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Abstract 

 
This paper addresses some aspects of an on-going multiyear research project of GP 

Technologies in collaboration with University of Wisconsin-Madison for US Army 

TARDEC.  The focus of this research project is to enhance the overall vehicle reliability 

prediction process. A combination of stochastic models for both the vehicle and 

operational environment are utilized to determine the range of the system dynamic 

response. These dynamic results are used as inputs into a finite element analysis of 

stresses on subsystem components. Finally, resulting stresses are used for damage 

modeling and life and reliability predictions. This paper describes few selected aspects of 

the new integrated ground vehicle reliability prediction approach. The integrated 

approach combines the computational stochastic mechanics predictions with available 

statistical experimental databases for assessing vehicle system reliability. Such an 

integrated reliability prediction approach represents an essential part of an intelligent 

virtual prototyping environment for ground vehicle design and testing. 
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1. Introduction 
This paper addresses some aspects of an on-going multiyear research project of GP 

Technologies in collaboration with University of Wisconsin-Madison for US Army 

TARDEC.  The focus of this research project is to enhance the overall vehicle reliability 

prediction process. A combination of stochastic models for both the vehicle and 

operational environment are utilized to determine the range of the system dynamic 

response. These dynamic results are used as inputs into a finite element analysis of 

stresses on subsystem components. Finally, resulting stresses are used for damage 

modeling and life and reliability predictions. This paper describes few selected aspects of 

the new integrated ground vehicle reliability prediction approach. The integrated 

approach combines the computational stochastic mechanics predictions with available 

statistical experimental databases for assessing vehicle system reliability. Such an 

integrated reliability prediction approach represents an essential part of an intelligent 

virtual prototyping environment for ground vehicle design and testing. 

 

 
Figure 1: Vehicle reliability prediction flowchart [1]  

2. Operational and Vehicle Description 
This section focuses on the two left-upper boxes in the above reliability chart. We 

describe the stochastic modeling and simulation of road profiles and corresponding 

vehicle system dynamic behavior. 

2.1 Simulation of Stochastic Operational Environment 

Stochastic modeling of the vehicle operational conditions includes the following 

variation components: 

i) stochastic road profiles idealized by a 10 D-1V stochastic vector  process with 10 

components that describes the statistical road surface amplitude variations on parallel 

track lines along the road,  
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ii) stochastic road topography profile idealized by a 1D-3V stochastic vector process 

with 3 components that describes the statistical variations in 3D space of the slowly 

varying road trajectory median line  

iii) stochastic vehicle chassis speed levels along the road trajectory that include the 

randomness that is produced by a particular driverôs maneuvers for different roughness 

and topography of road segments, and different driversô random maneuvers for the same 

road profile segment.  

The idealization of road profiles includes the superposition of two stochastic 

variations: i) the road surface variation (micro-scale continuous, including smooth 

variations and random bumps or holes), and ii) the road topography variation (macro-

scale continuous variations, including curves and slopes). We assumed that these two 

stochastic variations are stochastically decoupled, or statistically uncorrelated. We also 

assume that the road mean surface is horizontal, and therefore no inclination in the 

transverse direction is considered.  

More specifically, we idealized the road surface profiles as non-Gaussian, non-

stationary vector-valued stochastic field models with complex spatial correlation 

structures. To simulate stochastic road profiles, we idealized them by non-Gaussian, non-

stationary Markov vector processes that were by solving a set of nonlinearly mapped, 

stochastically coupled second-order differential equations.  The nonlinear mapping is 

based on an algebraic probability transformation of real, non-Gaussian variations defined 

by the available databases for road surfaces and topography to an ideal Gaussian image 

space.  

 
Figure 2: A simulated road surface with high (top) and low (bottom) spatial correlations. The lateral direction is 

roughly top to bottom and the longitudinal direction is left to right 

Figure 2 shows simulated road surface segments with high spatial correlation (HC) 

and low spatial correlation (LC) in the transverse direction of the road. The longitudinal 
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variation of the mid-line road surface profile is the same for both HC and LC simulated 

roads. The HC road corresponds to a situation when the wheel inputs are about the same 

for two parallel wheel lines, so that right-side and left-side wheels see about the same 

road surface track lines. Thus, for the HC roads, there two different wheel road inputs, 

each input for a pair of front-rear wheels.  In contrast, the LC road assumes that the right-

side and left-side wheel road inputs are different. Thus, for LC roads there are four 

different wheel inputs. Thus, it is expected that a LC road profile will produce much 

larger vehicle dynamic responses in all directions, especially in the lateral direction. 

Based on various road measurements we noted that the road surface variations are 

highly non-Gaussian as shown in Figure 3. This is somehow surprising for the vehicle 

engineering community since, traditionally, the road surface profiles have been idealized 

by simple zero-mean one-dimensional Gaussian stationary stochastic processes.  For this 

type of stochastic processes, only the covariance function (CF), or, alternatively, the 

power spectral density function (PSD) has to be known to fully describe the road profile.  

