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This article intends to present the first results of a long-term research project, which will result in developing a 

validated model of a pedestrian for the simulation of crash tests involving tram fronts and, where applicable, the 

fronts of other urban rail vehicles. The current phase of research includes results of the pilot experiment with a 

crash-test dummy, and these results supplement the results from simulations, thus demonstrating how important 

it is to pay special attention to the individual stages of a collision event and how important the localisation of and 

moulding by an individual tram’s front panels are for the nature of the monitored stages. In the first stage, inertia 

of individual body segments plays a significant role, with the primary contact taking place between the tram’s 

bumper and dummy’s thigh. The dummy subsequently “takes the shape” of the tram’s front with progressive 

bumps to shoulders and head following. At that moment, the tram brakes, and the dummy begins to disentangle 

from the front panel. The friction force between the dummy’s soles and the surface of the rail track is very signif-

icant for the nature of this second stage of the collision event .The dummy then hits the ground. It is an accelerated 

fall, and under the given conditions, it is the stage that has the most devastating impact on the dummy. The simu-

lation made shows the way to modify this dangerous stage to be less harmful to a pedestrian involved in a tram 

collision.  
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 Introduction 

Current urban transport planning includes greater 

pressure to develop technical solutions to mitigate the 

negative impacts of public transport vehicle collisions on 

pedestrians. These collisions have two observable causes: 

the increased volume of public transport in urban agglom-

erations due to efforts to reduce local emissions,  and pe-

destrians’ evident inattentiveness from the use of mobile 

technologies. A particularly intensive development over 

the past few years can be seen with urban rail vehicles, 

which are particularly dangerous for pedestrians as vehi-

cles cannot avoid a collision through evasive action. 

Upon the initiative of European institutes and manufac-

turers developing rail vehicles not only for urban 

transport, a methodology for testing the passive safety of 

vehicle bodies is being developed where the tests are 

based on frontal collisions between the vehicle and a pe-

destrian. Extensive accident databases across EU coun-

tries [1] were used as supporting material for setting the 

test conditions. Outputs of the tests should then be used, 

among other things, as a basis for new structures of rail 

vehicle fronts. For this reason, one of the essential steps 

is to prepare a validated model of a pedestrian for virtual 

experimentation, which is an integral part of the construc-

tion process today. This study provides findings about a 

crash test performed with an older type of tram (selected 

for its front shape) as well as the results of a simulation 

for the same type with the front’s modified lower part. 
The objective is to illustrate how important it is to moni-

tor the stages of a collision event in order to evaluate its 

actual dangers to a pedestrian hit by a given vehicle.  

 Experiment 

For the first of the planned series of crash tests, we 

chose a T6A5 ČKD Tatra tram with a “classic” front from 
the 1980s. The tests were conducted at speeds of 10 

km/hour and 20 km/hour. The Hybrid III dummy repre-

senting a typical male (Jasti Hybrid III, 50th Percentile 

Male with Pedestrian kit) was placed upright and side on 

in the way of a tram within a zone corresponding to one 

third of the tram’s width. This arrangement complies with 

the current version of said European regulation which is 

currently under preparation [1]. For data recording, a 

high-speed camera with a recording frequency of 12,000 

Hz and the Qualisys 3D cinematic system in an eight-

camera configuration with a recording frequency of 300 

Hz, were used. A second high-speed camera (500 fps) 

with a wide angle of the collision event was also used in 

the experiment; however, data from that camera were not 

included in this analysis. Accelerometry and other sensor 

technologies were not used with the dummy as it was a 

pilot measurement, and no estimate of the dummy’s de-

struction was available. The dummy used is also not in-

tended for studying direct side-on impacts; therefore, one 

of the measurement outputs is to verify the dummy’s us-
ability for this type of measurement. In spite of these lim-

itations, the experiment bore very interesting results. See 

the measurement site layout in Figure 1. 

