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ABSTRACT

Rollover is a serious threat on US roads. It accounts for only 3% of crashes per year, but 33% of the fatalities and associated costs. Among rollover crashes reported in NASS-CDS, approximately 55 percent ended in one or two quarter turns contacting either the near side of the roll or the roof. Generally these crashes occurr when the vehicle leaves the roadway and encounter a tripping mechanism such as soft dirt or loose gravel. In contrast, it has been noted that untripped rollover crashes comprised only a small fraction of all rollover crashes.

Rollover dynamics and metrics proposed by other researchers have been reviewed and different methods of estimating the critical sliding velocity have been proposed.

In this study, occupant kinematics was studied using mainly staged rollover tests where vehicle motion is simplified compared to real-world events. This research investigated occupant response when submitted to a real-world event with the use of MADYMO, occupant modeling software.

A MADYMO 6.1 model of a front occupant compartment of a mid-size SUV with a belted Hybrid III dummy was developed and validated against available staged tests with a similar configuration. The model does not predict vehicle motion which is an input.  The model was used to examine the equilibrium mechanism for an occupant during steady state rollover. It was concluded that, the higher the roll rate was, the earlier the occupant reached equilibrium.
The influence of the first part of a curb trip event (Tripping Phase) on the occupant kinematics was examined. During the initial contact with the curb, the occupant keeps moving at the same initial direction. For the driver side leading roll, the occupant will contact the left interior and experience severe chest injury and high head velocity, on the other hand, for the passenger side leading roll, the passenger will move toward the right side and upward and a belt slack occurs and some injuries associated with the belt may occur and some severe neck bending.
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     CHAPTER 1
1 INTRODUCTION

Vehicle rollover is a rare event on US roads compared to other crash types. According to the National Highway Traffic Safety Administration (NHTSA) [1], rollover accounted for only 3% of 11 million crashes in 2002. However, one third of the 42,000 fatalities occurred during a rollover. Moreover, out of 418,000 occupants exposed to a rollover, more than half suffered minor or moderate injuries, about 17,000 were seriously or critically injured, and more than 10,000 were killed. Rollover is a particularly harmful event that induces 33% of the injury costs associated with all vehicle crashes. The fatality and injury rate makes rollover crashes an important issue in vehicle safety.

 Top-heavy vehicles are more prone to roll as a lower lateral acceleration is required [1]. Combined with the increasing number of light trucks and Sport Utility Vehicles (SUV) on US roads, crashes involving rollover is becoming more frequent . SUV rollover rate was about 5 per 100 crashes in 1999 according NHTSA, nearly 3 times more than passenger cars. Moreover, a rollover event is typically a single-vehicle event. Malliaris [3] reported that lateral slide is present in most rollovers; this suggests that the driver loses control and the vehicle rolls on or off-road.

NHTSA, the automotive industry, and independent researchers have conducted numerous studies to understand vehicle dynamics, occupant kinematics, and injury mechanisms. Maneuvers and vehicle dynamics leading to rollover have been well identified. To study occupant kinematics, several test procedures have been developed. The level of control and repeatability varies, but all laboratory tests are an idealized representation of a rollover. The reconstruction of a full scale real-world event is barely possible due to the complexity of vehicle kinematics during rollover. The difficulties in handling these complexities explain why simplified procedures have been used.

Investigation of NASS data (which is not the subject of the present study) shows that SUVs constitute the most critical vehicle in rollover studies. Consequently, a mid size-SUV front occupant compartment has been created using MADYMO 6.0 by Burel [6]. 
The model was converted to MADYMO version 6.1. The only occupant considered is the driver, which was represented with a HYBRID III 50th percentile dummy model. As the occupant may have complex kinematics, the front compartment was carefully modeled. In particular, the driver and passenger side of the compartment had to be modeled to simulate the interaction between the compartment and the dummy.
An existing mid-size SUV model validated for the frontal crash direction was used as a basis for this study. The original model included only the driver part of the compartment with only the interior components relevant for a frontal crash (such as steering assembly, instrument panel, knee bolsters, driver seat, etc.). The model was enhanced to include all components of the front row compartment (driver and passenger side).

The purpose of the MADYMO model is to study the occupant kinematics and the injury risk but not the vehicle dynamics during the event. Prescribing the vehicle motion of the compartment is challenging. The vehicle motion during the event is implemented as time functions of the position of the vehicle’s center of gravity. The time functions had to be determined analytically and from a vehicle trip test.
A set of simulations of pure rollover tests was used to compare dummy kinematics and injury parameters for different roll rates. Then the model was employed to simulate the trip test and the trip acceleration was varied, taking this test as a baseline.
The influence of the roll rate, roll direction, and trip acceleration was then studied parametrically. The dummy kinematics and the injury metrics were analyzed in each case.
1.1 Review of Literature
Burel [2] used a Mid size SUV model validated for frontal crash to model occupant kinematics in dolly rollover tests and he reconstructed some real world cases. He conducted a parametric study to evaluate the influence of roll direction, roof deformation mode and roof deformation on occupant kinematics. The simulations of a real-world case included pre-roll followed by two contacts between the roof and the ground during the roll (two and a half rolls). He analyzed in each roll, the dummy kinematics, and the injury metrics.
Parenteau [4] published a roll over analysis of NASS data in 2000. She selected trip-over since it is the most common rollover initiation in NASS (accounts for approximately 50% cases). She compared belted and unbelted drivers. Her findings indicated that more partial or complete ejection occurred for unbelted drivers who sustained more serious injuries. For belted drivers (less than 1% were ejected), the distribution of injuries differed regarding the leading side. In a driver side leading roll, the driver sustained serious head, lower extremities, and thorax and upper extremities injuries; whereas spinal, head, and thorax injuries are common in passenger side leading roll.
The data analysis led Parenteau [5] to investigate occupant kinematics in a rollover event. Reviewing NASS data, far-side (or outboard) occupants have a higher risk of injury compared to near-side occupants independently of ejection risk. 1.9% of the far side belted occupants were ejected for 2.2% of the near side belted occupants. Most head injuries were coded to have contacted the roof. To understand the dummy kinematics, experimental tests and simulations were analyzed. Parenteau acknowledged that laboratory tests are idealized compared to real-world events. During the tripping phase of the vehicle the near-side occupant’s head moves laterally and vertically with respect to the vehicle compartment. Head/interior contacts might occur, and there is also a clear potential for partial head ejection. During the whole event, the belted occupant’s head has a kinematics zone that could lead to contacts with the A-pillar, header, side rail, B-pillar or roof for the near-side occupant, whereas it is limited to the B-pillar or roof for the far-side occupant.

Bedewi [6] used NASS/CDS (1997-2000) to study vehicle rollovers and their resulting injuries. He found that Sport Utility Vehicles (SUVs) are involved in 25% of rollover crashes whereas they constitute only 9% of the vehicle population. This supports that SUV’s are attributable in rollover investigations.
Pywell [7] studied the tripping phase in detail. He concluded that FMVSS 208 dolly test is indeed not realistic regarding the initial conditions. A test method has been developed to trip a test vehicle with deceleration wires and optionally with a hook. The tripping acceleration varied between 1.12 g’s and 1.58 g’s (with a peak at 3g’s with the hook). The dummies were unrestrained. During the tripping phase, the dummies lean toward the leading side without the pelvis shifting on the seat cushion. In the low severity trip (like the soil trip, off-road rollovers) the average roll rate during the 1st roll was 125 deg/s. The dummy contacted the side window at a very low speed and remained in contact. Whereas in the high severity trip (like the curb trip) the average roll rate during the 1st roll was 405 deg/s. The dummy’s head impacted the side window at 1.5 m/s (at the impact the vehicle has rolled 11 deg). Roof Rail AirBag (RRAB) sensors were installed on the test vehicles (but not the airbags). In all cases, they fired after the head/side window contact. Pywell emphasized the potential for the near-side dummy to be out-of-position due to the tripping acceleration which may result in problems firing RRAB.

Jones [7] proposed a conservation of energy method to estimate the critical sliding velocity of SUVs.
McHenry [8] proposed a conservation of momentum method to evaluate the critical sliding velocity more accurately.
 Brewer [9] of NHTSA proposed the rollover prevention metric. It is a function of the vehicle’s vertical center of gravity height, track width, mass, and the roll mass moment of inertia.

Moffat [10] evaluated the head excursion of restrained human volunteers and Hybrid III dummies in steady state rollover tests using a Controlled Rollover Impact System. 
Eigen [11] characterizes the attributes applicable to rollover metrics. She concluded that the number of quarter turns aggregated by the number of times the roof faces the ground  is a primary severity metric. Also she did an exemplar case review for rollover cases including tripping acceleration and complex motion.
Cooperrider [12] conducted some testing and analysis of vehicle rollover behavior. He ran trip tests including curb and soil trip around 30 mph. His results showed that the curb tests resulted in similar peak angular velocities of 260 to 300 degrees/sec. Also for the curb tripped vehicles, an average deceleration rate of 13.2 g’s was calculated using regression analysis.
Balavich [13] studied the head kinematics in tripped rollover tests. He concluded that at the higher deceleration g level, the dummy’s head travels further outboard in shorter time. For the 4.38 g deceleration case, the side curtain airbag was deployed at 148 ms when the head was directly under the roof side rail in the path of airbag deployment. 
Howard [14] summarized the kinematics of the occupant during the trip-over phase, he found that during the tripping phase, and as the vehicle motion is resisted (tripped), the occupant continues to move in the initial vehicle direction.
1.2 Chapter Summaries
Chapter 2 provides an overview of rollover dynamics and also presents different rollover metrics suggested throughout the years. It also provides all the methods that can be used to estimate the critical sliding velocity for vehicles. Finally, a set of SUVs was classified for rollover safety.
Chapter 3 deals with modeling rollovers using the MADYMO software. It explains in detail  the whole vehicle compartment model. Also the occupant was positioned and a finite element belt was modeled and used as a restrained system. The Hybrid III 50th percentile dummy was used in the model.

Chapter 4 covers the set of simulations conducted in this study. The model was simulated in a pure rollover situation, where the vehicle was spun up to 180, 270, 360 and 450 degrees/sec respectively and then held constant. Occupant kinematics as well as injury patterns were examined in such situation. The main goal of those simulations was to document the equilibrium time and position of an occupant in pure roll situation.

Chapter 5 deals with tripping acceleration in rollovers. At the beginning, occupant kinematics were analyzed in an 18 mph trip test. Trip acceleration and roll rate were extracted from this test, than a set of simulations were conducted varying inputs in terms of trip velocity and roll rate. Also occupant kinematics was examined in all tripped simulations for both roll directions.

Chapter 6 covers a set of real word cases and analyze them, those cases focus on the tripping acceleration. The cases were extracted from the NASS-CDS database. 
Chapter 7 concludes the thesis and makes a correlation between the injuries seen in real world crashes and the ones from the simulations. 

  CHAPTER 2

2 ROLLOVER DYNAMICS
2.1      Introduction

NHTSA conducted static vehicle tests in support of the rulemaking effort on light vehicle rollover. The basic vehicle parameter testing included vehicle mass, inertial and suspension parameter measurements. It also included measurement of the side pull force and tilt table angle. These two measurements are discussed in detail in this section. The results of these tests were used to determine values for the vehicle stability metrics that would be used in correlation analyses with rollover crash data. The rollover stability metrics are discussed in the following section. Also different methods of estimating the critical sliding velocity are presented.
2.2 Rollover Types
Among the dynamic maneuvers that a motor  vehicle can experience, rollover is one of the most serious and threatening to the vehicle occupants. Rollover may be defined as any maneuver in which the vehicle rotates 90 degrees or more around its longitudinal axis such that the body makes contacts with the ground.

In the NASS-CDS database, different definitions are used to describe various rollover types. The definitions from the coding manual include:

Trip-over - When the lateral motion of the vehicle is suddenly slowed or stopped inducing a rollover. The opposing force may be produced by a curb, pot-hole, or pavement that the vehicle wheels dig into.

Fall-over - When the surface on which the vehicle is traveling slopes downward in the direction of vehicle movement so that the center of gravity becomes outboard of its wheel. The distinction between this code and turn-over is a negative slope.

Flip-over - When a vehicle is rotated around its longitudinal axis by a ramp-like object such as a turned down guardrail or the back slope of a ditch. The vehicle may be in yaw when it comes in contact with a ramp-like object.

Bounce-over - When a vehicle rebounds off a fixed object and overturns as a consequence. The rollover must occur in close proximity to the object from which it is deflected.