In current practice, the RMS value (equal to the standard deviation of the signal 

amplitude) and the PSD estimate are often used. Unfortunately, the RMS  

and PSD estimates are not sufficient for describing non-Gaussian road surface variations 

as we see from real measurements. 
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Figure 3: Simulated and measured road profile variations; Amplitude variations (top) and PSD (bottom) 

We are highly confident that by considering the non-Gaussian variation aspects of 

road surface variations we are making an important step forward in stochastic modeling 

of road surface and topography profiles.  

It should be noted that the road surface variation is typically highly non-Gaussian, 

being highly skewed in the direction of large positive amplitudes.  Without any doubt, the 

non-Gaussian variation aspect has a significant negative impact on the vehicle fatigue 
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reliability.  If the non-Gaussian aspects of road surface variations are neglected, the 

predicted vehicle fatigue life and reliability are much larger than in reality. 

2.2 Vehicle Description 

This project uses the U.S. Armyôs High-Mobility Multipurpose Wheeled Vehicle 

(HMMWV) for all dynamic analysis simulations. Specifically, model number M966 

(TOW Missle Carrier, Basic Armor without weapons) was selected since values of the 

total vehicle inertia were available [2].  

 
Figure 4: Steering and suspension subsystem models 

The vehicle is designed for both on-road and off-road applications, and all models 

share a common chassis with 4x4 wheel drive that is powered by a 145-hp engine. Only 

the major subsystems which were included in the dynamic model will be described, 

which include: parallel link steering with a pitman arm, double A-arm suspension, 

chassis, roll stabilization bar, powertrain and tires. Subsystems for the brakes and wheels 

were also included in the multi-body model but will not be described due to their minor 

role in the simulations. 

2.2.1 Steering 

The HMMWV utilizes a power-assisted parallel link steering system. A pitman arm 

transfers the steering inputs from the steering wheel to the steering link through a 

recirculating ball, worm and nut device with a 13/16:1 gear ratio. An idler arm keeps the 

steering link at the desired height, and tie rods transmit the steering input to the upright 
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arms located in the suspension subsystem. Topology of the steering system as modeled in 

the software can be seen with the suspension and wheels in Figure 4. 

2.2.2 Suspension 

A double Ackerman Arm type suspension unit is used on the HMMWV, one for each 

wheel. Dimensions and locations of the suspension elements differ between the front and 

rear subsystems; however, the topology remains the same. Both upper and lower control 

arms are connected to the upright arm with ball joints. The upright arm connects the 

wheel spindle to the suspension units. Rear radius rods are connected between the chassis 

to the rear suspension and control the rear wheel static toe angle. Front tie rods attach the 

steering subsystem with the front suspension and control the wheel steer angle. Front and 

rear suspensions both have a design Kingpin angle of 12 degrees and a kingpin offset of 

2.14 inches. The front suspension has a caster angle of 3 degrees and a caster offset of 

0.857 inches. Topology of the suspension as modeled using virtual prototyping software 

can be seen in Figure 4. 

Shock absorber units are located on each suspension unit, and are attached between 

the lower control arm and chassis. Each shock absorber is comprised of three elements: a 

spring, a damper and a bumpstop. At design load and height, the springs are assumed to 

have linear behavior. The dampers, on the other hand are meant to provide dissipative 

forces and are not linear. Dissipative forces are proportional to the relative velocity 

between the piston and cylinder of the shock. Both front and rear springs and dampers 

were modeled in a similar way, but using different data. The rear springs and dampers are 

designed for larger operating loads. Bumpstops are located on the end of the damper and 

provide an additional damping force in the shocks. They are engaged only after a certain 

amount of displacement occurs between the piston and cylinder of the shock absorber. 

Spring, damper and bumpstop parameters can be found in [2]. 

2.2.3 Chassis 

The vehicle body is modeled as a single rigid-body component with mass-inertia 

properties as given in [2]. As stated earlier, both the vehicle mass-inertia properties and 

the masses of the individual subsystems are known. Simplified geometry like that in 

Figure 4 was used to calculate each subsystemôs respective moment of inertia values. 

Subtracting the moment of inertia values of the subsystems from that of the overall 

vehicle yields the sprung chassis moments of inertia. 