The rail tracks are indicated by the black lines. The 

experiment was performed on a straight part of the testing 
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rail track with a total length of about 200 m. The collision 

was staged approximately in the middle of the track. The 

green lines indicate the areas tracked by Qualisys; the 

blue lines show the field of vision of a distant high-speed 

camera, and the red lines show the angle field of a second 

high-speed camera. 

  
Fig. 1 Measurement site layout 

 

As part of the preliminary preparation of virtual model 

validation, we simulated the impact on the tram’s front 

processed in the Altair HyperWorks environment. For the 

simulation, we used a so-called multi-body dummy 

model, i.e. a dummy composed of individual segments 

not allowing for any detailed studying of the segments’ 
deformation field. The dummy’s surface, however, is a 

network of elements that accurately represent a geomet-

rical shape of the dummy’s body. The model of the tram’s 

front was the end element (with 5,948 3D ele-

ments, 184,359 2D elements, and 320 1D elements), 

based on the known material characteristics of individual 

front panels and other structural components of the front.    

The following series of images document the course 

of the test made at 20 km/hour. Please note that the above-

described staging of the collision event is  easily identifi-

able for all measurements made. Times of shots were in-

cluded in the image captions for the benefit of the reader. 

You can see point trajectories on the dummy monitored 

by Qualisys. 

 

Fig. 2 Time of the first contact (time 0s) 

 

Fig. 3 First stage of collision action (time 0.03s) 

 

Fig. 4 Second stage – dummy’s disentanglement from 

the tram’s front (time 0.12s) 
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Fig. 5 Second stage – dummy’s accelerated fall (time 

0.19s) 

 

Fig. 6 Third stage – dummy’s fall to the ground in front 

of the tram (time 0.48s) 

 

Fig. 7 Recorded and simulated curves of the dummy’s 

head summation speed (summation speed = vector sum 

of components in directions of the used coordinates sys-

tem) 

An example of outputs from the measurements is pro-

vided on the chart below. It shows the speed of the head, 

a segment which is obviously extremely risky in the col-

lisions of this type. The head speed curve established by 

the simulation is shown on the chart as well (Figure 7).  

These curves justify the above-mentioned conclusion 

that the most devastating moment is when the dummy hits 

the ground. The curve shown in blue obtained from the 

analysis of a high-speed video recording is the most au-

thentic as it is the recording with the highest sampling 

rate. On the black curve obtained from Qualisys, you can 

see the elimination of peaks which can be correctly esti-

mated by directly comparing the recording with the high-

speed recording. The clearly high degree of concordance 

of the first two stages of the collision event ascertained 

from the recorded and defined simulations is very inter-

esting.  

The head speed values at the times of the included fig-

ures can be seen in the chart,; at the time of 0.03 s, when 

the primary impact of the head on the tram’s front occurs, 

the head’s summation of speed is about 5 m/s. As it moves 

in the opposite direction to the tram’s driving direction 
(see the head marker trajectory in Figure 5), the impact 

speed in this case is the sum of the head speed and of the 

tram’s driving speed, i.e. about 11 m/s. The head impact 

speed when the dummy hits the ground in front of the 

tram is definitely more than 12 m/s. Moreover, the head 

at this stage hits the rail corridor’s very solid concrete 

structure, while during the collision with the tram’s front 

the head hits a deformable sheet panel. 

The tram’s speed curve is also interesting. The speed 

started to slow down about 0.25 seconds after the primary 

impact. 

On the black curve obtained from simulation of the 

performed test with a modified lower part of the tram’s 

front (Figure 8), its deviation from the detected curve is 

visible from approximately 0.15 s.  

To evaluate the collision danger rates in terms of risk 

of injury, a series of respected criteria for different seg-

ments of the human body is used. In the case of the head, 

the most frequent criterion is HIC36 or, where applicable, 

HIC15 based on the nature of the collision. HIC36 is used 

in cases where there is no hard impact on the head. For 

the described case, the criterion HIC15 would be more ap-

propriate, calculated using the following formula [2]: 

 ��� =  !("# − "%) & %
"#'"%

∫ +("),""#
"% -#,/0

1+2
, (1) 

 

where a is the total acceleration actuating the head, t1 

is the initial time of collision and t2 is the final time of the 

monitored part. Based on various resources, the crucial 

value of HIC15 fluctuates between 700 and 1000 [3]. The 

equipment used did not allow the actuating acceleration 

to be measured directly and the values of HIC15 which are 

presented below are therefore based on data acquired by 

numeric derivations of detected speed curves.  

