant loss of inflation 
pressure), the tire is stopped for a one-hour cool 
down period and inspected.  Unlike the 34 hour 
pass/fail requirement of the FMVSS No. 139 
Endurance test, the SUL test restarts tires and runs 
through additional load steps that increase by 10% of 
max load every four hours until catastrophic failure. 
The initial load and incremental loads are 
proportional to the maximum load rating for each 
tire.  Details of the test are listed in Table 12 in the 
Appendix. 
 
The results of the SUL test versus age for new tires 
and on-road (non-spare) tires can be seen in Figure 7.  
(Spare tire results will be analyzed in a separate 
section.)  Figure 7 is organized by the speed rating of 
the tire and displays the results for new, original 
equipment, and replacement non-spare tires retrieved 
from Phoenix.  The time to failure in hours is plotted 
against the age of the tires at removal date.  New tires 
are denoted by a “0” age on the x-axis. 
 

Figure 7.  Stepped-Up Load to Failure: Time to 
Failure vs. Age, Phoenix-Retrieved Non-Spare 
Tires, 6 Tire Models. 

As seen in Figure 7, new tires tended to last the 
longest in the SUL roadwheel testing, with time to 
failure decreasing with increasing age of the tire.  All 
six tire models saw a decrease in time to failure with 
age.  The rate of change in performance with age 
differed greatly between different tire models, with 
higher speed rated tires having less of a change in 
performance with age.  
 

To evaluate the SUL test results in context, it is 
necessary to look at the requirements of the FMVSS 
No. 139 Endurance test for new tires.  This regulation 
requires new tires to complete three steps of 
increasing load for a combined 34 hours to pass.  All 
new tires tested easily exceeded the 34-hour 
requirement of the 139 Endurance test.  For instance, 
new V-speed rated (240 km/h [149 mph]) tires 
repeatedly reached 230-240% of their maximum 
specified Tire and Rim Association (T&RA) load for 
the 180 kPa (26 psi) test pressure before failing.  
However, 43% (28/65) of on-road Phoenix-retrieved 
tires tested failed before reaching the 34-hour passing 
mark for new tires (See Table 9).   
 
The shortest time to failure in the SUL dataset was 
2.62 hours.  For this tire, this represented 2.62 hours 
of continuous operation at 120 km/h (75 mph) under 
98% of the maximum rated load for the tire inflation 
pressure used in the test (180 kPa [26 psi]).  Three 
additional tires failed before the end of the second 
load step (≤10 hours), which depending on the tire 
size corresponded to 103 to 104% of the maximum 
T&RA rated load for the test pressure.  Twenty four 
more tires failed before the end of the third and final 
load step (i.e. 34 hours), which corresponded to 115 
to 123% of the maximum T&RA rated load for the 
test pressure.  Unlike the improbable long durations 
at high speed represented by the SUS test, long 
periods of operation at 120 km/h (75 mph) while 
moderately overloaded / underinflated are realistic in 
the U.S.   
 

Table 9.  
On-road Phoenix-Retrieved Tires That Did Not 

Exceed FMVSS No. 139 Endurance Test 
Requirements 

Speed 
Step 

Load 
Step 
Duration 
(hours) 

Max 
Sidewall 
Load 
(%) 

Max 
Rated 
Load 
for Test 
Pressure 
(%) 

Failed

1 4 85 98 1
2 6 90 103-104 3
3 24 100 115-123 24

Failures 28/65
 
The results of the SUL test are plotted against the 
mileage of the tire at removal date in Figure 8.  As in 
prior plots against mileage, only OE tires are plotted. 
Similar trends to plotting against age were observed 
when plotting against mileage.  Those were a general 
decrease in time to failure with increasing mileage, 
also a difference between the rates of degradation 
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with age for brands that started out with similar new 
tire performance. 
 

Figure 8. Stepped-Up Load to Failure: Time to 
Failure vs. Mileage, Phoenix-Retrieved Non-Spare 
Tires, 5 Tire Models (Original Equipment Tires 
Only). 