Turn-over - When centrifugal forces from a sharp turn or vehicle rotation are resisted by normal surface friction. The surface includes pavement surface and gravel, grass, dirt and there is no furrowing or gouging at the point of impact. If rotation and/or surface friction causes a trip, the rollover is classified as a turn-over.

Collision with another vehicle - When an impact with another vehicle causes the rollover. The rollover must be the immediate result of an impact between the vehicles.

Climb-over - When the vehicle climbs up and over a fixed object (e.g., guardrail, barrier) that is high enough to lift the vehicle completely off the ground. The vehicle must roll on the opposite side from which it approached the object.

End-over-end - When a vehicle rolls primarily around its lateral axis (pitch motion).

Table 2.1:  Rollover Initiation Type by Vehicle Classes.
	Rollover Type
	Trip-Over
	Bounce -Over
	Flip-Over
	Fall-Over
	Turn-Over
	End-Over-End

	Passenger cars
	56.8%
	8.4%
	11.6%
	12.9%
	5.2%
	0.6%

	LTV's
	51.2%
	7.6%
	7.3%
	15.4%
	9.7%
	0.1%


From Table 2.1, rollovers can be classified in two basic types, tripped and untripped rollover. The distinction between these two phenomena is that a tripped rollover involves an abrupt impact with a rigid or nearly rigid object at the vehicle’s tires or wheels which induces a rotary motion to the vehicle that results in rollover. 
In the case of untripped rollover, the vehicle is exposed to a guardrail, or at least not an abrupt, increase of force at the tire/ground contact area which, when coupled with the vehicle’s dynamics and physical properties, results in a lift of the vehicle’s wheels off the ground leading to a rollover. The untripped case also involves situations where the vehicle encounters a down slope or an embankment and also some types occur when the vehicle’s tires gradually furrow into soft ground.

2.3 Rollover Stability Metrics
The two types of rollover described above were examined to determine what vehicle design and/or performance characteristics are likely to correlate with crash data given their relationship to the actual physics of a rollover situation.

2.3.1 Untripped Rollover Stability Metrics

Three metrics of the untripped rollover phenomena are described. These are the static stability factor, the tilt table ratio, and the side pull ration.   

Two basic vehicle parameters are defined:

Center of Gravity Height: the height of the center of mass of the entire vehicle measured vertically from and normal to the plane on which the vehicle rest.
Vehicle Track Width: The average of the lateral distance between the centerlines of the two front tires and the two rear tires of the vehicle.
2.3.1.1  Static Stability Factor
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Figure 2.1:  Vehicle Geometry.
In order for a vehicle to roll, the lateral moment should exceed the resistant moment of the gravity force, ( see figure 2.1)
In other term: M*ay*hcg >= M*g*t/2

Where M- Mass of the vehicle

            hcg - Center of gravity height

             t- Track Width

             ay – Lateral Acceleration

ay/g = t/2hcg  
The static Stability factor is then defined as:

SSF=   t / 2*hcg
If a vehicle was a rigid body with no tires or suspension deflection or motion, this measure would be equal to the level of lateral acceleration at which the vehicle would begin to lift its inside tires off the ground and forces at the tires were not reduced, the vehicle would roll over. However, vehicles are not rigid and there are two other measures, the lift table test angle and the side pull force ratio which take into account the motion of the vehicle’s sprung mass (body and chassis less the suspension and tires) relative to tire contact area.  

These measures are more representative of a vehicle in an actual turning maneuver since they take into account effects of the vehicle’s center of gravity relative to the vehicle’s tires (where the forces that result in a rollover are generated). These motions change both the cg height and the lateral distance between the cg and the tires on the outside of the turn.

 In other words, in a real cornering situation, the vehicle’s rollover stability is still characterized by “the distance from the lateral cg to the tire contact patch” divided by the “height of the cg”. However, the static stability factor, SSF, is calculated based on the static cg height and the track width discounting any change in the cg’s position due to maneuver induced loading of the vehicle’s suspension and tires.

2.3.1.2               Tilt Table Ratio

The tilt table test involves placing the vehicle on a platform which is then tilled about an axis parallel to the vehicle’s longitudinal axis and the vehicle’s rollover stability is characterized by the angle at which the tires on the upper side of the platform lose contact with the platform and the vehicle begins to fall off the platform. The tilt table test setup is shown in figure 2.2. As can be seen from this figure, the tangent of this angle is equal to the ratio of the lateral distance between the tire and the lateral center of gravity location to the height of the center of gravity. 

                             M*g*sinφ*h = M*g*cosφ*t/2  => tan φ = t/2h

This ratio approximates the static stability factor and thus, the tangent of the tilt table angle, called the Tilt Table Ratio (TTR), is:

                                              TTR = M*g*sinφ = tan φ
                                                          M*g*cosφ
Where:       φ -  the angle of the tilt table at the point where both wheels lift off the 
                         table
                  M ​- vehicle mass

                  g   - acceleration due to gravity. 
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Figure 2.2:  Tilt Table Test Setup.
       The TTR is an approximation of the level of the lateral acceleration at which the vehicle would roll over. The tilt table test more accurately simulates a vehicle negotiating a steady turn at high lateral acceleration or a vehicle on an embankment or side slope than does the rigid vehicle model upon which the static stability factor is based. However, the total force acting on the vehicle is only equal to the vehicle’s total weight. In a real cornering maneuver, the force would be the resultant of both the vehicle weight and the lateral acceleration times the vehicle mass (M*ay).
2.3.1.3  Side Pull Ratio

The side pull test involves applying a lateral force to the vehicle, through its cg, sufficient to just lift the vehicle’s wheels opposite the pull force off ground. The side pull test setup is shown in figure 2.3. The side pull ratio is:

SPR = Lateral Force/ Vehicle Weight
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Figure 2.3:  Shcematic of Side Pull Test Facility.
This ratio of the side pull force to the weight of the vehicle is an approximation of the lateral acceleration necessary to initiate a rollover, and, as in the case of the tangent of the title table angle, is also an approximation of the ratio of the effective half-track to cg height at the point of incipient rollover. This technique’s strong point is that it attempts to replicate the forces acting on the vehicle at the point of incident rollover more accurately than the tests that determine either the static stability factor or the tilt table ratio. However this test is expensive, and it requires the knowledge the center of gravity location.
2.3.2 Tripped Rollover Stability Metrics
In evaluating a vehicle’s rollover stability in a tripped rollover situation, two other measures, have been proposed for rollover stability metrics. These are the Rollover Prevention metric and the Critical Sliding Velocity. They are based on the concept of estimating the amount of energy that is needed to cause a vehicle to roll over as a result of being tripped while skidding sideways, or nearly sideways, into a low object, such as a curb. These metrics compare the kinetic energy that the skidding vehicle has due to its lateral velocity to the total of the potential energy needed to raise the vehicle’s cg during the rollover plus the rotational energy needed to rotate the vehicle about the tripping object.

2.3.2.1  Rollover Prevention Metric 

This metric was proposed by Dr. H. K. Brewer of NHTSA [9]. It is a function of the vehicle’s vertical cg height, track width, mass, and the roll mass moment of inertia. The metric is determined by obtaining the difference between the initial lateral translational kinetic energy (T0) and the rotational kinetic energy after the impact (T1) divided by the initial energy, the whole term then multiplied by one hundred or:

RPM = 100 T0-T1

                  T0

 Where :        

T0 = ½ MV2y
T1= ½ M2V2yh2cg
Ioxx = Ixx + M ( tw2 + h2cg)
Vy – Vehicle lateral velocity

Ixx – roll mass moment of inertia of the vehicle respect to its horizontal axis.

RPM is not a function of Vy since it cancels out in the formulation of RPM.
2.3.2.2         Critical Sliding Velocity

The critical sliding velocity is a measure of the minimum lateral velocity required to initiate rollover, when the vehicle is in tripping orientation. Two methods have been proposed to find the value of the critical sliding velocity: Conservation of Energy method and Conservation of Momentum method.   
2.3.2.2.1 Conservation of Energy Method

This Method was proposed by Jones [7]. In this method the critical sliding velocity is determined by equating the vehicle kinetic energy prior to the tripped impact with the potential energy needed to raise the vehicle’s cg to the point where it is just above the assumed pivot point which the vehicle is rolling about. In a tripped rollover, the roll motion is assumed to occur about the point or axis where the tires have contacted the tripping object.
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          Figure 2.4 a:  Vehicle Rotation Around Curb Axis             Figure 2.4 b
Σ moment = 
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      (rotation about curb axis at the moment of roll)                 

M*γ*h =  
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M*V*h = 
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= m*V*h/I     ( Equation 1)                                      

M - Vehicle Mass, Kg.
V -   Lateral Velocity, m/s.
h -   Center of gravity height, m.
y= t/2 - Center of gravity lateral position, m.
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- Moment of inertia about the curb axis,Kg-m2
Applying the Conservation of energy theorem between the time when the car hits the curb (Figure 2.4 a) and the time when the center of gravity is at the point above the curb (Figure 2.4 b):

KE (1) + PE (1) = KE (2) + PE (2)
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Replacing the value of  
[image: image15.wmf]q

&

  from Equation 1
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 = 
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+ M (y2 + h2)    Huygens Theorem
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 - Moment of inertia about the roll axis of the car.
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finally :      V2  = 8/3 g* h* ( 1 +  y2/ h2 ) (
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This model does not account for the effects of suspension and tire compliance or for the energy dissipation that occurs due to the vehicle structure damage and the tire sliding across the ground and curb. Therefore, the minimum trip velocities computed in this model are generally lower than those found necessary to initiate rollover in testing or actual accidents.
2.3.2.2.2 Conservation of Angular Momentum Method

A conservation of momentum analysis has been proposed by McHenry [8]. This theory assumes that the vehicle motion after curb or obstacle contact consist of rotation about the curb. The expression for the minimum trip velocity obtained in this analysis is higher than that found by the conservation of energy method. However, the velocities calculated with this approach are generally lower than those found in real world rollovers.

M -           Total mass of the vehicle, Kg.
K2-                 Radius of gyration squared for complete vehicle in roll, m2.
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 -         Moment of Inertia of complete vehicle in roll about the center of gravity, 
      Kg-m2.                       
ZA,YA -    Coordinate of point A in body fixed coordinate system with origin at 

      complete  Center of gravity, m.   
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 -         Angular velocity of vehicle in roll, rad/s.
V -          Lateral velocity of the vehicle at the time of initial contact with point A, m/s

ys -         One half of overall width of the vehicle, m.
hc -         Height of curb, m.
 l -          Maximum elevation of the complete vehicle center of gravity, m.
From conservation of angular momentum about point A, the final motion consists of rotation
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, about point A. The required impulse in the y and z directions (Body-fixed coordinate system) is given by:
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Solving for    
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 The kinetic energy subsequent to impact,
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 must be sufficient to lift the CG to the height 
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 or to (hc+ys)   whichever is larger. Therefore,
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Finally , 

V = 
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Where l = 
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 or (hc+ys) whichever is larger.
2.4 Classifying Automobiles for Rollover Safety

A better way to rate vehicles for sideways rollovers is by calculating critical-point initial speed. Using the Canadian vehicle specifications, SSF and CSV were calculated for a list of SUVs between 1988 and 1998. Table 2.2 shows a list of SUVs with their Track width, center of gravity height, weight and roll moment of inertia with the corresponding SSF and CSV. Note that the critical sliding velocity was calculated using the conservation of energy method.
Fig 2.5 shows the critical sliding velocity plotted against the static stability factor. At high SSF, the two are essentially equivalent measures of relative rollover tendency, CSV increase as SSF increases but at low SSF they differ considerably in the rankings. For example, the Chevrolet Blazer is Tenth from lowest in SSF rankings, but fifth in critical-speed rankings. The Suzuki Samurai is the third from lowest in SSF rankings, but lowest in critical-speed rankings. The critical-point initial speed should be used, rather than SSF, in ranking vehicles for rollover tendency, since it embodies the physics better than the SSF. Moreover , it does not always agree with SSF rankings.                     

