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Abstract

Developing countries without exception of India is faced with a steep rise of 
vehicle ownership due to fast growing economy and consequent affluence of the
population. Lack of adequate road infrastructure and its management, poor 
traffic discipline coupled with low level of enforcements, and heterogenous 
modes of transport sharing common right of way have resulted in very high rate 
of road accidents and fatalities. According to a Central Road Research Institute 
(CRRI) study, in the urban areas, 75 per cent of road fatalities involve 
pedestrians. Pedestrian injuries and fatalities from vehicle collisions vary 
with environment, urban or rural and country. While the age and state of health 
of the pedestrian, the nature of the impact, and the vehicle design all affect 
the injury outcome, but the prime factor in injury/fatality risk is the vehicle 
speed. The use of the pedestrian projection distance as a measure of pre-impact 
vehicle speed is increasingly important. Pedestrian real-world case serves as an 
important source of information to evaluate the dynamic performance of 
pedestrian models and their ability to reconstruct injury-causing events. The 
objective of this study is to evaluate the ability of a mathematical pedestrian 
model to assess the severity of an impact and find out pre-impact vehicle speed 
by using real-world data. This paper discuss throw model for pedestrian-vehicle 
collisions. Most of the models proposed in literature neglect the road gradient. 
For that reason a model including this parameter is derived and analyzed with 
data from a real accident. The derived throw model considers all the parameters 
(including road gradient) relevant to vehicle/pedestrian collisions. It is shown 
that the road gradient has a considerable effect on solutions and must be taken 
into account in cases with graded roads. The results are showing that models 
neglecting road grade overestimate the value of the initial vehicle speed.
Introduction
The reconstruction of an accident is the process whereby physical evidence, present on the vehicle or at the crash site, is used to reconstruct how and/or why the accident took place. One of the most important parameters that should be determined at the period of the crash investigation is the speed of the vehicle before the accident. 
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In the case of Pedestrian-vehicle crashes, most of the models available neglect the road gradient and give rise to erroneous result (Bogdanovic and Batista, 2004). In this work, a mathematical pedestrian throw model incorporating the road gradient is derived to evaluate the pre-impact vehicle speed and to assess the severity of an impact by using real-world accident data.
Objective
Pedestrian injuries and fatalities from vehicle collisions vary with environment, urban or rural and country. The prime factor in injury-fatality risk is the vehicle speed. Also, the use of the pedestrian projection distance as a measure of pre-impact vehicle speed is increasingly important.  The main objective of this study is to evaluate the ability of a mathematical pedestrian throw model to assess the severity of an impact and pre-impact vehicle speed by using real-world accident data and, to study the influence of road gradient in determination of the initial vehicle speed.
The physics of throw distance in Accident Reconstruction

Throw distance, that is the distance a person has been projected from the point of impact, is widely used in accident reconstruction to provide an estimate of the speed of the striking vehicle. The estimation of speed from throw distance has a firm empirical foundation. Many questions such as, the effect of the site gradient, bouncing after landing, projection angle, coefficient assumed in the reconstruction etc can be answered only by understanding the physics of the process. In many cases, the point of first landing cannot be determined and the investigators record only the rest position. Since the bouncing and sliding can make up the greater part of the total throw distance, the distinction is not a trivial one. During periods of ground contact the reaction of the ground is high, to make up for the periods spent in the air. The reaction is particularly high when the pedestrian first lands, after a prolonged time out of contact. However, for the wheel the vertical velocity may be assumed to zero at the beginning of the skid, with a projected object that is not so. The upward projection velocity at the beginning has disappeared by the end, and that has the effect of reducing the average ground reaction and hence the average frictional forces. Plainly at any instant the horizontal acceleration is μ times the sum of the vertical acceleration and gravity. 