Tires in the SUL test with higher speed ratings tended 
to lose less resistance to prolonged operation while 
overloaded / underinflated than lower speed rated 
tires.  The coefficients of determination (“R^2”) for 
the SUL test were better than expected given that 
these tires were taken off of random vehicles with 
varying service and operational histories.   
 
The general conclusions from the SUL test results 
suggest that tires lose resistance to overloading / 
underinflation (i.e. resistance to the higher strain 
levels and temperatures that result from over-
deflection) with increasing age and mileage.  The 
next sections of the report provide examples of 
changes in the tire structure and tire component 
material properties measured that can be used to 
explain the observed changes in whole tire 
performance with increasing service life. 
 

Destructive Inspection 
Optical Microscopy - To conduct optical 

microscopy inspections, tires were cut into cross-
sections at random locations, buffed, and examined 
under a microscope that utilized a high precision 
scale for measurement of distance.  Over 50 
quantitative or qualitative measures were recorded 
for each tire cross-section.  An example of an internal 
crack measured using optical microscopy can be seen 
in Figure 9.  Internal cracks, especially in the critical 
belt edge region are thought to have a negative 
impact on tire durability. 
 

Figure 9.  Example of Crack Observed in the Tire 
Shoulder at the Top (“#2”) Belt Edge via 
Microscopy 

Internal cracks in the tires were generally observed at 
the edge of the top (#2) steel belt, and progressing 
around the #2 belt edge inward between the two steel 
belts.  The largest internal crack observed in the 
Phoenix tire cross-sections was 17.15 mm (0.675 in) 
in length.  (The crack length data represent the largest 
cracks observed in the random section of the tire 
removed for microscopy only, not the largest crack in 
the whole tire.)  The largest crack length measured 
per tire cross-section versus the age of the tire is 
displayed in Figure 10.  For the six tire models 
studied, the largest crack length in the cross-section 
tended to increase with increasing tire age. 
  

Figure 10.  Largest Crack Length in the Tire 
Cross-Section vs. Age, Phoenix-Retrieved Non-
Spare Tires, 6 Tire Models. 

Figure 11 plots the largest crack length data against 
the mileage of the tire for original equipment tires.  
Largest crack length was observed to increase with 
increasing tire mileage. 
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Figure 11.  Largest Crack Length in the Tire 
Cross-Section vs. Mileage, Phoenix-Retrieved 
Non-Spare Tires, 5 Tire Models (Original 
Equipment Tires Only). 

A logical question would be if the cracks and inter-
laminar separations observed by shearography and 
microscopy were a product simply of stress-strain 
fatigue cycles from miles put on the tires, or if there 
were changes in the rubber compound themselves 
that made the tire components more likely to crack 
and delaminate as they experienced longer durations 
of service.  To address this question, a 
comprehensive evaluation of tire material properties 
was conducted. 
 

Material Properties 
The material properties of individual rubber 
compounds and composite layers of the new and 
Phoenix-retrieved tires were tested in multiple areas 
of the tires (See Figure 12).  The “Shoulder Region” 
and the “Bead Region” are critical areas of the tires 
that can experience high relative temperatures, 
strains, and forces.  In particular, the “Wedge” rubber 
between the two belt edges in each shoulder of the 
tire and the inter-belt “Skim” rubber are critical to 
tire durability.  These two components were the most 
thoroughly tested rubber components in Phase 1.  
(However the innermost tread and bead regions were 
also evaluated to serve as a baseline for development 
of an accelerated service life test.  The goal was to 
develop a test that produced “field-like” material 
properties throughout the tire, not just in the skim and 
wedge compounds.) 
 
     

Figure 12.  Regions of the Tires Where Material 
Properties Testing was Completed 
 

Wedge Component Material Properties 
Since virtually all the cracks and internal 
delaminations observed by shearography and 
microscopy in Phoenix-retrieved tires were at the belt 
edges of the tires, examples of select material 
properties of the wedge rubber component at the belt 
edge will be discussed in this section. 
 