Table 2.2:  CSV and SSF for a list of SUV’s
	Vehicle Group
	Make / Model
	Model Years
	Drive Wheels
	Track Width (in)
	CG Height (in)
	Weight (lb)
	Roll moment of inertia (lb-ft-s2)
	SSF
	CSV (mph)

	1
	Dodge Ramcharger
	88-93
	4
	68
	29.2
	4365
	635.7
	1.16
	11.16

	2
	Ford Bronco
	88-96
	4
	65
	29.6
	4575
	673.5
	1.10
	10.35

	3
	Ford Bronco II
	88-90
	2
	57
	27.2
	3223
	430.1
	1.05
	9.30

	4
	Ford Bronco II
	88-90
	4
	57
	27.2
	3278
	440
	1.05
	9.30

	5
	Ford Explorer
	91-94
	2
	59
	26.8
	3824
	538.3
	1.10
	9.88

	6
	Ford Explorer
	91-94
	4
	59
	26.8
	4024
	574.3
	1.10
	9.88

	7
	Ford Explorer
	95-98
	2
	59
	26.8
	3911
	553.9
	1.10
	9.88

	8
	Ford Explorer
	95-98
	4
	59
	26.8
	4146
	596.2
	1.10
	9.88

	Vehicle Group
	Make / Model
	Model Years
	Drive Wheels
	Track Width (in)
	CG Height (in)
	Weight (lb)
	Roll moment of inertia (lb-ft-s2)
	SSF
	CSV (mph)

	9
	Chevrolet S-10 Blazer, GMC S-1500 Jimmy
	88-94
	2
	55
	25.6
	3412
	464.1
	1.07
	9.34

	10
	Chevrolet S-10 Blazer, GMC S-1500 Jimmy
	88-94
	4
	56
	25.6
	3776
	529.6
	1.09
	9.58

	11
	Chevrolet Blazer, GMC Jimmy
	95-98
	2
	55
	26
	3666
	509.8
	1.06
	9.21

	12
	Chevrolet Blazer, GMC Jimmy
	95-98
	4
	55
	26.8
	7074
	583.3
	1.03
	8.98

	13
	Chevrolet V10/K10/K1500 Blazer
	88-91
	4
	65
	29.6
	4378
	638
	1.10
	10.35

	14
	Chevrolet K1500 Blazer / Tahoe, GMC Yukon
	92-98
	4
	64
	29.2
	5268
	798.24
	1.10
	10.25

	15
	Chevrolet V1500/V2500 Suburban, GMC V1500/V2500 Suburban
	88-91
	4
	69
	28.4
	4695
	695.1
	1.21
	11.68


	Vehicle Group
	Make / Model
	Model Years
	Drive Wheels
	Track Width (in)
	CG Height (in)
	Weight (lb)
	Roll moment of inertia (lb-ft-s2)
	SSF
	CSV (mph)

	16
	Chevrolet K1500/K2500 Suburban, GMC K1500/K2500 Suburban
	92-98
	4
	63
	28.8
	5114
	770.52
	1.09
	10.16

	17
	Chevrolet Geo Tracker, Suzuki Sidekick
	89-98
	4
	57
	26.8
	2805
	354.9
	1.06
	9.43

	18
	Honda CR-V
	97-98
	4
	60
	26.4
	3164
	419.5
	1.14
	10.25

	19
	Honda Passport, Isuzu Rodeo
	91-97
	4
	57
	26.4
	4100
	588
	1.08
	9.55

	20
	Isuzu Trooper
	88-91
	4
	56
	28.8
	3200
	426
	0.97
	8.65

	21
	Isuzu Trooper
	92-94
	4
	57
	29.2
	4210
	607.8
	0.98
	8.76

	22
	Jeep Cherokee
	88-97
	4
	58
	25.6
	3153
	41705
	1.13
	10.05

	23
	Acura SLX, Isuzu Trooper
	95-98
	4
	60
	28.8
	5615
	680.7
	1.04
	9.50

	24
	Jeep Grand Cherokee
	93-98
	4
	58
	26
	3790
	532.9
	1.12
	9.92

	25
	Jeep Wrangler
	88-96
	4
	58
	27.6
	3073
	403.1
	1.05
	9.41

	26
	Nissan Pathfinder
	88-95
	4
	56
	26.4
	3735
	522.3
	1.06
	9.32

	27
	Nissan Pathfinder
	96-98
	4
	59
	27.2
	4134
	594.1
	1.08
	9.76

	28
	Suzuki Samurai
	88-95
	4
	51
	25.6
	1997
	209.4
	1.00
	8.43

	29
	Toyota 4Runner
	88-96
	4
	59
	26.8
	3825
	538.5
	1.10
	9.88

	30
	Toyota 4Runner
	97-98
	4
	59
	27.6
	3740
	523.2
	1.07
	9.63
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Figure 2.5:  CSV vs SSF.
      CHAPTER 3

3      APPROACH AND MODELING

Most vehicle rollover studies have used either field data or full scale tests like the FMVSS 208 rollover; but the occupant kinematics in a real-world event have not received as much focus. The primary goal of this research is to understand the occupant kinematics in real-world vehicle rollover using MADYMO. Further, tripping velocities is the center of the controversy about injury mechanism in rollover. Another aspect of this research is to understand the influence of various parameters related to tripping mechanism on occupant behavior. Modeling is critical  to capture accurate and realistic trends.

3.1 MAthematical DYnamic MOdel (MADYMO)

MADYMO ( Mathematical Dynamic Model) is a computer program that simulates the dynamic behavior of physical systems emphasizing the analysis of vehicle collisions and assessing injuries sustained by passengers. It allows assessments to be made of the suitability of various restraint systems, including seat belts and airbags. 

MADYMO combines in one simulation program the capabilities offered by multi-body (for the simulation of the gross motion of systems of bodies connected by kinematical joints) and finite element techniques (for the simulation of structural behavior), Figure 3.1. A model can be created with only finite element models, or only multi-bodies, or both.

Within the airbag module, MADYMO offers a set of standard  models for belts, airbag and contact between bodies or within the surroundings. To create a MADYMO input data file, the user first selects the number of multi-body systems and finite element structures to be included in the simulation model. 

The multi-body algorithm yields the second time derivatives of the degrees of freedom in an explicit form. The number of computer operations is linear in the number of bodies if all joints have the same number of degrees of freedom. This leads to an efficient algorithm for large systems of bodies. At the beginning of the integration, the initial state of the system of bodies has to be specified in terms of joint positions and velocities. Several kinematics joint types are available with dynamic restraint to account for joint stiffness, damping and friction. Joints can be locked, unlocked or removed based on user-defined conditions.
[image: image35.png]Spring/Damper

Tires Belt Systems Straps

Actuators SYSTEM OF Points, Edges
Controllers BODIES Surface Loads

User Routines Acceleration Airbag
Field Loadings




Figure 3.1:  MADYMO structure.
A MADYMO model consists of one or more systems; each system includes one or more rigid bodies (they can not deform). They are connected by kinematics joints that can be assigned characteristics (constraints on DOFs, prescribed motion, etc.). Any body (child body) has to be connected by a joint to another body (parent body), so that the model is constituted of a set of kinematics chains. In particular, the first body of the chains is connected through a joint to the so-called inertial space. Shapes such as (hyper-) ellipsoids, planes and cylinders, can be attached to any body for display and/or contact purposes.
A system can contain a Finite Element (FE) model. Its definition is very similar to any FE program like LS-DYNA. Nodes, elements and parts have to be defined; material and element properties one also defined. Nodes can be connected (i.e. rigidly attached) to a rigid body.
Contacts between rigid bodies are represented using the attached shapes. The contact is then defined by a force-penetration characteristic (with friction, damping, hysteresis, etc.) but the rigid body itself can not deform. The contacts with a FE model can be defined the same way (elastic contact) or using a kinematics contact where the nodes can not penetrate the rigid body shape (but can exchange momentum).
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                Figure 3.1:  Kinematic body chains in MADYMO.
The contact between rigid shapes (ellipsoids, planes and cylinders) are based on a force-penetration characteristic. The penetration is defined as shown in the top view of. In case of ellipsoid-ellipsoid contact, the penetration is equivalent. The reaction force is then calculated with the function given by the user in the characteristic (the characteristic can include hysteresis, damping and friction). The contact might fail in some particular cases (middle and bottom view in 3.3). In plane-ellipsoid contact, if the ellipsoid penetrates the plane by the edge, the penetration will not start at zero (which is the case when the ellipsoid contacts the surface plane first), so wrong reaction forces will be applied to the bodies. In ellipsoid-ellipsoid contact, the penetration should remain smaller than the semi-axis. If not, the penetration calculated by MADYMO may be wrong because the program look for the minimal penetration regardless of the contact history (i.e. the penetration might be discontinuous which results in discontinuous contact loadings). The user, when modeling, must have such particularities in mind to be able to develop a robust model. In general, a component is preferably modeled by an ellipsoid. The size of the ellipsoids is dependent on the geometry. In some cases, some contact may be unstable because of the amount of penetration relative to the ellipsoid’s semi-axis.

Obviously, a Rigid Body (RB) modeling is less accurate than a FE modeling since local deformations can not be taken into account, then the RB model is given global characteristics whereas FE model is given intrinsic characteristics (material characteristics, etc.). The main advantage of RB program is the computation time. It is indeed much faster to run a model in MADYMO. It is then a very efficient tool for parametric studies.

Another advantage of MADYMO is the dummy database. Most existing dummies are modeled, well validated, and generally accepted by the modeling community. The dummy models include all the recording channels that exist on a real dummy so that it is possible to compare real test data with simulation data.

3.2 Modeling

The Rollover model developed and validated at NCAC by Burel [2] was used in this study. The model was translated from MAYMO 6.0.1 to 6.1 version.
3.2.1.1.1 Compartment

The mid-size SUV front compartment has been modeled based on a validated model for frontal impact crash. The original model consisted of only the front driver part of the vehicle interior. It was composed of the windshield, the Instrument Panel (IP), the knee bolsters, the steering column assembly, the floor (including toe pan) and the driver seat. For the purpose of this study, the door, the A and B-pillars, the side window and the roof were added. Moreover the vehicle prescribed motion being applied on the 6 DOFs of the vehicle, a particular set of joints was used.
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Figure 3.2: Contacts involving planes and ellipsoids.
Linkage of the vehicle compartment to the inertial space

A system in a MADYMO model is described as a chain of bodies. The first body of the chain is connected by joints to the inertial space. The linkage of the compartment must be convenient to easily enable the vehicle motion prescription. The vehicle Center of Gravity (CG) is commonly chosen to be the reference point where the motion is known or calculated.

A “FREE joint” (where 6 DOFs are free) could have been used. To prescribe the motion, the user must specify the 7 “DOFs” used by MADYMO versus time: 4 Euler parameters that define the rotations, and 3 more parameters that define the translations. The Euler parameters are related to the rotations through equations, which makes it inconvenient to use in prescribing the motion. Moreover, the user can not lock one particular Degree Of Freedom (DOF) without locking the whole joint.

The author preferred a more realistic way to link the vehicle CG to the inertial space that simplifies the process to prescribe the motion and/or lock one particular degree of freedom. Figure 3.3 shows the kinematics joints used: 3 translational joints and 3 revolute joints. It implies the creation of 5 intermediary bodies. The three first joints are defined to translate the vehicle’s CG, then the 3 revolute joints are defined at the same point (so that it is equivalent in the result to a spherical joint) and define the pitch, yaw and roll angle of the vehicle. Each joint used has one and only one DOF so that there cannot be any ambiguity on the axis of the DOF. The time function to prescribe the DOF motion or locking the DOF is then straight forward.
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Figure 3.3:  Kinematical linkage of the vehicle CG to the Inertial Space.
Door and central console

Components adjacent to the driver are critical because of the dummy lateral motion during the rollover. The door is modeled by a thin hyper-ellipsoid linked to the compartment with a revolute joint. It was preferred to a plane to avoid edge contact problems: if the dummy left arm or any other dummy part goes through the window and then moves down relatively to the compartment toward the door, the dummy’s ellipsoids will penetrate the contact volume of the plane by the side instead of through the defined plane. The penetration of an ellipsoid in a plane by the edge will result in an unrealistic behavior. The contact characteristic used comes from a validated side impact model.

Not only is the door modeled but also the posts for A and B-pillars which are rigidly linked to the compartment. An additional plane has been added in front of the A-pillar post to keep the dummy’s feet from moving out of the compartment. Those components are given the same contact characteristics as the door.
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Figure 3.4:  Lateral components of the compartment.
It is now common to find a central console in cars, and especially in SUVs. The design is very specific to each brands and each model. It is difficult to identify one particular typical design. Based on pictures of SUV interior and favoring the most common SUV models in the U.S fleet, the central console was modeled with 3 hyper-ellipsoids separating the driver and the passenger seat. The contact characteristics are identical to the door armrest in a side crash model.
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Figure 3.5:  Central Console of the compartment.
Knee bolster

The knee bolster was modeled as a plane facing the dummy’s knees. The contact characteristic is well validated from frontal crashes. Nevertheless, the compartment during a rollover is up side down at certain time, so one can expect the dummy’s lower limbs to move toward the knee bolster plane along the vertical axis of the compartment. To avoid any edge contact problems, planes have been added to prevent dummy leg ellipsoids from intersecting a contact plane edge that would result in contact instabilities. The angle between the added planes was set to be 15 degrees so that the edge transition between each plane is smooth enough to ensure satisfying contact stability. The same knee bolster contact characteristic is given to all planes.
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Figure 3.6:  Knee bolster shape enhancement for contacts.
Upper compartment

The term “upper compartment” groups the roof, A and B-pillars and the side window. The windshield is kept identical to the original frontal crash model. It is modeled with four planes for the driver side so that the curvature is grossly captured.