The total distance traveled (S) in coming to rest will be:

S = 
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The skip skid is a special case of this, where v = 0 and H = 0. 

where, H is the initial height of the pedestrian’s center of gravity.
The velocities u and v are the components of the projection velocity V so that u can be replaced by V cosθ and v by V sinθ. Then the throw distance will be:
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Minimum Projection Velocity to Travel a Given Distance

The angle which minimizes the above expression for V is soon found by differentiating with respect to θ and equating to zero. The optimum angle is arctan μ. Replacing θ by that value yields the minimum projection velocity for a long distance.
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Throw Model Including Road Gradient




The real world accidents often occur on the roads with a gradient. Most of the theoretical throw models neglect this parameter; however such simplifications may lead to erroneous results. Therefore a model including this parameter will be derived and analyzed. Upon this model the total throw distance S can be written as (Han and Brach, 2001):
S = XL + R + s








              (1.5)

Where XL is the distance the pedestrian undergoes in the vehicle/pedestrian contact phase, R is the distance covered in the flight phase and s is the distance between the ground impact of the pedestrian and the rest position. The parameter XL is dependent on vehicle’s frontal geometry, pedestrian center-of-gravity height (H) at impact and vehicle speed after first impact with the pedestrian.  In order to calculate the throw distance S in the case of a road with gradient, the following scheme (Fig 1) is adopted (Bogdanovic and Batista, 2004). 
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Fig 1. Post-impact motion of the pedestrian (Bogdanovic and Batista, 2004)
The distance R can be expressed as:
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                (1.7)
tR  is the flight time from the launch to the contact with the ground and α is the road gradient. The distance s has the form:
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                (1.8)
Basic equations
From the Newton’s 2nd Law the equations of motion are obtained:
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where  ax and ay are the acceleration components, m is the mass of the pedestrian, µ is the friction coefficient, g is the vertical acceleration due to the gravity, α is the road grade and  Ny is the vertical reaction (which is zero when the pedestrian is in the air). Combining the two equations (1.9), the following expression is derived:
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The integration of equation (1.10) with respect to time gives the relationship between speed components:
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The integration of equation (1.11) with respect to time gives the relationship between position components:
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The initial conditions for the determination of integration constants C1 and   C2 are:
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From equations (1.11), (1.12) and (1.13) the values for integration constants are obtained:
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The equations (1.11) and (1.12) can now be written in the following form:
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  (1.15)

These equations cover the sliding phase of pedestrian’s motion. In the flight phase the term Ny in (1.9) vanishes:
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When these equations are integrated twice with respect to time and considering the initial conditions: x (0)=0, y(0)=H, Vx (0)= V0 cos( and Vy (0)= V0 sin(. The speed components
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in the flight phase are obtained.

Total throw distance
When the pedestrian comes to a stop, the following conditions are fulfilled: Vx= 0, Vy= 0, y = 0,     X = S (total throw distance) and t = tstop (stopping time of the pedestrian). From equations (1.15) follows:
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Flight distance

The flight distance R and the flight time tR can be derived from (1.18). The expressions are the R same as in (1.6) and (1.7).

Initial speed

The initial speed V0 is obtained from the second equation in (1.20):
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By using trigonometric identities
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This expression can be put in the following form:
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By equating the first derivative to zero:
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The minimum initial speed Vmin is derived: 
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Because the vehicle speed V'c0 and the pedestrian initial speed V0 (at the time the pedestrian is launched) usually differ
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The initial contact speed of the vehicle Vc0 can be calculated due to the conservation of momentum 
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Where mc is the mass of the vehicle and mp is the mass of the pedestrian. In order to confirm the usefulness of this model, it should be validated with already existing models like Collins model, Searle model and Han-Brach model.

Validation of the Model

The derived throw model was validated with the data from a real accident (Bogdanovic and Batista, 2004). All parameters pertinent to the accident are shown in Table 1.
Table 1: Data from a real vehicle/pedestrian collision

	Quantity
	Symbol
	Unit
	Value

	Gravity acceleration
	G
	m/s2
	9.8

	Road gradient
	P
	%
	-8.8

	Initial height
	H
	m
	1.0

	Mass of the pedestrian
	mp
	Kg
	60

	Mass of the vehicle
	mv
	Kg
	942

	Coefficient of restitution
	(
	_
	1.0

	Contact phase distance
	XL
	m
	1.0

	Sum of contact phase distance and flight distance (due to physical evidence)
	Rm*=XL+ Rm
	m
	18.05

	Sum of contact phase distance and total throw distance (due to physical evidence)
	Sm*=XL+Sm
	m
	26.8


* known  parameters.