Tensile Properties - The tensile properties of the 
skim and wedge rubber compounds were tested per 
the ASTM D-412 standard test method.  Five tensile 
test specimens (See Figure 13) from each side of the 
tire at two locations around the circumference of the 
tire were tested for both the skim and wedge rubber 
compounds.   
 

Figure 13.  Tensile Test Specimen - Wedge 
Component Rubber Compound. 

One tensile test measure, the modulus at a particular 
strain, is a measure of a material’s tendency to 
deform (in this case elongate) when a force is applied 
to it.  In Figure 14 the average per tire stress 
measured at 100% Strain (M100) for the wedge 
rubber compound was plotted against the age of the 
tire.  As is evident from the figure, the rubber 
compound requires more force to stretch to the same 
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length with the increasing age of the tire.  If tested 
under compression instead of elongation, the 
compound would be “harder” than when it was new. 
 

Figure 14.  Per Tire Average Stress Measured at 
100% Strain (M100) in the Wedge Rubber vs. 
Age, Phoenix-Retrieved Non-Spare Tires, 6 Tire 
Models. 

In Figure 15, the stress measured at 100% Strain 
(M100) for the wedge rubber compound was plotted 
against the mileage of the OE tires. As with age, 
average per tire stress measured at 100% Strain 
(M100) increases with the increasing mileage of the 
tire.   
 

Figure 15.  Per Tire Average Stress Measured at 
100% Strain (M100) in the Wedge Rubber vs. 
Mileage, Phoenix-Retrieved Non-Spare Tires, 4 
Tire Models (Original Equipment Tires Only). 

Another tensile test measure is the ultimate 
elongation of a material.  It represents the maximum 
length to which the rubber sample can be stretched 
before breaking.  In Figure 16, the average per tire 
ultimate elongation for the wedge rubber compound 
was plotted against the age of the tire.  The ultimate 
elongation was observed to decrease sharply with the 
increasing age of the tire. 
 

Figure 16.  Per Tire Average Ultimate Elongation 
in the Wedge Rubber vs. Age, Phoenix-Retrieved 
Non-Spare Tires, 6 Tire Models. 

In Figure 17, the average per tire ultimate elongation 
of the wedge rubber compounds are plotted against 
the mileage of the original equipment tires. As with 
age, the average per tire ultimate elongation 
decreases sharply with the increasing mileage of the 
tire. 
 

Figure 17.  Per Tire Average Ultimate Elongation 
in the Wedge Rubber vs. Mileage, Phoenix-
Retrieved Non-Spare Tires, 4 Tire Models 
(Original Equipment Tires Only).  

Overall, the tensile properties of the wedge rubber 
compounds are increasing in modulus and decreasing 
in ultimate elongation with increasing service life.  In 
other words, the compounds are getting harder, do 
not flex as much under a given load, and are losing 
their ability to stretch to a maximum length before 
breaking.  These degradations in the wedge rubber 
material properties may contribute to the increased 
crack and delamination levels observed by 
shearography and microscopy in the wedge region 
with increasing service life.   
 
The next question would be if there are not only 
changes in the material properties of the wedge 
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compound but also the adhesion values between the 
steel belts in the wedge region with increasing 
service life.  To test this hypothesis, inter-belt peel 
strength was measured. 
 

Inter-Belt Peel Strength - The peak and 
average peel strength between the two steel belts in 
the tires were evaluated using the ASTM D 413 
standard test method.  Samples were taken from both 
sides of the tire at four locations around the 
circumference of the tire.  Data were divided into 
results for the skim and the approximately 25.4 mm 
(1 inch) long wedge rubber regions at the edges of 
the steel belts separately (See Figure 18).   
 

Figure 18.  Peel Strength Test Specimen - Skim & 
Wedge Components. 

In Figure 19, the average peel strength results in the 
wedge rubber region were averaged for eight test 
samples and displayed versus the age of the tire.  The 
average peel strength in the wedge rubber region (i.e. 
adhesion level between the edges of the steel belts) 
was observed to decrease with the increasing age of 
the tire for all six tire models. 
 