Modeling is greatly influenced by the purpose of the study: the upper compartment structure must enable the user to prescribe a given deformation. The motion of only some key points may be known or a more detailed structural motion might be implemented. This led the design described in the following paragraphs.

The A and B-pillars, front and side rails and the roof are split in several bodies linked to the vehicle CG with free joints so that the motion of each body may be prescribed in the vehicle local coordinate system. In order to keep the structural coherence, the bodies are linked by point and cardan restraints (respectively equivalent to 3 linear springs on the three principal axis and 3 rotational springs on the same axis). 

The restraints used have a stiffness of 100.0 kN for the linear springs and 1000.0 Nm for the rotational ones. The values are arbitrarily chosen high to make sure the contact with the dummy will not result in significant structure deformation. Nevertheless, those values should not be too high to avoid numerical instabilities in the restraints.

Control bodies are placed at the top of each pillar and in the middle of the front roof rail so that the user may use them to prescribe the structure’s deformation instead of prescribing the motion of each body. Ellipsoids are used for the contact surfaces to avoid any edge contact problems. The contact characteristic is FMVSS 201 compliant (the method used to determine correct curves is described in the next section)

Side window breakage is commonly observed in rollover tests. It occurs at the first roof impact. The contact plane in the model is linked to the door by a translational revolute joint. The breakage is modeled by removing the plane from the compartment at the first roof impact with the ground. The side window joint is prescribed a motion that pulls it away from the door within a short period of time.

FMVSS 201 compliant contact characteristic

The FMVSS 201 standard rules the interior surfaces impact compliance. The procedure to test it is a head form impacting an interior surface at 6.69 m/s (15 mph). The HIC 36ms is then computed based on the head resultant acceleration. The standard fixes the HIC 36ms threshold to 1000 for the vehicle to pass.

A model of a headform impacting foam exists in the database provided with MADYMO. The HIC 36ms is initially unacceptable for the results to be used in the model. Instead of modifying the foam characteristics to meet the requirements, the original head resultant acceleration was scaled down until an acceptable HIC 36ms was returned. The force-penetration curves are obtained by transforming the head acceleration to force (multiplication by the headform mass) and plotting it as a function of the displacement It was chosen to set the force-penetration curves so that the HIC generated by an impact at 6.69 m/s was 700 (required threshold with 30 % safety margin).
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Figure 3.7:  Headform impacting foam at 15 mph (FMVSS 201)
Figure 14 shows the force versus displacement obtained from the model so that the HIC 36ms is 700. The contact clearly implies hysteresis. The loading, unloading phases are identified as well as the hysteresis slope. To prevent MADYMO to extrapolate the curves when the penetration exceeds the defined range, the curves are extrapolated assuming a constant second derivative which gives an acceptable shape for the extrapolated part (whereas MADYMO extrapolates curves by taking the slope between two last points of the curves).Figure 14 shows also the resulting loading and unloading curves implemented in the model and applied to the contacts with the upper compartment interior.
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Figure 3.8:  FMVSS 201 compliant contact characteristic.
Figure 3.10 shows the compartment after all previously detailed modifications. The compartment can have its motion prescribed in 6 degrees of freedom: 3 translations and 3 rotations at the vehicle CG.
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Figure 3.9:  Mid-size SUV compartment
Several changes were made to this model in order to be able to use it in a tripped rollover situation. The linkage of the vehicle compartment to the inertial space was preserved and the vehicle motion remained as user prescribed and not an output of the model. The compartment can have its motion prescribed by: 3 translations and 3 rotations at the vehicle CG.

In order to improve the contact between the occupant and the upper compartment and to avoid edge contact problems, all the planes that model the upper compartment were replaced by ellipsoids for better contacts.
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            Figure 3.10:  New Mid-size SUV Compartment.
3.3 Occupant Positioning

The Hybrid III 50th percentile male dummy is developed primarily for frontal crashes. It is commonly used in rollover tests such as the optional FMVSS 208 dolly test. The ellipsoid model available in the MADYMO database is well validated, especially in frontal crashes. All output existing from a real dummy are implemented in the MADYMO model. The advantage of the model is that the user can even define additional outputs (such as head velocity, displacement of any body parts, contact forces, etc.) whereas a real-world dummy is mainly limited to accelerations and forces.

There have been many critics about the usage of HYBRID III in rollovers. Its biofidelity has been questioned by Herbst who showed in particular that the neck is stiffer than what observed on volunteers and cadaver tests. Nevertheless it is the best dummy available for rollover purpose, and it is agreed that improvements of injury risks assessed using HYBRID III should result in improvements in the real world. It is acknowledged here that the peak neck load values seen on a dummy – in particular at low speeds – may be significantly higher than on a human body subjected to the same test.

At the initial time of the simulation, it is important that the dummy should be in static equilibrium in the model. Indeed if it is not, there could be forces applied to the dummy at the initial time. As a result, the dummy could have initial velocities that could affect its subsequent behavior.

To ensure the static equilibrium at initial time, the positioning technique consists in a pre-run of the model. The dummy is roughly positioned just above its seat, so that it is not in contact yet. The arms and shoulder joints are locked, and in order to keep the head upright, a point restraint is applied at a point above the head CG with a stiffness that counterbalances the head’s weight. The compartment itself is completely rigid (in a flat position, i.e. no roll, yaw or pitch angle, and the compartment’s floor parallel to the ground).

The compartment and the dummy are then subjected to an acceleration field modeling gravity for a long enough period of time so that the occupant reaches a steady-state position. Practically, it would take too much time to reach an absolute steady-state position, so, after about 2 seconds, when the dummy does not visibly move anymore, the dummy position is considered steady-state.

During the run, the position of all the joints of the dummy are recorded. The final position is then implemented in the model to become the steady-state initial position. That position is close to the standard position used in the original frontal crash model and is now in static equilibrium.
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                                   Figure 3.11:  Occupant Steady-State Initial Position.
3.4    Belt positioning

Two methods exist in MADYMO to model seat belts. The standard seat belt model is based on spring behavior with specific capabilities like slack, friction, slip, and retractor. The disadvantage is that it is attached to fixed points on the dummy. The slip through those points can be modeled, but those attachment points can not move on the dummy body. In experimental test, the shoulder belt occurs to slip off the dummy shoulder. From a modeling point of view, it means that the belts must be able to slip on the dummy. The standard belt model is not appropriate to capture such behavior.
The hybrid belt model uses both Finite Elements (FE) and standard seat belts. The belt parts that interacts with the dummy (through contacts) are modeled in FE, whereas remaining parts are modeled by standard seat belt that ensure the physical connection between the FE model parts and the attachment points in the compartment.

The FE parts have to be positioned properly on the dummy. Once again different methods exist; some pre-processors are able to do it. However, it was chosen here to appeal to a pre-run simulation. The shoulder and lap belts are modeled separately in FE. They are shaped as flat strips roughly initially positioned in front of the dummy (a). Each extremity is attached to standard belt model themselves attached to bodies used only for the pre-run. Those bodies are given a prescribe motion during the simulation that will pull the FE belts toward the dummy so that they will fit properly (the prescribed motion is critical to the final FE belts position). The dummy and all other parts of the compartment are rigid. To ensure a stable and fast simulation, the material properties assigned the FE seat belts are stiffer than in reality and Rayleigh damping is used to stabilize the nodes motion. The position of each node is tracked throughout the simulation. The final position is then used as the initial position for the simulations; the bodies which were assigned a prescribe motion are removed, realistic material properties are restored (validated in frontal crash models) and Rayleigh damping is removed. The final position obtained from the pre-run is shown in (b).
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Figure 3.12:  FE seat belts positioning.
3.5 Outputs

Dummy outputs

MADYMO output files are of two types: the animation file (binary format) and raw data files (text files) where the recorded channels appear. The animation and the graphs are viewed using respectively the post-processors Hyperview and Hypergraph. The animation yields to the dummy kinematics analysis and raw data gives the detailed information the user required (listed below).

List of outputs of the model (Note: relative displacements are with respect to the driver seat reference body rigidly attached to the compartment):

· Dummy Outputs:

· Pelvis acceleration and relative displacement

· Thorax acceleration and relative displacement

· Head acceleration, velocity, and relative displacement

· Knees and shoulders relative displacement

· Chest deflection and deflection rate

· Upper and lower neck loading

· Thoracic spine loading

· Lumbar spine loading

· Other Outputs:

· Standard seat belts loading

Additionally to raw data, the associated injury parameters are analyzed as well. There are different injury criteria available for head neck, thorax, pelvis, etc. MADYMO is able to compute them if required. However, it was preferred to compute them using Hypergraph so that they can be calculated for each roll (whereas MADYMO would calculate it on the whole event).

Head injury criteria

A first criterion is based on the head peak acceleration value. It should not exceed 80 g’s for more than 3 msec. The Head Injury Criterion (HIC), a second criterion, is used to assess injury risk associated with head acceleration. The value is computed based on acceleration and time as the equation below shows it:
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R(t) is the resultant head acceleration in g’s as a function of time; TO is the beginning time of the evaluation, TE the end, and t the time variable. To is varied to produce the maximum value of HIC. The time window [t1, t2] may be kept constant. Two values are commonly used for the time interval: 36 ms and 15 ms. A value of 1000 for HIC36ms correspond to a risk of 25% to sustain a AIS3+ head injury. The value is 700 for HIC15ms.

Neck injury criteria

The HYBRID III neck has two load cells: one at the upper neck (to capture load transfer between the nodding plate and the skull base) and one at the lower neck (to capture the load transfer between the neck and the thoracic spine). The injury risk can be assessed using maximum neck peak loads.
The biomechanical neck injury predictor Nij was developed to predict condyles injury due to load transfer between the first cervical vertebra (C1) and the occipital condyles. The criterion combines the vertical loading at the upper neck (+/- Fz) and the flexion/extension moment (+/- My) as shown in the equation below:
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Fz is the neck axial load (tension or compression); Fzc is the critical axial load. My is the flexion/extension moment and Myc is the critical flexion/extension moment.

Nij is the generic name for four injury predictors that consider different combinations of tension/compression and flexion/extension:

· Tension-Extension (NTE)

· Tension-Flexion (NTF)

· Compression-Extension (NCE)

· Compression-Flexion (NCF)

The critical values are reported in. These predictors have been developed for frontal crash. In rollover the head may have lateral motion involving lateral bending. The phenomenon is not captured by the previous quantities, but lateral motion of the head with respect to the upper torso might induce a risk of injury. There is not any injury criteria widely used and validated to assess neck injury risk due to lateral motion.

The Side Airbag Out-of-Position Injury Technical Working Group (TWG) studied injury potential of airbag misusage. It recommended to take into account the head lateral motion and gave research values for upper neck lateral moment. Based on those findings, indicators comparable to the Nij injury criteria have been developed. The Combined Nij and the Lateral Nij formula are inspired of the classical Nij, but take also onto account lateral moment and/or lateral shear. Those indicators have not been correlated to injury risk, but they are used in this study to evaluate the importance the lateral motion of the occupant’s head.

The Combined Nij combined flexion/extension moment with the lateral bending moment as the following equations shows:
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The new term Mx is the lateral bending moment (Fzc = 4500.0 N and Myc = 125.0 Nm). Another variation equivalent to Nij but taking into account the lateral bending moment instead of the flexion/extension moment called the lateral Nij is computed as shown below:
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Fzc is equal to 4500.0 N and Mxc equal to 217.5 Nm.

Table 3.1:  HYBRID III 50th percentile neck Injury Assessment Values.
	Injury Metric
	Units
	Upper Neck
	Lower Neck

	Forward Shear (+/- Fx)
	[N]
	3100.0
	3100.0

	Lateral Shear (+/- Fy)
	[N]
	3100.0
	3100.0

	Tension (+ Fz)
	[N]
	3290.0
	3290.0

	Compression (- Fz)
	[N]
	4000.0
	4000.0

	Lateral Bending (+/- Mx)
	[Nm]
	133.5
	267.0

	Flexion (+ My)
	[Nm]
	190.0
	380.0

	Extension (- My)
	[Nm]
	77.0
	154.0

	Torsion (+/- Mz)
	[Nm]
	77.0
	77.0

	Nij
	[-]
	1.0
	N/A

	Combined Nij
	[-]
	1.0
	N/A

	Lateral Nij
	[-]
	1.0
	N/A


Other injury criterion

In frontal crash, the chest deflection on a HYBRID III 50th percentile dummy should not exceed 76 mm. The thorax acceleration should be less than 60 G’s. There is not any value given for pelvis peak acceleration in frontal crash. In side crashes, the pelvis peak acceleration should be less than 130.0 G’s.