The main goal of this technical analysis is to determine the initial vehicle speed Vc0, which can be calculated, if the initial pedestrian speed V0 is known. The speed V0 in the derived model is obtained from equation (1.21). Because not all of the parameters in this equation are known (i.e. the pedestrian launch angle θ and the coefficient of friction µ) a direct calculation of V0 is impossible. This problem can be overcome by using the least square method. In this way the values for V0, θ and µ can be calculated, which satisfy the known parameters (i.e. Rm* and Sm*).

The least square method formulation for this problem is the following: 

The parameters V0, θ and µ have to be chosen in such a way that the function
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reaches its minimum.

The necessary conditions are:
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From (1.28) a system of three nonlinear equations is obtained and have to be solved for V0, θ and µ. For R and   S   the expressions from (1.6) and (1.20) are used, while Rm and Sm are obtained from physical evidence (see Table 1).

Using MATHEMATICA, software the numerical solution shown in Table 2 is calculated. 

Table 2: The least square method solution for V0, θ and µ

	XL+ Rm
	XL+Sm
	Vc0
	V0
	θ
	µ
	tR
	tstop

	(m)
	(m)
	(km/h)
	(km/h)
	(º)
	
	(s)
	(s)

	18.05
	26.8
	51
	48
	26.0
	0.56
	1.36
	3.31


The coefficient of friction µ is in the range of recommended values (from 0.45 to 0.55) (Toor, and Araszewski, 2003), however there is no concordance in literature about that and the values may vary from 0.45 to 1.2.
In the discussed accident a higher value for µ has to be adopted, because there is strong evidence  that  the  pedestrian  suffered  a  collision  with  the  edge  of  the  pavement.  The coefficient of friction µ is now a known parameter and the reformulated problem has the following form:
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The solution for µ =0.7is shown in Table 3.

Table 3: The least square method solution for V0 and θ

	XL+ Rm
	XL+Sm
	Vc0
	V0
	θ
	tR
	tstop

	(m)
	(m)
	(km/h)
	(km/h)
	(º)
	(s)
	(s)

	18.05
	26.8
	56.6
	53
	20
	1.19
	2.9


The results show that the vehicle had an initial speed Vc0 of 56.6 km/h and the pedestrian’s initial throw speed was 53 km/h.

Comparison with Other Models

A direct comparison between the model presented here and the Han-Brach’s model (including road gradient) shows that the results produced (applying the least square method) are identical. The main advantage of this model is a more compact form of equations for the determination of the initial pedestrian speed or the total throw distance. 

The initial vehicle speeds Vc0 obtained by individual models are given in Table 4. The steps involved in the calculation using MATHEMATICA are given in the Appendix.
Table 4: The initial vehicle speeds Vc0 in km/h calculated by individual models.

	Collins model
	Searle model
	Han-Brach model
	Throw model including road gradient (using Mathematica)

	62.5
	61.5
	60
	56.6


The results (Table 4) show that the use of models neglecting road gradient with accidents occurring on graded roads overestimate the initial vehicle speed.  In such cases it is recommended to apply models which incorporate that parameter. 

Reconstruction of Pedestrian – Vehicle Collision

A reconstruction of the pedestrian vehicle collision is performed using the calculated vehicle speed obtained from the above calculation. Fig 2 shows snapshots of the animation. 

Fig 2 View of Pedestrian –Vehicle collision from different angles

Discussion of Results

The use of the pedestrian projection distance as a measure of pre-impact vehicle speed is important while reconstructing a pedestrian vehicle collision. The objective of this study is to evaluate the ability of a mathematical pedestrian model to assess the severity of an impact and find out pre-impact vehicle speed by using real-world data. This paper discusses throw model for pedestrian-vehicle collisions. It is observed that the road gradient has a significant contribution in the results. It leads to overestimation of the vehicle speed if the gradient is ignored in the accident reconstruction dealt with graded roads.
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APPENDIX
Steps involved in calculation of Vehicle speed using MATHEMATICA
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