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The main aim of this article is to show the possibilities of using tram windscreen impact tests in the analysis of 

human-machine accidents. Empirical experience shows that these accidents especially affect the head, which is at 

the same time one of the most vulnerable parts of the human body. Windscreen safety testing follows ECE stand-

ards and, inter alia, involves collisions with a headform. With regards to numerical simulations, however, it is 

essential to be able to determine the material characteristics of windscreens. Here it seems to be advantageous in 

terms of validity, reliability and the economic cost of using collisions with a rigid body where only the glass absorbs 

all of the kinetic collision energy. The outcome of these tests is a waveform of the contact force’s magnitude as a 

function of deformation in the direction the force acts. Along with the time course of acceleration of the bumper 

and its kinetic energy on impact, this information can serve as boundary conditions to verify mathematical models. 
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 Introduction 

The analysis of rolling stock accidents associated with 

pedestrian safety has become more and more important in 

recent years. This is due to the increasing density of tram 

traffic in the centre of large cities and the associated risk 

of human-machine collisions. Table 1 shows that only 

561 pedestrian collisions with trams have occurred in the 

capital city of Prague over the past 5 years. Of these, ap-

proximately 5% were fatal. Collisions of trams with pe-

destrians most commonly result from [1]: not giving way 

to a tram at a pedestrian crossing, crossing just in front of 

the tram (the driver often has no chance to see the pedes-

trian), looking in front of a tram in an attempt to run over 

to the pavement (a train may come from the opposition), 

entering the path of a starting tram (incorrect estimation 

of tram stopping distance), using headphones and mobile 

phones.  

Tab. 1 Variations of acceleration measurements per-

formed on the vehicle 

Year Number of collisions Number of deaths *) 

2013 82 6 

2014 90 4 

2015 99 4 

2016 75 2 

2017 111 3 

2018 104 8 

*) Number of accidental deaths that occurred within 24 

hours of a collision. The actual number of subsequent    

deaths could be higher. 

Source: processed according to [1] 

 

Modern city trams have the lower edge of their wind-

screens usually below the level of an adult’s shoulders, so 
they collide with the pedestrian’s head very often during 
collision. At a high collision velocity, the contact points 

of such a collision on the tram windscreen are noticeable 

and take on characteristic contours (see Fig. 1). For obvi-

ous reasons, it is appropriate to study these collision 

events and investigate the mechanical properties of wind-

screens. Their manufacturer is obliged to perform stress 

tests following the ECE regulation [2]. There is a head-

form impact test with an integrated accelerometer within 

the scope of this piece of legislation. In this case, it is ob-

vious that the impactor accelerations are affected by the 

rigidity of the headform and how it is affixed. It is neces-

sary to take this fact into account when estimating the re-

sults of collision processes. An alternative approach is to 

use a rigid impactor (battering ram) on glass adequately 

fixed in place. In these tests, it is assumed that the im-

pactor is perfectly rigid and that all the collision’s kinetic 
energy is absorbed by the glass.  This article aims to show 

the possibilities of using such tram windscreen impact 

tests in the analysis of human-machine accidents. The 

first part presents a brief summary of the theoretical back-

ground. The second part of the paper demonstrates the re-

sults of the pilot experimental investigation. 
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Fig. 1 Tram windscreen after a collision with two pedestrians – contact points 

Source: taken from [6] (photo by Michal Šula, MAFRA)

 Selected Theoretical Bases 

Collision processes between humans and machines 

have been widely studied, especially in the automotive in-

dustry. Virtual modelling and numerical simulation are 

the most frequently used methods in addressing pedes-

trian safety [4]. For these simulations to be valid, it is nec-

essary to verify the models against real data from impact 

tests. For this purpose, collisions of vehicles or their parts 

(e.g. windscreens) with solid models of the body, called 

an ATD (anthropomorphic test device), and its parts are 

used. Head, chest and knees are among the most vulnera-

ble parts of the human body [4]. The general HIC crite-

rion is used to estimate the injury rate. This can be calcu-

lated from the time course of acceleration a(t) of the cen-

tre of gravity of the monitored part during the impact test 

using the formula: 
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where t2 and t1 are two arbitrary times during the 

acceleration pulse [4]. The acceleration a(t) in the 

formula (1) is given in multiples of g = 9.81 ms-2. In the 

automotive industry, HIC15 º  HIC0.015 < 700 is 

considered to be an acceptable risk for head-to-vehicle 

collisions where the risk of brain injury is less than 5% 

[8].   