CHAPTER 4

4 STEADY STATE ROLLOVER

4.1 Introduction
Rollovers are complex crash incidents and are particularly violent in nature, more so than other types of crashes, reflect the interaction of the driver, road, vehicle and environmental factors.

It is useful to study the occupant kinematics in rollovers during the airborne phase. Occupant ejection is frequently induced by vehicle rotation while airborne. A rotation around its longitudinal axis, simulating this basic dynamic is modeled to examine the occupant kinematics.
4.2 Inputs

The vehicle was accelerated up to the desired constant rotation rate. Three to four steady state revolutions, at the desired roll rate, were considered adequate for data collection. The steady sate rates were 180,270,360 and 450 deg/sec. In order tho achieve a constant roll rate, the vehicle was accelerated at a rate of 500 deg/sec/sec. The time at this acceleration was varied to produce the required roll rate. For 180 deg/sec, 0.36 sec was required, for 450 deg/s, 0.9 sec were required. The required ime is plotted in Figure 4.1.  Figures 4.2 and 4.3 show respectively the roll rate and roll angle for different steady state rollover simulations.
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           Figure 4.1 : Time at Acceleration of 500 deg/sec/sec for Steady State Rollover Simulation.
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Figure 4.2 : Roll Rate in Steady State Rollover Simulation.
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Figure 4.3:  Roll Angle in Steady State Rollover Simulation.
In order to examine possible changes in roll rate due to ground contact, the vehicle was accelerated up to 270 deg/sec then to 360 deg/sec after one revolution and to 450 deg/s for the third revolution. The roll acceleration in this quasi steady state rollover is represented in figure 4.4. Note that the “ Mix” case is used to refer to the quasi steady state rollover case  in this section.
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Figure 4.4 : Time at Roll Acceleration of 500 deg/sec/sec for Quasi Steady State Rollover Simulation.
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Figure 4.5 : Roll Angle in Quasi Steady State Rollovers.
4.3 Results










4.3.1 Dummy Kinematics Patterns during Acceleration Phase

As mentioned before, the vehicle was accelerated up to the desired constant roll rate (180 to 450 Deg/s). The acceleration used was low in order not to induce too much kinematics to the occupant in this phase. The acceleration used was 500 Deg/s/s. 
In the driver side case, the seat is falling away and the belt keeps the head from contacting the roof. This is illustrated in table 4.1. For the passenger side case, the seat is rising and the loads to the dummy come from the seat rather than the belt.  Table 4.2 shows the occupant kinematics during the acceleration phase for the passenger side leading roll.

Table 4.1:   Dummy Kinematics During the Acceleration Phase of the Near Side Leading Roll.          
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	            t= 0.15 sec
	          t= 0.30 sec – 180 deg/s
	          t= 0.45 s – 270 deg/sec
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	        t= 0.60 sec – 360 deg/sec
	            t= 0.75 sec
	      t= 0.90 sec – 450 deg/sec


Table 4.2:  Dummy Kinematics during the Acceleration Phase of the Far Side Leading Roll.          
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	            t= 0.15 sec
	        t= 0.30 sec – 180 deg/s 
	         t= 0.45 s – 270 deg/sec
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	    t= 0.60 sec – 360 deg/sec
	            t= 0.75 sec
	    t= 0.90 sec – 450 deg/sec


4.3.2 Dummy Kinematics Patterns during Steady State Phase
The pulse used in this part is a pure rollover (no yaw angular motion) and it was applied until the vehicle completed three steady state revolutions (12 quarter- turns). Tables 4.3 and 4.4 show the dummy kinematics for each roll rate and for the first four quarter turns for the driver and passenger side leading rollover respectively.
In the driver side leading cases shown in Table 4.3, the dummy has a similar kinematics regardless of the roll rate but the higher the roll rate is, the earlier the dummy reaches its equilibrium. The torso and the upper body of the dummy move inboard as the vehicle starts to roll, then the dummy moves toward the door and the head contacts the window or the header and it reaches equilibrium. Note that the head contact occurs earlier in the low roll rate cases than the higher ones. More vertical head excursion is examined in the higher roll rate cases but the belt always prevents the head from severely contacting the roof. No equilibrium is reached for the 180 deg/s roll rate .

In the passenger side leading cases shown in table 4.4, once again, the dummy has similar kinematics regardless of the roll rate. The torso and the upper body move outboard and the head contacts the window before the vehicle reaches the steady state rollover, after that the dummy reaches an equilibrium position. For the 180 deg/s rate, the dummy moves inboard after the head contacts the window then outboard again and another head contact is examined. Once again, the dummy never reaches equilibrium for the low roll rate (180 deg/sec).  





The centrifugal force pushes the occupant toward the door. The gravity varies direction with roll angle. These two forces may be additive or subtractive. For the 180 deg/sec case, the gravity is always greater than the centrifugal force and as a consequent the occupant keep moving backward and forward and never reaches and equilibrium. 
Table 4.3:  Dummy Kinematics in Near-Side Leading Steady State Rollover.
	      90 Degree Roll
	       180 Degree Roll 
	            270 Degree Roll
	             360 Degree Roll
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	180 Deg/s
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	270 Deg/s
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	360 Deg/s


	      90 Degree Roll
	       180 Degree Roll 
	            270 Degree Roll
	             360 Degree Roll
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	450 Deg/s
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Table 4.4:  Dummy Kinematics in Far-Side Leading Steady State Rollover.
	      90 Degree Roll
	       180 Degree Roll 
	            270 Degree Roll
	             360 Degree Roll
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	180 Deg/s
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	270 Deg/s
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	360 Deg/s


	     90 Degree Roll
	       180 Degree Roll 
	            270 Degree Roll
	             360 Degree Roll
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	450 Deg/s
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4.3.3 Head Excursion

As mentioned before, the dummy is simulated in both near and far-side dynamic rotations. The vehicle is accelerated up to 450 deg/sec. Shown below in figure 22 is the dynamic head excursion. As the rotation rate is increased, from 360 deg/sec to 450 deg/sec, no substantial increase in the head excursion is observed and the values are similar for both near and far-side roll tests. The maximum value for the head excursion for both sides leading roll is approximately 97 mm. 
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Figure 4.6:  Maximum Head Upward Excursion in  Steady State Rollover.

For the Far-Side leading roll, the head excursion for the 180 deg/sec roll rate is higher than the one for the 270 deg/sec case and this is due to the effect of the gravity that plays a major role for the 180 deg/sec case. Note that also the head excursion never exceeds 97 mm due to the head contact with the roof.
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Figure 4.7:  Maximum Head Upward Excursion in Near-Side Leading Steady State Rollover.
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Figure 4.8:  Maximum Head Upward Excursion in Far-Side Leading Steady State Rollover.
4.3.4 Head Velocity

As the rotation rate is increased, the head velocity is increased in both leading sides roll. Shown below in Figure 4.9 is the maximum head velocity for all rates. The values were higher for the near-side leading than the far-side one, but for the 450 deg/sec rate, no substantial difference is observed and the value is around 9.5 m/s. 
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           Figure 4.9:  Maximum Head Velocity in all Steady State Rollover Tests.
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Figure 4.10: Dummy Position at Maximum Head Velocity in Near-Side Leading Steady State Rollover.
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Figure 4.11: Dummy Position at Maximum Head Velocity in Far-Side Leading Steady State Rollover.
4.3.5  Seat Belt Loads

Maximum lap and shoulder belt loads are measured during the steady state rollover simulations. The highest loads (lap belt = 4000 N and shoulder belt= 346 N) occurred at the highest roll rate (450 deg/sec) and that for the near-side leading roll. Shown below in figures 28 and 29 are respectively the lap and shoulder belt load for all roll rates.  There are number of observations comparing data from figures 4.12 and 4.13. First, the lap belt tends to be more loaded than the shoulder belt (9 to 12 times more).Secondly; the maximum loads increase as the roll rate increases for the near-side leading cases and the maximum shoulder belt loads in the quasi steady state case is approximately the same as the 450 deg/sec case.  Thirdly, for the near side leading roll, as the rate increases, no substantial increase in the lap belt load is observed.
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  Figure 4.12:  Maximum Lap Belt Load in Steady State Rollover.
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  Figure 4.13:  Maximum Shoulder Belt Load in Steady State Rollover.
4.3.6 Equilibrium

One of the goals of this pure roll study is to determine the time at which the occupant reaches equilibrium in a rollover situation. The simulations show that for the two intermediate roll rate (270 and 360 deg/sec), the occupant reaches equilibrium almost for the same rotation angle of the vehicle (3 ½ Quarter-Turns). Thus the occupant is unable to reach equilibrium in the 180 deg/sec case. Those results were independent of the leading side roll, but always, the equilibrium was reached earlier in a driver side leading then a passenger one and this for same roll rate. Tables 4.5 and 4.6 show the equilibrium time and angle for each of the roll rate cases respectively for a driver and a passenger side leading roll.
           Table 4.5:  Equilibrium Time and Position for a Near Side Leading Roll.
	Roll Rate (deg/s)
	Time (s)
	Angle (rd)
	Angle (deg)
	Nb. of Qtr turn

	180
	N/A
	N/A
	N/A
	N/A

	270
	       1.7
	6.1
	340
	3 ½

	360
	1.2
	5.5
	320
	3 ½

	450
	0.9
	3.5
	202
	2 ½


                  Table 4.6:  Equilibrium Time and Position for a Far Side Leading Roll.
	Roll Rate (deg/s)
	Time (s)
	Angle (rd)
	Angle (deg)
	Nb. of Qtr turn

	180
	N/A
	N/A
	N/A
	N/A

	270
	1.9
	7.6
	440
	4 ½

	360
	1.6
	7.7
	450
	4 ½

	450
	1.2
	5.8
	337
	3 ½


The position of the occupant at equilibrium is illustrated in Figures 4.14 and  4.15  for both sides leading rollover.          
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Figure 4.14: Dummy Position at Equilibrium in Near-Side Steady State Rollover.
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	              270 Deg/s
	              360 Deg/s
	                450 Deg/s
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Figure 4.15: Dummy Position at Equilibrium in Far-Side Steady State Rollover.
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The head of the occupant always contacts the roof while in equilibrium for the 360 and 450 deg/sec cases. The head to roof clearance is illustrated in Figure 4.16 during the equilibrium phase for both sides leading roll.
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Figure 4.16:  Head to Roof Clearance in Steady Sate Rollover Simulation.

It is necessary to find the total force that is holding the occupant in the equilibrium position and compare it with the centrifugal force generated on the occupant from the rotation motion of the vehicle. The centrifugal force is simply equal to the product of the mass of the occupant and the normal acceleration.             (Fc= M*γn = M*w2*R where w is the roll rate and R the radius of the rotation which can be estimated to be half of the track width of the vehicle).

The centrifugal force on a 50th percentile male Hybrid III dummy (78 kg) is: 515, 1160, 2061 and 3220 N respectively for 180, 270, 360, and 450 deg/sec roll rate.

The time at equilibrium can be estimated when the total force on the occupant is equal to the centrifugal force. Taken into consideration both the kinematics and the total force on the occupant, the equilibrium time can be defined. In all cases the equilibrium is reached during the first 4 quarter-turn rolls and as mentioned before no equilibrium for the 180 deg/sec roll rate cases. This can be interpreted because of the low value of the centrifugal force (515 N) in this case and because the force generated on the occupant is not approaching this value and remaining constant.

4.3.7 Injury Parameters

In real world rollover crashes, a lot of injuries are associated to the thorax body region. It is of importance to examine the values of the chest acceleration in a pure roll situation also the head velocity.

The chest acceleration is similar for both leading side rollover and the maximum value increases when the roll rate increases. No significant acceleration can be seen in a pure rollover maneuver and thus chest injury related in rollovers are associated with contacts or tripping forces which can not be observed in a steady state rollover. The chest acceleration during the first 2 revolutions in steady state rollover is illustrated in Figures 4.17 and 4.18 for the Near Side and the Far Side leading roll respectively. 