Figure 19.  Per Tire Average Peel Strength in 
Wedge Rubber Region vs. Age, Phoenix-Retrieved 
Non-Spare Tires, 6 Tire Models 

In Figure 20 the average peel strengths are plotted 
against the mileage of the original equipment tires.  
As with age, the average peel strength in the wedge 
rubber region between the belt edges was observed to 

decrease with the increasing mileage of the tire.  The 
results of peel strength testing suggest that inter-belt 
adhesion in the wedge region of the belt package is 
decreasing with increasing service life. 
 

Figure 20.  Per Tire Average Peel Strength in 
Wedge Rubber Region vs. Mileage, Phoenix-
Retrieved Non-Spare Tires, 4 Tire Models 
(Original Equipment Tires Only). 

Overall, the select material properties tests discussed 
in the section for the wedge rubber component 
suggest quantifiable changes in the compound that 
affect crack growth rate and inter-belt adhesion in 
that region.  These changes can be explained by 
chemical changes in the wedge compound and 
adhesive system; however discussion of these 
measures is beyond the scope of this paper.  The 
main point of including examples of material 
property testing was to emphasize that the changes in 
whole tire performance observed with age and 
mileage were partly a result of changes in tire 
compounds and interfaces, and not simply a result of 
cyclic fatigue. 
 

Spare Tires 
Figure 21 documents the inflation pressure of all tires 
retrieved from the spare tire location on the vehicle.  
This plot includes 29 tires of the 12 models collected 
in Phoenix and includes both zero-mileage spares and 
used tires stored at that location.  The lowest pressure 
observed was 55 kPa (8 psi) for a 6.78 year old 
passenger vehicle tire.  31% (8/26) of passenger tires 
at the spare tire location had pressures below 180 kPa 
(26 psi) when retrieved.  33% (1/3) light truck tires 
retrieved at the spare tire location had an inflation 
pressure below 250 kPa (36 psi).   
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Figure 21.  Inflation Pressure at Retrieval vs. Age, 
Phoenix-Retrieved Full-Size Spare Tires, All Tire 
Models. 

Out of the 29 tires retrieved from the spare tire 
location, there were only 9 tires of the six tire models 
tested in Phase 1 that could be confirmed as only 
seeing service in Phoenix and having zero mileage. 
Since these confirmed spares did not see service, 
measurements such as tread depth, shearography, 
largest crack length are not informative.   
 
A Ford Motor Company study of the material 
properties of 1500 tires retrieved from service in six 
cities in the U.S. concluded:   
 
“On-road tires age roughly 1.25 times faster than 
(full-size) spare tires independent of property. That 
is, the ratio of the rates of crosslink density increase 
and peel strength loss are the same independent of 
whether or not the tire is a spare. This suggests that 
the difference in rate is due to the fact the on-road 
tires see a somewhat higher temperature history than 
spare tires due to a combination of sun load and tire 
heating during driving. It is important to note that 
on-road tires are typically driven around 5% of the 
time.” [11] 
 
“In every case, the spare tire data was statistically 
identical to the road tire data, meaning that 
mechanical fatiguing does not impact the aging 
process with regards to property change of the 
rubber.” [12] 
 
Ford’s findings suggest full-size spare tires were 
experiencing material property degradation in a 
manner similar to on-road tires, but at a slower rate.  
The next logical step was to see if this material 
degradation also resulted in a change in performance 
of spare tires in roadwheel tests.  In Phase 1, six full-
size spare tires were subjected to the Stepped-Up 
Speed test and two tires to the Stepped-Up Load test.    

The results for the six spare tires that were subjected 
to the SUS test are plotted against age in Figure 22.  
Though the dataset is limited in size, a small decrease 
in time to failure was observed for the five S-rated 
full-size spares with age but not for the single V-rated 
spare. 
 

Figure 22.  Stepped-Up Speed to Failure Test: 
Time to Failure vs. Age, Phoenix-Retrieved Full-
Size Spare Tires, 2 Tire Models [Excludes 2 Hour 
Break-in Time]. 