If a rigid impactor is used instead of the ATD head, 

the calculated HIC is only the supremum of the estimation 

of this criterion. On the other hand, the situation will be 

considerably simplified. From the results of such tests, it 

is then relatively easy to obtain a working diagram of the 

impact test, i.e. the dependence of the contact force 

between the two bodies on the displacement in the 

direction of the force acts (see below). The material 

properties of windscreens can also be estimated based on 

a suitable physical model. Both can then be used to create 

numerical models, etc.  

From a mechanical point of view, if a rigid, for 

example, oval body strikes the flat surface of 

a windscreen, a contact stress occurs at the point of 

contact. Because the windscreen is in the shape of a shell, 

bending stresses will also occur throughout its surface. 

The total accumulated energy is then equal to the sum of 

the bending and contact stresses of the glass [3]. This 

energy Ecum can be estimated from the velocity vd and the 

weight md of the impactor according to the formula: 
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 It can be seen from the equation (2) that the 

accumulated energy can be estimated from the waveform 

of the surface contact force Fc (z,t) depending on the 

displacement of the material points near the point of 

contact. The direction of the displacement, as well as the 

direction of the contact force, are directed perpendicular 

to the plane of the glass (along the z-axis). The magnitude 

of the contact force can be determined from the time 

course of acceleration a(z,t) recorded by an accelerometer 

placed on the rigid impactor according to the formula: 

 

 ( , ) ( , )dF z t m a z t=  (3) 

 

The displacement size z(t) can be determined 

experimentally by a displacement meter located under the 

windscreen at the point of impact of the impactor (see 

Figure 3).  

Fracture deformations may be expected to occur 

during impact tests of vehicle windscreens. Their shape 

will largely depend on the speed of the impactor. In a 

quasi-static case where the impact velocity of the 

impactor is low (lower values of m/s), the fracture stress 

will be achieved by the bending process. The result will 

be the specific shape of fracture cracks (see Fig. 2a), 
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identical to the static stress [3]. If the velocity of the 

impactor is higher (higher values, tens of m/s), the inertia 

forces will hinder the rapid deflection of the plate. This 

will result in a greater curvature of the deflection surface 

near the contact point than in the wider surroundings, 

resulting in differently shaped fracture cracks (see Fig. 

2b), different from the previous example [3]. If the impact 

velocity is high (hundreds of m/s), before the glass plate 

starts to deflect, the contact stress increases to such a limit 

that a radiating crack occurs (see Fig. 2c) [3].   

 
Fig. 2 Fracture of glass plates at different intensity of impact from a rigid impactor.  

Source: taken from [3] 

 

In relation to the equation (3) and the determination 

of the magnitude of the contact force, the question arises 

as how to choose the mass of the impactor. As already 

mentioned in the introduction of the article, it is usually 

the head that hits the windscreen of a tram. One can 

therefore start from the estimated mass of the human head 

mh. This can be determined according to [5] the following 

equation:  
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where the symbols Bi, i Î{0,1,2} represent constants 

obtained from [5]; m is the total body mass [kg], and v the 

body height [cm]. It is therefore a linear function of two 

variables, producing a graph that is generally a plane. 

Thus, the absolute extremes of such a function will lie at 

the boundaries of the set delimited by the Cartesian 

product of two intervals for m and v. Assuming that an 

adult height v is within the interval [160; 200] cm and 

his/her body mass m is in the interval [55; 110] kg, based 

on the formula (4), the head mass mh can be expected to 

be in the range of 4.5–6 kg.  