As mentioned before, the gravity is the dominant force for the 180 deg/s roll rate case, and the two chest acceleration peaks in Figure 4.17 for this case are due to occupant contact with the door. The occupant moves to the right then to the left then to the right several times and this leads to several upper body contacts with the door causing those peaks in the chest acceleration.
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Figure 4.17: Chest Acceleration in Steady State Rollover for Near Side Leading Roll.
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   Figure 4.18:  Chest Acceleration in Steady State Rollover for Far Side Leading Roll.
4.4 Discussion
The principle motion of a vehicle in a rollover situation (roll around the longitudinal axis) has a major effect on the kinematics of the occupant.

Roll rate change has an important influence on the occupant kinematics and several conclusions can be drawn from this study.

For the driver side leading situation, the higher roll rate pushes the occupant more vertically toward the roof before reaching the equilibrium position and severe head and neck injuries can be associated with this contact even without a roof crush. Severe injuries took place in the first quarter-turn roll and this is despite of the roll rate value. Also we can say that the kinematics of the occupant in the quasi steady state case is similar to the others in the first quarter-turn but the occupant reaches the equilibrium position later if at all.
Different kinematics are observed in a passenger side leading roll. The higher the roll rate is, the more severe is the head rotation and neck bending. On the other side, the upper body moves toward the passenger side further for the low roll rate case and the occupant stayed closer to the door for the high roll rate.

The kinematics differs between a near and a far side leading roll. Chest acceleration is higher for the passenger side leading and a severe neck bending is observed, but on the other hand more severe head contact is reported for the driver side.

    CHAPTER 5

5 TRIPPED ROLLOVER

5.1    Data Analysis
Although rollovers in the U.S represent less than 5 % of all vehicle crashes (NHTSA 1999), they account for approximately 15 % of serious injuries (AIS 3+) and 20-25 % of fatalities. In 1999, 10,140 people were fatally injured in a light vehicle rollover. Of those rollover fatalities, 8,348 were in a single-vehicle crash, where the majority of single-vehicle crash fatalities involved rollover.

Among rollover crashes reported in NASS- CDS (1995-2001), approximately 56 % ended in one or two quarter turns contacting either the near side of the roll or the roof. Generally these crashes occurred when the vehicle left the roadway an encountered a tripping mechanism such as soft dirt, a curb or loose gravel. In contrast, it was noted that untripped rollover crashes comprised only a small fraction of all rollover crashes (6 %) and were differentiated from the tripped cases by the absence of any tripped mechanism. Figure 5.1 shows the distribution of rollovers by rollover mechanisms according to NASS-CDS (1992-1998).

[image: image64.png]All accidents
Rollover

7%

No rollover
93%

Rollover accidents
in the U.S.A. SUV/pick-up

Rollover,
16%

No rollover
84%

Types of rollover accidents

Fall-over

Trip-over
From NASS CDS data (1992~1998)




 Figure 5.1:  Rollover distribution by crash mechanisms.
We can conclude that although rollover comprises 7% of all crashes, in the categories of SUV’s and pickups, the percentage jumps up to 16%. Also, tripped rollovers accounts for more than 55% of rollover crashes, untripped rollovers are 6%.

Rollover Crashes may be classified in several different ways. Among these are: quarter turns experienced by the vehicle, direction of rollover, object causing tripping/instability, location of rollover, or rollover type. Generally, rollover are nearly split evenly between left and right side leading. The rollover objector objects causing tripping or instability precipitating the rollover can be isolated with the NASS CDS.

The Terhune scale is applied to describe the type of rollover crash to which the vehicle is subjected, per tables 5.1, 5.2 and 5.3.

Table 5.1:  Yearly Average of Tow Away Crash Vehicles, by Rollover Initiation Type,and Vehicle Type for Single Vehicle Crashes.
	    Roll Type
	      PC
	     SUV
	     Van
	      PU
	    Total

	          Planar
	331,424
	44,151
	21,958
	60,623
	458,156

	     Trip over
	54,509
	37,845
	4,557
	20,713
	117,625

	     Flip over
	6,337
	1,305
	297
	2,772
	10,711

	    Turn over
	2,721
	2,189
	577
	644
	6,131

	  Climb over
	788
	512
	7
	602
	1,910

	      Fall over
	9,503
	6,283
	804
	5,548
	22,139

	Bounce over
	5,459
	1,791
	314
	2,218
	9,782

	     Oth. Veh.
	584
	420
	5
	106
	1,115

	   Other Roll
	112
	29
	5
	483
	629

	             EoE
	847
	56
	81
	135
	1,119

	           Total
	412,284
	94,57
	28,606
	93,846
	629,316


Source: NASS CDS, 1995 through 2002

Note: Small differences may exist due to rounding.
Table 5.2:  Number of Occupants, by Rollover Initiation Type, and Vehicle Type for Single Vehicle Crashes.
	    Roll Type
	      PC
	     SUV
	     Van
	      PU
	    Total

	          Planar
	422,259
	61,154
	26,926
	71,766
	582,104

	     Trip over
	72,544
	60,584
	6,096
	25,700
	164,924

	     Flip over
	8,023
	1,616
	485
	3,682
	13,806

	    Turn over
	2,832
	3,741
	992
	773
	8,338

	  Climb over
	1,019
	554
	14
	627
	2,214

	      Fall over
	11,555
	6,798
	948
	5,826
	25,128

	Bounce over
	6,735
	1,951
	383
	2,673
	11,706

	     Oth. Veh.
	589
	421
	5
	107
	1,121

	   Other Roll
	139
	32
	5
	637
	813

	             EoE
	1,122
	62
	162
	222
	1,568

	           Total
	526,818
	136,913
	36,015
	111,975
	811,721


Source: NASS CDS, 1995 through 2002

Note: Small differences may exist due to rounding.
Table 5.3:  Number of MAIS 3+F, by Rollover Initiation Type, and Vehicle Type for Single Vehicle Crashes.
	Roll Type
	PC
	SUV
	Van
	PU
	Total

	Planar
	8,168
	498
	352
	2,251
	11,270

	Trip over
	2,487
	649
	146
	995
	4,277

	Flip over
	178
	96
	9
	18
	301

	Turn over
	17
	73
	7
	21
	118

	Climb over
	47
	7
	0
	30
	84

	Fall over
	240
	116
	10
	348
	714

	Bounce over
	219
	38
	41
	44
	342

	Oth. Veh.
	1
	1
	1
	0
	3

	Other Roll
	64
	3
	5
	0
	72

	EoE
	241
	11
	130
	106
	489

	Total
	11,662
	1,494
	702
	3,813
	17,671


Source: NASS CDS, 1995 through 2002

Note: Small differences may exist due to rounding.

The trip-over is the rollover initiations type most commonly experienced (71%) during single rollover crashes. This scenario is enacted by a sudden sideways slowing or stopping and induced by contact with a curb, pothole, wheel rim/pavement contact, or pavement/soil dug into by a vehicle’s wheels. At each of the quarter turns level, the trip-over is predominant. Also the data shows that 43% of tripped rollover crashes end up with 2 Quarter Turn and 45 %  with more than 3 Quarter turn. Wheel rim contact is associated with tripped rollover.
5.2    Tripped Rollover Test
Since the Trip-over mechanism accounts for more than 71% of single rollover crashes, it is of importance to conduct trip-over tests and examine both the vehicle and the occupant kinematics in this rollover type

In this section, a tripped rollover test will be analyzed then occupant kinematics are examined using  MADYMO model.

5.2.1 Vehicle Kinematics
The initial lateral velocity of the car before contacting the curb is 19.7 mph. According to the data from this type of test, the curb trip can be broken into three parts. There is the initial contact with the curb or tripping phase (0-200 ms), the vehicle airborne phase (200-600 ms) and finally second contact with the curb and ground contact ( 600-1000 ms). The driver’s side of the vehicle struck the curb first.

Tripping Phase (0-200 ms): High lateral deceleration (peak around 10 g), which slows the vehicle. At 200 ms the lateral translational velocity of the vehicle is around 3 mph. Also the vertical acceleration has a peak around 7 g as the vehicle is thrown upward and at 200 ms the vertical translational velocity is around 4 mph. An extremely high transient rotational acceleration peak occurs (approaching 6000 deg/sec/sec) which is over by 80 ms.  This is due to the high tripping force applied by the curb. After 80 ms, the rotational velocity decreases to 145 deg/sec at 200 ms.  At around 80 ms, the lateral acceleration and the hence lateral force drop, and the upward vertical force rise.


. [image: image65.png]



Airborne Phase (200-600 ms):  The lateral acceleration hovers around 0 g and vertical acceleration is 1 g downward. The angular acceleration reaches around 270 deg/sec.
[image: image66.png]



Ground Contact Phase (600- 1000 ms): The peak lateral and vertical acceleration are about 1g and 2.5 g upward respectively as the vehicle impacts the curb. The angular acceleration peaks at about 1150 deg/sec/sec as the vehicle rotation is reduced, from the curb/ground impact.
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  Figure 5.2:  Acceleration Characteristics- 18 mph Curb Tripped Rollover.
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Figure 5.3:  Rotational Velocity – 18 mph Curb Tripped Rollover.
5.2.2 Occupant Kinematics

Using the MADYMO model developed for rollover simulations, and particularly trip-over type, the accelerations described above were inputted to the model in order to study the occupant kinematics in such a situation. As mentioned, the vehicle kinematics is divided into three phases and thus the occupant kinematics in each trip-over phase can be summarized as follows:
Tripping phase: As the vehicle motion is resisted (tripped), the occupant continues to move in the initial vehicle direction.
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Airborne Phase: As the vehicle rolls, the occupant moves upward and outward, away from the vehicle center of gravity and the head contacts the roof header and the window several times.
[image: image71.png]



Ground Contact Phase: As the vehicle impacts the ground, the occupant is already in an equilibrium position.
[image: image72.png]



5.2.3 Injury Parameters

     Head Velocity

It is of importance to evaluate the head velocity and correlate it with any possible contact. Figure 5.4 shows that the maximum head velocity from the simulation of the 18 mph tripped rollover test,  occurred at the same time as the head contacted with the header, the maximum value is 4.35 m/s after 205 milliseconds from the trip. It also shows the peaks during the airborne phase and this is due also to head contacts with the header or the window.
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 Figure 5.4 :  Head Velocity for an 18 mph Tripped Rollover Test. (Based on Simulation)
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                                       Figure 5.5:  Occupant Position at maximum head velocity for an 18 mph Tripped Rollover Test.
    Chest Acceleration
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    Figure 5.6:  Chest Acceleration for an 18mph Tripped Rollover Test. (Based on Simulation)
Figure 5.7:  Occupant Kinematics in Curb Trip Test.
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5.3    Tripping Velocity Study
Not all tripped rollovers occur at the same tripping velocity and thus the tripped force may differ from one case to the other and the occupant may have different kinematics and subsequent injuries depending on how hard the tripping mechanism is. In order to know the influence of the tripping velocity on the occupant, several simulations were conducted with different tripping velocities. The axis of rotation of the vehicle differs with each phase of the tripping mechanism. In the tripping phase it will be the curb. In the airborne phase it will shift to the longitudinal axis passing through the center of gravity of the vehicle. Because of the limitation of changing the roll axis in MADYMO, only the tripping phase was included in this study.

5.3.1 Tripping Acceleration

The tripping severity was changed from 5 to 25 mph with a 5 mph increment. The initial vehicle velocity was kept at 30 mph for all cases. Based on the crash severity obtained from the tripped test described in section 5.2, we concluded the profiles of the crash severity for each of the tripping velocities. Figure 5.8 shows the crash severity for each of the tripping velocities. Note that the tripping phase was conserved for 260 ms.
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    Figure 5.8:  Crash Severity for different Tripping Velocity.
5.3.2 Tripping Roll Rate

The roll rate changes proportionally with the tripping severity. The higher the tripping force is, the higher the roll rate in the tripping phase. Roll rate profiles were obtained from the tripped test and also by using a dynamic program that simulates tripped rollovers version 3.0 by Rosenthal. Combining all results, it was concluded that for the 25 mph trip, the roll rate reaches approximately 360 Deg/s at the end of the tripping phase compared with 220 Deg/s for the 15 mph trip and only 90 Deg/s for the 5 mph trip. In figure 5.9, roll rate profiles are included for different tripping velocities.
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Figure 5.9:  Roll Rate for Different Tripping Velocities.
5.3.3 Matrix of Simulations
The tripping severity and roll rates were implemented into MADYMO for both the driver and passenger side leading rolls. The length of the simulations is 0.36 second and that represents 0.1 second of pre-trip and 0.26 second of tripping phase. Dummy Kinematics patterns as well as injury parameters were examined and conclusions were drawn.
5.4   Results
5.4.1 Dummy Kinematics Pattern

The vehicle is prescribed a lateral curb trip mechanism. The initial lateral velocity is 30 mph and the vehicle contacts the curb at 0.1 sec. The simulations end at 0.36 sec. Depending on the tripping velocity, the vehicle rolls from 11 to 55 degrees. The tripping phase occurs during 260 ms of time.