2.2.4 Roll Stabilization 

Auxiliary roll stiffness is provided by an anti-roll bar that is present only in the front 

suspension and is attached between the lower control arms. Suspension roll is defined as 

the rotation of the vehicleôs sprung mass about the fore-aft centerline with respect to a 

transverse axis that passes through the left and right wheel centers. Given a suspension 

roll angle, the anti-roll bar provides an auxiliary roll stabilization force on each lower 

control arm. The roll bar is modeled as a torsional spring and the torque is assumed to 

increase linearly with respect to the roll bar twist angle. 
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2.2.5 Powertrain 

The HMMWV is powered by a 6.5L V-8 diesel engine that is rated at 145-hp. An 

engine map controls the torque at various engine speeds [3] and reaches its maximum 

torque at 1600 rpm. Engine torque is transferred through a clutch to the 4-speed 

automatic transmission. Power is then transferred through the differential, and a roughly 

equal amount of power is transferred to each wheel. 

2.2.6 Tires 

Tires used for all simulations were the bias-type 36x12.5 LT. Front tire pressures of 

20 pounds per square inch (psi) and rear tire pressures of 30 psi were maintained on the 

HMMWV. By using a tire simulation template modeling scheme, only a select number of 

tire size, geometry and specification parameters were needed as input into the tire model; 

other characteristics such as carcass mass/damping/stiffness, tread and friction 

information were either inherited from the light truck tire template or calculated with a 

tire simulation pre-processor routine. Details on the tire modeling scheme will be 

discussed in Section 4.2. 

3. Co-Simulation Environment 
In light of the importance of the tire/road interaction due to the stochastic modeling of 

the road profiles, a co-simulation environment was used to accurately capture the vehicle 

dynamics. ADAMS/Car virtual prototyping software was used to simulate the multi-body 

dynamics of the vehicle, and the tires and tire/road interaction are simulated by the tire 

simulation software FTire. Road profiles of nearly a mile in length were used, and as 

such the computational model for determining the tire/road forces must be efficient and 

scalable. Parameters used in the vehicle simulation event builder which controls the 

driver inputs will be discussed. Running each simulation individually was avoided by 

running large numbers of simulations in batches by using a script to invoke the 

standalone vehicle model numerous times. 

3.1 Vehicle Model 

In this work the vehicle simulation software package ADAMS/Car is used to 

investigate the behavior of the rigid multi-body model of the HMMWV. The modeling 

methodology divides a vehicle in subsystems that are modeled independently. Parameters 

are applied to the topology of a subsystem and a set of subsystems are invoked and 

integrated together at simulation time to represent the vehicle model. The subsystems 

present in our model include: a chassis, front and rear suspension, anti-roll bar, steering, 

brakes, a powertrain and four wheels. Note that only the wheels and not the tires are 

present in the multi-body vehicle model. Also, all the major subsystems (front/rear 

suspension, steering, roll bar and powertrain) are connected to the chassis with bushing 

elements. The HMMWV model as seen in the vehicle simulation software is shown in 

Figure 5 (chassis geometry is partially transparent). CAD geometry is applied to the 

chassis and tires to make the vehicle look realistic for animation purposes. The geometry 

has no bearing on the dynamic behavior of the vehicle. 
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Figure 5: HMMWV model  

3.2 Tire Model 

Due to the variation of the three vehicle operating conditions (micro- and macro-scale 

road profile variation and vehicle velocity), situations may occur where the vehicle 

encounters a short-wavelength obstacle at high speed. Therefore, FTire, a robust tire 

model that can handle these obstacles while undergoing large deflections, was used. 

Figure 6 gives an example of the vehicle and tire models traversing the exit lip of a hill at 

moderate speed. 
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Figure 6: HMMWV model (top) and tires (bottom) traversing a hill  

 

As indicated in an example online documentation
1
, the FTire [4] model serves as a 

sophisticated tire force element. It can be used in multi-body system models for vehicle 

ride comfort investigations as well as other vehicle dynamics simulations on even or 

uneven roadways. Specifically, the tire model used is designed for vehicle comfort 

simulations and performs well even on obstacle wave lengths as small as half the width 

of the tire footprint. At the same time, it serves as a physically based, highly nonlinear, 

dynamic tire model for investigating handling characteristics under the above-mentioned 

excitation conditions [5]. Computationally the tire model is fast, running only 10 to 20 

times slower than real time. The tire belt is described as an extensible and flexible ring 

carrying bending loads, elastically founded on the rim by distributed, partially dynamic 

stiffness values in the radial, tangential, and lateral directions. The degrees of freedom of 

the ring are such that both in-plane and out-of-plane rim movements are possible. The 

ring is numerically approximated by a finite number of discrete masses called belt 

elements. These belt elements are coupled with their direct neighbors by stiff springs with 

in- and out-of-plane bending stiffness [4]. Figure 7 illustrates this modeling approach. 

Each belt element contains a certain number of massless tread blocks which convey the 

nonlinear stiffness and damping in the radial, tangential and lateral directions. The 

stiffness and damping values are determined during the pre-processing phase, which are 

                                                
1
 http://www.ftire.com/docu/ftire_fit.pdf 