The results for the two spare tires that were subjected 
to the SUL test are plotted against age in Figure 23.  
Again, though the dataset is limited, a small decrease 
in time to failure was observed for both models of 
spare tires regardless of speed rating. 
 

Figure 23.  Stepped-Up Load to Failure: Time to 
Failure vs. Age, Phoenix-Retrieved Non-Spare 
Tires, 2 Tire Models. 

The trends in the roadwheel tests were the same for 
on-road tires as spare tires.  Namely the lower speed 
rated tire showed reductions in time to failure in both 
the SUS and SUL tests.  The higher speed rated tires 
showed no significant change in time to failure in the 
SUS test but measurable changes in the SUL test.  
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While the reductions in the whole tire performance of 
the full-size spare tires in the two roadwheel tests 
were smaller in magnitude than for the on-road tires, 
and the dataset was extremely limited, the results 
support the hypothesis that spare tires could degrade 
while stored on the vehicle.  This is a particular 
concern when coupled with the inflation pressures of 
full-size spare tires at retrieval.  Over 30% of the 
passenger and light truck tires at the spare tire 
location had inflation pressures below the T&RA 
Load Table minimums.  A recent study by the agency 
projected that more than 50% of passenger vehicles 
will still be on the road in the U.S. after 13 years of 
service, and more than 10% will still be on the road 
after 19 years.  For light trucks, those figures go to 14 
and 27 years respectively. [13]  Since few consumers 
replace their full-size spare tires when replacing on-
road sets of tires, full-size spare tires have the 
potential for very long service lives.  This elicits the 
logical concern that older full-size spare tires with 
possible degradations in capability may see 
emergency use while significantly underinflated. 
 

CONCLUSIONS 

The goals of Phase 1 were to provide a better 
understanding of the effects of service life on tires 
and to serve as the “real-world” baseline for 
evaluating the effectiveness of accelerated laboratory 
tire-aging methods in subsequent phases of the 
project.  For the tests detailed in this paper, the 
following trends were observed in the Phoenix-
retrieved tires:   
 

 While mean tire inflation levels of on-road tires 
did not deviate much with age, approximately 
11% of passenger vehicle tires and 14% of light 
truck tires had retrieval pressures below the 
minimum pressures in the 2003 Tire & Rim 
Association Tire Load Limit Tables that were in 
place at the time of the tire collection. 

 
 Results of bead-to-bead shearography of the 
tires indicated that internal separations in the 
tire tended to increase with increasing age and 
mileage, correlating better to mileage. 

 
 In the Stepped-Up Speed roadwheel test, some 
tire models showed a decline in time to failure 
with age and mileage, while others did not.  
Results indicated a strong correlation to the 
speed rating of the tire, with the higher speed 
rated tires losing the least capability with 
increasing age and mileage. 

 

 In the Stepped-Up Load roadwheel test, all tire 
models showed a decline in time to failure with 
age and mileage.  Results indicated a strong 
correlation to the speed rating of the tire, with 
the higher speed rated tires losing the least 
capability with increasing age and mileage. 

 
 Optical microscopy results indicated that the 
largest crack length measured in tire cross-
sections examined tended to increase with 
increasing age and mileage. 

 
 The tensile properties of wedge rubber 
compound between the two belt edges were 
observed to increase in modulus and decrease in 
ultimate elongation with increasing age and 
mileage. 

 
 The average peel strength in the wedge rubber 
region between the two belt edges was observed 
to decrease with increasing age and mileage, 
indicating reduced adhesion between the steel 
belts. 

 
 The changes in the physical material properties 
of the tire rubber compounds can be explained 
by chemical changes in the compounds and 
interfaces; however discussion of these 
measures was beyond the scope of this paper. 