 * Driver Side Leading Trip

The lateral motion of the vehicle is resisted as it trips and the occupant slightly moves to the opposite side then continues to move in the initial vehicle direction until the head contacts the window and the thorax is pushed toward the door. The head contact is examined in the period of 135 to 225 ms after the curb contact. The higher the trip velocity is, the sooner the head contact occurs. The maximum head velocity is in the range of 1.65 to 4.15 m/s and it is associated with the contact with the window. Note that the maximum head velocity doesn’t vary significantly when the trip velocity changes from 15 to 25 mph. For the 5 mph trip case, the head and the chest contacts with the window and the door occur at the end of the trip. The maximum chest acceleration attains the value of 3 g. On the other hand for the 10, 15 and 20 mph cases, the chest acceleration has a similar peak value of 18 g. For the 25 mph case it attains 25 g. The chest acceleration is associated with the thorax contact with the door and it occurs earlier for the high trip velocity cases.

* Passenger Side Leading Trip

 The lateral motion of the vehicle is resisted and the occupant continues moving in the initial vehicle direction. Since the driver is moving toward the passenger side, no major head or chest contacts with the vehicle interior are observed. The head of the occupant is pushed laterally and toward the roof and the belt plays a major role in keeping the torso in place. On the other hand lots of neck bending is examined and the belt may cause some injuries  for the neck .
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Figure 5.10:  Occupant Kinematics at Maximum Head Velocity in Near-Side Tripping Phase.
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Figure 5.11:  Occupant Kinematics at Maximum Head Velocity in Far-Side Tripping Phase.
5.4.2 Chest Acceleration
* Driver Side Leading Trip

Examining chest injuries is of importance in tripping rollovers. The Force-Deflection characteristic of the chest contact is illustrated in Figure 3.8. The simulations show that the higher the tripping acceleration is, the earlier the peak chest acceleration occurs in the trip phase. All peak values occur in the interval of 100-200 ms after contacting the curb. Note that for the 5 mph trip case, the chest acceleration is low ( less than 3 g) and for the intermediate cases( 10, 15, an 20 mph ) the peak value is almost 16 g, on the other hand, for the 25 mph trip case, the peak value is around 25 g.  The chest acceleration profile for the driver side leading trip is illustrated in Figure 5.12.
 * Passenger Side Leading Trip

Different results appears in the passenger side leading roll, where no chest contacts with the interior are observed, the values of the chest acceleration are low and not of importance to report.
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 Figure 5.12:  Chest Acceleration in a Driver-Side leading Trip.

CHAPTER 6

6 Real World Examples and Applications

6.1 Introduction

In order to improve the rollover situation, injury reduction measures yielding the greatest benefit must be developed.  The most numerous MAIS 3+F group, among front seat occupants, were noted to have been restrained and unejected. Unrestrained occupants sustain a variety of injury mechanism and upon ejection have elevated risk of fatality.

NASS CDS was queried over the years 1997 through 2002. Case selection was limited to front left occupant with MAIS 3+F injuries.  These cases were categorized by crash configuration, and injury type. Only single vehicle impact cases where the ground or a curb was the initial source of a tripped rollover mechanism were selected. Finally the injuries were grouped based upon anatomical proximity and similar injury causation mechanism. The abdomen and thorax and head and neck injuries, and other injuries were examined, as seen in the Case Summary Tables. A summary of the studied cases was included to demonstrate the progression of exemplar case selection. The next section provided a clinical summary of injury mechanisms and crash attributes. The specific cases exemplified certain attributes found in common or with great prevalence amongst the tripped rollover population. Their study also aimed at specifying parameters potentially useful in subsequent modeling of this population and understanding the occupant outcomes and crash mechanisms based upon real world case review.

6.2 Injury Sources and Crash Mechanism

* Prevalent Chest Injury Sources and Crash Mechanisms – Two Plus Roof Impact
For two plus roof impacts, the majority of the 23 reported chest injuries were from the side interior and two abdomen injuries occurred. For SUVs, there were six from the side interior and four from the belt. It is postulated that a higher tripping force is often required to cause the rollover to progress from one to two roof impacts. This higher tripping force would increase the severity the occupant contacts the door in near-side rollovers and contacts the belt in far-side rollovers. Consequently, the tripping force may be associated with the higher rate of chest injury for two plus roof impact rollover. Eigen [11] showed that rollovers with two plus roof impacts carry higher risk of chest injury than rollovers with one roof impact. 
* Prevalent Head Injury Sources and Crash Mechanisms – Two Plus Roof Impact

For two plus roof contacts, the roof pillars and roof rails are the only injury sources applicable. The roof was grouped from the roof rails, headers, visors, windshields and B-Pillars.
6.3 Exemplar Case Reviews

The two pages summaries yielded valuable information with regard to injury types and associated injury sources, as well as prevalent crash mechanisms. The patterns were noted and several factors became obvious in rollover crashes of one roof impact for restrained unejected front seat occupants focusing on the driver. The cases were chosen because they illustrated the most salient characteristics existing among chest and abdomen injuries and head and neck injuries by crash configuration. One common issue was examined by virtue of representative cases. This was tripping acceleration. Based upon photographic analysis, coincident with severe forces inducing rollover crashes, severe wheel damage was present.  In the next cases, chest injuries were also associated in these cases.
A four-door passenger car sustained a left side leading rollover induced by tripping at the right roadside and ended at the second roof impact. The driver sustained AIS 3 rib fractures induced by the left interior.
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	Vehicle 
	Body type
	Make
	Model
	Year
	Occ #
	Age
	Occ sex
	MAIS

	1
	4 Dr Sedan
	Chevy
	Nova/Geo
	97
	1
	40
	Female
	3


Figure 6.1 : Case 1998-45- 54 Crash Summary
Source : NASS CDS 1995-2001
Occupant 1998-45-54-1-1
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	ROLLOVER CHARACTERISTICS

	Number of Events
	1

	Rollover Initiation Type
	TRIP-OVER

	Location of Rollover Initiation
	ROADSIDE/MEDIAN

	Rollover Initiation Object Contacted
	GROUND

	Location on Vehicle where Principal Tripping Force was Applied
	WHEELS/TIRES

	Direction of Initial Roll
	ROLL LEFT


	NASS WEIGHTING FACTOR

	Weighting factor
	9297.1185027


	VEHICLE FACTORS

	Make-Model
	Chevrolet Nova/Geo Prism
	Year
	1997

	Class
	PASSENGER CAR
	Body Type
	4-DR SEDAN/HDTOP

	Weight
	107
	
	


	PRE-CRASH DRIVER DATA

	Accident Type
	2

	Pre-event Movement
	GOING STRAIGHT

	Critical Pre-crash Event
	OFF EDGE-RIGHT

	Attempted Avoidance Maneuver
	STEERING RIGHT

	Pre-impact Stability
	LATERAL SKID-CLK

	Pre-impact Location
	DEPARTED ROADWAY


	CRASH SEVERITY

	Nr. Quarter Turns
	6 QUARTER TURNS

	Impact Speed
	< 0.5KMPH

	Total, Longitudal, and Lateral delta-V
	< 0.5 KMPH
	< 0.5 KMPH
	< 0.5 KMPH

	Estimagted delta-V with sequence number
	MODERATE
	1

	CDC
	0
	T
	D
	D
	O
	3

	Run off Road
	RUNOFFRD

	

	Damage (C1-C6)
	0
	0
	0
	0
	0
	0

	Crush (L and D)
	0
	0

	Object Contacted 1
	ROLLOVER-OVERTRN

	Object Contacted 2
	0


	DRIVER FACTORS

	Age
	40
	Gender
	FEMALE-NOT PREG

	Height
	168
	Weight
	73

	Ejection
	No EJECTION
	
	

	Ejection Area
	No EJECTION
	
	

	Entrapment
	Not ENTRAPPED
	
	


	RESTRAINT FACTORS

	Restrain
	Lap and shoulder

	AOPS
	YES-RES DET

	Airbag Deployment
	NONDEPLOYED

	Airbag Deployment - 1st Seat
	NONDEPLOYED

	Airbag Deployment - Oth Seat
	Not EQUIP W/ OTH


	PRE-CRASH ENVIRONMENT

	Traffic Flow
	DVDED/W/BARRIER

	Number of Travel Lanes
	THREE

	Roadway Alignment
	STRAIGHT

	Roadway Profile
	LEVEL

	Roadway Surface Type
	ASPHALT

	Roadway Surface Condition
	DRY

	Light Conditions
	DARK

	Atmospheric Conditions
	No ADVERSE COND

	Relation to Intersection
	NONINTER/NONJUNC

	Traffic Control Device
	 

	
	
	
	
	
	
	

	Police Reported Alcohol Presence
	No ALCOHOL

	Alcohol Test (<95 indicates BAC 0.xx)
	0


	ROLLOVER CLASSIFICATION

	Occupant
	1998455411
	
	
	
	
	


	INJURIES

	Occupant
	1998455411
	

	MAIS
	3=Serious
	

	Seat Position
	Front left side
	

	


	AIS Level
	Injury Description
	Contacts

	1=Minor
	Leg skin abrasion
	Steering rim

	1=Minor
	Leg skin contusion (hematoma)
	Left interior

	3=Serious
	2-3 rib fractures with stable chest and hemo-/pneumothorax
	Left interior

	1=Minor
	Thoracic skin contusion
	Left interior

	1=Minor
	Leg skin contusion (hematoma)
	Steering rim

	1=Minor
	690402
	
	


Figure 6.2 : Case 1998-45- 54 Vehicle and Ocupant Summary
Source : NASS CDS 1995-2001
An SUV hydroplaned and lost control owing to rain. The vehicle ran off the roadway and reentered pursuant to a right steer. This induced the left side leading rollover that ended in eight quarter turns, two roof impacts. The driver sustained AIS 3 rib fractures attributable to the left interior.
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	Vehicle 
	Body type
	Make
	Model
	Year
	Occ #
	Age
	Occ sex
	MAIS

	1
	Compact/Utility
	Jeep
	Cherokee
	90
	1
	50
	Male
	3


Figure 6.3 : Case 1998-75-92 Crash Summary
Source : NASS CDS 1995-2001
Occupant 1998-75-92-1-1
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	ROLLOVER CHARACTERISTICS

	Number of Events
	1

	Rollover Initiation Type
	TRIP-OVER

	Location of Rollover Initiation
	ON ROADWAY

	Rollover Initiation Object Contacted
	GROUND

	Location on Vehicle where Principal Tripping Force was Applied
	WHEELS/TIRES

	Direction of Initial Roll
	ROLL LEFT


	NASS WEIGHTING FACTOR

	Weighting factor
	46.641204081


	VEHICLE FACTORS

	Make-Model
	Jeep Cherokee84-
	Year
	1990

	Class
	TRUCK
	Body Type
	COMPACT UTILITY

	Weight
	138
	
	


	PRE-CRASH DRIVER DATA

	Accident Type
	15

	Pre-event Movement
	GOING STRAIGHT

	Critical Pre-crash Event
	TRAVEL TOO FAST

	Attempted Avoidance Maneuver
	No AVOIDANCE

	Pre-impact Stability
	TRACKING

	Pre-impact Location
	Left TRAVEL LANE


	CRASH SEVERITY

	Nr. Quarter Turns
	8 QUARTER TURNS

	Impact Speed
	< 0.5KMPH

	Total, Longitudal, and Lateral delta-V
	< 0.5 KMPH
	< 0.5 KMPH
	< 0.5 KMPH

	Estimagted delta-V with sequence number
	SEVERE
	1

	CDC
	0
	T
	D
	D
	O
	4

	Run off Road
	RUNOFFRD

	

	Damage (C1-C6)
	0
	0
	0
	0
	0
	0

	Crush (L and D)
	0
	0

	Object Contacted 1
	ROLLOVER-OVERTRN

	Object Contacted 2
	0


	DRIVER FACTORS

	Age
	53
	Gender
	MALE

	Height
	180
	Weight
	104

	Ejection
	No EJECTION
	
	

	Ejection Area
	No EJECTION
	
	

	Entrapment
	JAMMED DOOR/FIRE
	
	