 Experimental Methods 

Windscreen impact tests were carried out on a drop 

weight impact tester in the VÚKV testing laboratory (see 
Fig. 3). Each sample (6.76 mm thick laminated 

windshield, dimensions 500 mm x 300 mm) was 

supported near the edges by a solid steel support frame. 

Because the samples were slightly curved, a special 

support frame was prepared for each sample by scanning 

the sample surface. A potentiometric displacement sensor 

was mounted below the centre of the sample. A high-

speed camera was installed in front of the tester to detect 

the breakage of the glass. 

 

Fig. 3 Example of measuring apparatus.  

 

The impactor (battering ram) in question consisted of 

a head, a ring and a threaded rod. It was also fitted with 

an accelerometer. The impactor mass was selected within 

the technical limits, based on an estimate from the 

equation (1) and taking into account the characteristics of 

the ATDs. It was set to 4.55 kg. 
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 Results and Discussion 

Pilot tests were performed on one glass sample for 

two different impact velocities not exceeding the 25 km/h 

limit. The working diagrams (force-displacement) are 

given for an impact velocity of 24.1 km/h and 19.3 km/h 

in Figure 5. The force magnitude was obtained as a prod-

uct of the impactor mass and filtered acceleration [7] 

(equation 3). The time recording of the original data from 

the accelerometer together with the waveform of the fil-

tered signal is shown in Figure 4. The graph of accelera-

tion versus time (see Fig. 4) clearly shows the oscillations 

resulting from the excited transverse oscillations of the 

whole system. In the same graph, a thin dashed line indi-

cates the method for estimating the HIC0.015 upper limit. 

After inserting the values from Figure 4 into the equation 

(1), the following can be written for the impact velocity 

of the impactor v1 = 19.3 km/h: 
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The upper limit of  for the impactor im-

pact velocity v2 = 24.1 km/h was estimated in the same 

way. Both values are below the critical limit of 700. It can 

therefore be assumed that the consequences of such head-

to-windscreen contact will certainly be serious but would 

not have to be fatal. The question is whether a skull would 

crack upon such an impact.  

 
Fig. 4 Waveform of the impact test – graph of impactor acceleration versus time (impact velocity 19.3 km/h). 

 
Fig. 5 Waveform of the impact test – graph of contact force versus displacement (working diagram) for impactor im-

pact velocities of 19.3 and 21.4 km/h. 
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It is very clear from the graph in Figure 5 how the 

collision took place. Consistent with the theoretical bases, 

within the small deformations, instantaneous contact stress 

occurred directly at the point of contact of both bodies. 

Their low compressibility resulted in a steep increase in 

contact force. Fracture plastic deformation occurred in the 

glass samples as the battering ram impact continued. These 

also resulted in a short-term drop in contact force. 

Furthermore, the movement of the impactor continued up to 

the limit displacement. Its kinetic energy was completely 

absorbed by plastic deformations in it. 

 

Fig. 6 Demonstration of fracture cracks during tram 

windscreen impact test.  

 

Fracture cracks occurred in the glass during impact 

(see Fig. 6). Their shape and appearance correspond both 

to the theory described (see Fig. 3b) and to the real-life 

case of a pedestrian collision with the tram windscreen 

(see Fig. 1).  

 Conclusion 

The aim of the article has been to show the possibili-

ties of using tram windscreen impact tests in the analysis 

of human-machine accidents. The selected theoretical 

bases of this issue and pilot experimental investigation ai-

med at obtaining a working diagram of the impact test 

have been presented.  

The results obtained can be used to estimate material 

properties of windscreens and for subsequent numerical 

simulations based on a suitably selected physical model. 

The work will continue to build just this theory. With 

regards to experimental methods, there is a link to the 

testing of windshield safety in original conditions on a 

real tram.  
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