 
 Over 30% of the passenger and light truck tires 
at the spare tire location had inflation pressures 
below the 2003 T&RA Load Table minimums.  
Roadwheel tests of eight zero-mileage full size 
spare tires indicated possible reductions in 
performance with age. 
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APPENDIX 

Table 10. 
Twelve Tire Models Collected In Maricopa 

County (Phoenix), Arizona 
NHTSA 
Tire ID 

Tires Tire 
Manufacturer 

Tire Model Tire Size Load 
Range 

Speed 
Rating 

A 34 Hankook H406 P185/65R14 85 H 
B 70 BFGoodrich Touring T/A 

SR4 
P195/65R15 89 S 

C 31 Goodyear Eagle GA P205/65R15 92 V 
D 39 Michelin LTX M/S P235/75R15XL 108 S 
E 50 Firestone Wilderness 

AT 
P265/75R16 114 S 

F 49 Goodyear Wrangler HP 255/55R18 109 H 
G 29 Kumho ECSTA HP4 P205/60R15 90 H 
H 49 Pathfinder ATR A/S LT245/75R16 120/116E Q 
I 22 Yokohama Avid 

Touring 
P205/70R15 95 S 

J 45 Continental Touring 
Contact A/S 

P205/65R15 92 S 

K 35 Pirelli P6 
FourSeasons 

P235/45R17 94 V 

L 40 General Grabber ST 255/65R16 109 H 
Total 493 

 
Table 11. 

Stepped-Up Speed to Failure Test: Speed stepped-
up through FMVSS No. 139 High Speed test 

conditions to the speed rating of tire and held to 
failure 

 
 

Table 12. 
Stepped-Up Load to Failure Test: Load stepped-

up through FMVSS No.139 Endurance test 
conditions and continued on to failure 

Test Stage (#) Duration 
(hours)

Percent Max 
Load

Speed 
(mph)

Test

1 4 85% 75
2 6 90% 75
3 24 100% 75

Inspection 1 - - -

4 4 110% 75
5 4 120% 75

Etc. 4 +10%  every 4 
hours

75

FMVSS 139 
Endurance

Stepped-Up 
Load to 

Catastrophic 
Failure
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Duration 
(hours) Speed 
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13
9 

Inspection 1 * * 
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7 0.5 200 km/h 
8 0.5 210 km/h3 
9 0.5 220 km/h 
10 0.5 230 km/h 
11 0.5 240 km/h4    
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1 Do not increment speed over 160 km/h for Q speed rated tire, hold at speed rating until tire failure. 
2 Do not increment speed over 180 km/h for S  speed rated tires, hold at speed rating until tire failure. 
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4 Do not increment speed over 240 km/h for V speed rated tires, hold at speed rating until tire failure. 

[12] “Field Aging Of Tires, Part II”, Rubber Chemistry And 
Technology, Vol. 78, Page 754, John M. Baldwin, David R. Bauer, 
Paul D. Hurley, Ford Motor Company, 
http://dmses.dot.gov/docimages/pdf95/388798_web.pdf  
[13] DOT HS 809 952 Technical Report, January 2006, “Vehicle 
Survivability And Travel Mileage Schedules”, NHTSA’s National 
Center for Statistics and Analysis    http://www-
nrd.nhtsa.dot.gov/pdf/nrd-30/NCSA/Rpts/2006/809952.pdf  

MacIsaac/Feve 15 
 

http://www.tirebusiness.com/subscriber/databook/piecharts.html?chart=33
http://www.tirebusiness.com/subscriber/databook/piecharts.html?chart=33
http://www.fhwa.dot.gov/policy/ohim/hs04/htm/vm1.htm
http://www.ncdc.noaa.gov/oa/climate/online/ccd/nrmavg.txt
http://www.ncdc.noaa.gov/oa/climate/online/ccd/mxge90.txt
http://dmses.dot.gov/docimages/pdf95/388794_web.pdf
http://www.census.gov/
http://www.ncdc.noaa.gov/oa/climate/online/ccd/nrmpcp.txt
http://dmses.dot.gov/docimages/pdf95/388794_web.pdf
http://dmses.dot.gov/docimages/pdf95/388798_web.pdf
http://www-nrd.nhtsa.dot.gov/pdf/nrd-30/NCSA/Rpts/2006/809952.pdf
http://www-nrd.nhtsa.dot.gov/pdf/nrd-30/NCSA/Rpts/2006/809952.pdf