	RESTRAINT FACTORS

	Restrain
	Lap and shoulder

	AOPS
	NO

	Airbag Deployment
	Not EQUIP/AVAIL

	Airbag Deployment - 1st Seat
	Not EQUIP/AVAIL

	Airbag Deployment - Oth Seat
	Not EQUIP W/ OTH


	PRE-CRASH ENVIRONMENT

	Traffic Flow
	DVDED/NO BARRIER

	Number of Travel Lanes
	TWO

	Roadway Alignment
	STRAIGHT

	Roadway Profile
	UPHILL GRADE

	Roadway Surface Type
	ASPHALT

	Roadway Surface Condition
	WET

	Light Conditions
	DARK

	Atmospheric Conditions
	RAIN

	Relation to Intersection
	INTERCHANGE REL

	Traffic Control Device
	 

	
	
	
	
	
	
	

	Police Reported Alcohol Presence
	No ALCOHOL

	Alcohol Test (<95 indicates BAC 0.xx)
	0


	ROLLOVER CLASSIFICATION

	Occupant
	1998759211
	
	
	
	
	


	INJURIES

	Occupant
	1998759211
	

	MAIS
	3=Serious
	

	Seat Position
	Front left side
	

	


	AIS Level
	Injury Description
	Contacts

	3=Serious
	2-3 rib fractures with stable chest and hemo-/pneumothorax
	Left interior

	1=Minor
	Thoracic skin contusion
	Left interior

	1=Minor
	Leg skin contusion (hematoma)
	Left apnel

	1=Minor
	Leg skin abrasion
	
	


Figure 6.4 : Case 1998-75- 92 Vehicle and Ocupant Summary
Source : NASS CDS 1995-2001
A two door passenger car departed from, reentered the roadway, and rotated clock-wise. A trip over, left side leading, occurred pursuant to contact with a dirt ditch/culvert. The rollover ended in two roof contacts. The driver sustained AIS 3 rib fractures and lung injury attributable to the left interior.
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Figure 6.5 :  Case 2001-78-20 Crash Summary
Source : NASS CDS 1995-2001

Occupant 2001-78-20-1-1
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	ROLLOVER CHARACTERISTICS

	Number of Events
	2

	Rollover Initiation Type
	TRIP-OVER

	Location of Rollover Initiation
	ROADSIDE/MEDIAN

	Rollover Initiation Object Contacted
	Oth FIXED OBJECT

	Location on Vehicle where Principal Tripping Force was Applied
	WHEELS/TIRES

	Direction of Initial Roll
	ROLL LEFT


	NASS WEIGHTING FACTOR

	Weighting factor
	64.206


	VEHICLE FACTORS

	Make-Model
	Buick Riviera
	Year
	1997

	Class
	PASSENGER CAR
	Body Type
	2DR SEDAN/HT/CPE

	Weight
	169
	
	


	PRE-CRASH DRIVER DATA

	Accident Type
	2

	Pre-event Movement
	GOING STRAIGHT

	Critical Pre-crash Event
	OFF EDGE-RIGHT

	Attempted Avoidance Maneuver
	STEERING RIGHT

	Pre-impact Stability
	LATERAL SKID-CLK

	Pre-impact Location
	DEPARTED ROADWAY


	CRASH SEVERITY

	Nr. Quarter Turns
	6 QUARTER TURNS

	Impact Speed
	< 0.5KMPH

	Total, Longitudal, and Lateral delta-V
	< 0.5 KMPH
	< 0.5 KMPH
	< 0.5 KMPH

	Estimagted delta-V with sequence number
	MODERATE
	1

	CDC
	0
	F
	9
	9
	9
	0

	Run off Road
	RUNOFFRD

	

	Damage (C1-C6)
	0
	0
	0
	0
	0
	0

	Crush (L and D)
	0
	0

	Object Contacted 1
	DITCH/CULVERT

	Object Contacted 2
	ROLLOVER-OVERTRN


	DRIVER FACTORS

	Age
	86
	Gender
	MALE

	Height
	170
	Weight
	73

	Ejection
	No EJECTION
	
	

	Ejection Area
	No EJECTION
	
	

	Entrapment
	Not ENTRAPPED
	
	


	RESTRAINT FACTORS

	Restrain
	Lap and shoulder

	AOPS
	YES-RES DET

	Airbag Deployment
	BAG DEPLOYED

	Airbag Deployment - 1st Seat
	DR&PAS BAG DEPLY

	Airbag Deployment - Oth Seat
	Not EQUIP W/ OTH


	PRE-CRASH ENVIRONMENT

	Traffic Flow
	DVDED/NO BARRIER

	Number of Travel Lanes
	TWO

	Roadway Alignment
	STRAIGHT

	Roadway Profile
	LEVEL

	Roadway Surface Type
	ASPHALT

	Roadway Surface Condition
	DRY

	Light Conditions
	DAYLIGHT

	Atmospheric Conditions
	No ADVERSE COND

	Relation to Intersection
	NONINTER/NONJUNC

	Traffic Control Device
	 

	
	
	
	
	
	
	

	Police Reported Alcohol Presence
	No ALCOHOL

	Alcohol Test (<95 indicates BAC 0.xx)
	0


	ROLLOVER CLASSIFICATION

	Occupant
	2001782011
	
	
	
	
	


	INJURIES

	Occupant
	2001782011
	

	MAIS
	3=Serious
	

	Seat Position
	Front left side
	

	


	AIS Level
	Injury Description
	Contacts

	3=Serious
	>3 rib fractures one side & <3 other side, with stable chest
	Left interior

	3=Serious
	Lung injury NFS
	Left interior

	2=Moderate
	Shoulder dislocation (glenohumeral joint)
	Left B pillar

	2=Moderate
	Cervical fracture without cord injury +/- dislocation NFS
	Roof

	2=Moderate
	Cervical fracture without cord injury +/- dislocation NFS
	Roof

	2=Moderate
	Cervical fracture without cord injury +/- dislocation NFS
	Roof

	1=Minor
	Facial skin abrasion
	Flying glass

	1=Minor
	Facial skin laceration, minor
	Flying glass

	1=Minor
	Upper extremity skin abrasion
	Left apnel


Figure 6.6 : Case 2001-78- 20 Vehicle and Ocupant Summary

Source : NASS CDS 1995-2001

6.4      Lesson learned from Case Reviews

A closer examination of rollover cases of two roof impact or greater is warranted. Based upon this analysis, prevalent injury patterns and their crash implications, crash configuration factors emerged.

6.4.1 Summary of Injury Patterns

Chest Injuries – In single vehicle rollover crashes chest injuries were generally attributable to the side interior (near side) or safety belt (far side). Severe tripping acceleration was present in all cases. These were identified by rollover leading-side wheel deformation. 

In near side rollover, rib fractures and lung contusion from the impact with side interior are frequently present. In far side rollover, similar injuries attributable to the belt system appear.

In the case of SUV’s, few chest injuries were noted for one roof impact, however, more existed for two roof impact or greater. The prevalence of chest injuries was considered counterintuitive. Although, owing to the wheel deformation seen in two plus roof impact cases, there existed a tripping force to produce sufficient rotational energy into vehicle. The SUVs roll more easily than passenger cars; therefore, less tripping forces is required to produce one roof impact, for which case less tire damage is present. Chest injuries are expected for higher tripping force rather than lower, in the one roof impact case.

The extent of tripping acceleration contributing to chest injuries requires a more precise measurement of wheel damage to characterize rollover severity in terms of risk of chest injuries. An algorithm must be developed to relate damage o wheels and suspension system to crash severity.

Head Injuries – Head injuries were prevalent and their sources were consistent. Regardless of planar crash configuration or presence of other vehicles during the crash, the head I injuries remained consistent. These injuries may be attributable to the head velocity, back and forth, hitting the vehicle interior. The risk of impacting the roof would increase if the roof deforms into the occupant compartment.
6.4.2  Implications of Case Reviews
Lower tripping forces are required to produce one roof impact than to produce two roof impacts.  Consequently, chest injuries were less frequent in rollovers with low tripping force that produced only one roof contact. Higher tripping forces are required to produce two roof contacts also produced chest injuries more frequently. Occupant experiencing more than two roof impact and sustaining chest injuries, may be subjected to both planar and rollover injuries. The planar injuries may be attributable to impacts with side and lateral accelerations before rollover. 

Finally, based upon cases review, the evidence of tripping acceleration has been noted. This crash characteristic was associated with safely belt and interior contacts induced injuries. Further, its identification becomes the basis for countermeasure development and the metric evaluation and application. Its mitigation would be aimed at reducing those injuries associated with their existence and eventual avoidance during the crash.

        CHAPTER 7

7 CONCLUSIONS
7.1 Conclusion
Roll rate and tripping acceleration were theorized to have acted during rollover crashes to induce injuries based on the analysis of real world cases. In this study, an overview of modeling and a description of the modeling package used were presented. Further, results are presented inherent to pure roll, without roof contact but in conjunction with tripping forces.

The lumped mass MADYMO model developed and validated by Burel [2] was used. The model was applied to examine the forces on the occupant as a consequence of roll rate and tripping acceleration.

Firstly, the simulations considered pure rollover, relying on lateral force, and conditions without severe tripping present. Roll rate increased from 0 to 180,270,360 and 450 degrees per second respectively during the first quarter turn and then held constant for 2 revolutions. Most of the relative motion of the occupant relative to the vehicle occurred during the first three quarter turns. Subsequently, the occupant was coupled to the vehicle by centrifugal force. As a consequence, the maximum head velocity relative to the vehicle occurred before the occupant became coupled to the vehicle. Roof and vehicle contacts with the ground may alter kinematics. They were not simulated in the pure roll cases. The effect of roll rate was to couple the occupant to the vehicle after the third quarter turn. This reduced the head velocity relative to the vehicle after coupling had occurred. The equilibrium is not affected by the roll acceleration phase. The roll acceleration used is considered low (500 deg/sec/sec) and didn’t affect the equilibrium kinematics. 
For the near side leading roll, the vertical head excursion increases with the roll rate as it can be seen in Figure 4.9. The head excursion is almost the same for the 360 and 450 deg/s cases and this is due to roof contact.

For the far side leading roll, the gravity influence increases the head excursion for the 180 deg/s case, otherwise the head excursion increases with roll rate.

The door forces for the Near-Side leading roll are illustrated in Figure 7.1. The door forces show that for the 180 deg/sec case, there is more than one contact with the door and the dummy didn’t reach equilibrium, and the higher the roll rate is, the earlier the door forces are eliminated which lead to equilibrium.
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     Figure 7.1:  Force on the Door for the Near-Side Leading Steady State Roll.

Secondly, variation of tripping acceleration and roll rate was performed as dictated by the real world case review. A test was conducted to develop data for the development of side curtains. Prior to the rollover, the rest vehicle was sliding side ways at 18 mph when it tripped against a curb. This is considered a moderate trip, and it did not produce severe damage to the suspension of the vehicle. The lateral velocity was much lower than in most real world rollovers, and consequently the duration of the trip may be longer than is generally the case. Dummy data from the test is not available. Modeling is used to provide an understanding of occupant kinematics in a trip. This test is being used as a baseline since it is a more severe trip than the one produced by the DOT rollover test specified by FMVSS 208.
The chest forces increases with tripping severity. For the 10 mph trip the chest acceleration reaches 18 g’s compared to 27 g’s for the 25 mph trip case. The maximum values of the chest acceleration and the head velocity are noted in Table 7.1.
                       Table 7.1:  Injury Parameters for Different Near Side Trip Severity.

	Trip Severity (mph)
	Head Velocity (m/s)
	Chest Acceleration ( g)

	5
	1.65
	2.6

	10
	3.7
	18

	15
	4.17
	18

	20
	4.17
	18

	25
	3.7
	26


7.2 Recommendation and Future Work
It was learned from simulation that high dummy (forces) load are possible during a mild trip and could be expected to be even higher for severe trip conditions. Data analysis confirmed the role of tripping acceleration as seen in the modeling. Tripping acceleration was observed in cases involving great force induced damage, as noted by severely bent wheels. This phenomenon was generally associated with passenger car because they require far greater force to start rollover. Tripping acceleration was not associated with any restraint usage characteristics. This was considered a general and prevalent parameter. 

Based on the findings of the modeling and on real world crash data, added information will be required for future work:

1- Test data needed to evaluate crash pulses associated with tripping velocity.
2- Structural data on the load deformation characteristics for the wheels, tires      and undercarriage, in tripping conditions will be needed.

3- Measurements similar to those made in planar crashes in field must be made for rollover crashes to determine the severity of the trip.

4- Development and validation of a finite element roof model which simulate more the real world cases in terms of roof to ground contacts.
5- Development of a MADYMO model where the vehicle displacement and rotation is not an input but an output instead and this by creating a model taking into consideration the effects of the suspension, the wheel , the tires also different roof and vehicle to ground contacts and any possible other contacts ( curb, ground, barrier…).
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