This fact illustrates the effect of the tram’s front mod-

ification which results in impact on the calves and reduc-

tion in the dummy’s load (Figure 9).  
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Fig. 8 Modified tram front 

 

 

Fig. 9 Primary stage of impact of modified front on the 

dummy in the simulation 

 

This way, the accelerated fall effect is removed and 

the dummy hits the ground under significantly less harm-

ful conditions. For comparison, Table 1 shows HIC15 val-

ues at the time of primary impact at about 0.03 seconds, 

at the time when the dummy’s head hits the ground (about 
0.48 s) and at the time of the dummy’s head contact with 
the tram in the simulation, i.e. at the time of about 0.11 s. 

At that time, the dummy was already moving with the 

tram, so the dummy way practically still towards the tram 

and the resulting impact speed was less than 4 m/s. 

Tab. 1 HIC15 

Time [s] Collision stage HIC15  

0.03  
Dummy’s head impact on 
tram’s front; experiment 

  6,201.8 

0.48 
Dummy’s head hitting the 

ground; experiment 
24,008.3 

0.11 
Dummy’s head impact on 
tram’s front; simulation 

     741.6 

 

Although these values are only gross hypothetical val-

ues due to the lack of measured accelerations, it is quite 

clear that the way the tram’s front “moulds” the impact 
victim has a crucial effect on the risk of the pedestrian 

being injured during a frontal collision. 

 Results 

Partial results of the pilot study performed have been 

presented in the previous chapter in the interest of main-

taining congruence of the text with the presented figures. 

The following text builds on the previous section and pre-

sents other findings in the form of annotated charts.  

The ankle speed curves are shown in Figure 10. A di-

rect comparison of the measured curves with the curves 

obtained in the simulation shows the effect of the modifi-

cation of the tram’s front. While the tested tram clearly 

pushes the dummy to the ground in the first stage of im-

pact, thus bringing the dummy’s movement in the tram’s 

direction practically to a halt (time 0.05 s), the front mod-

ification leads to a reduction in the dummy’s load where 

the dummy is carried by the tram after the primary im-

pact. Although this situation generates higher absolute 

and relative ankle speeds, it prevents the risk of the 

dummy getting under the tram during the next stages of 

the collision event.  
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Fig. 10 Detected and simulated speed curves of the 

dummy’s ankle 

 
Fig. 11 Detected and simulated speed curves of the 

dummy’s pelvis 

 

The pelvis speed curves are shown in Figure 11. 

Thanks to the modified conditions of the primary impact, 

the simulation generated lower speeds for the dummy’s 
pelvis, clearly in direct relation to the dummy being car-

ried by the tram during the dummy’s fall. 

 Conclusion 

Although the article represents a pilot experiment sup-

plemented by the first simulation of the monitored acci-

dent event, interesting results were obtained, hence the 

writing of this article. At this stage of our research, we are 

able to draw the following conclusions: 

· When studying the collisions between pedestri-

ans and trams, special attention must be paid to 

the entire course of the accident event, from the 

first contact to the pedestrian’s impact on the 

ground.  

· In all tested cases (three different speeds), three 

basic stages can be identified in the monitored 

course of collision event: primary impact stage, 

bounced fall stage and final impact stage. 

· Friction between the soles and surface of the 

tram track plays an essential role in the develop-

ment of the second and third stages. 

· By introducing the situation where the dummy is 

carried by the tram immediately after the first 

stage of collision action, you can get signifi-

cantly less harmful conditions in the dummy’s 

impact on the ground at the final stage of acci-

dent. 

· In all tested cases, the reaction time of the driver-

tram system was almost exactly 0.25 s (meas-

ured from the first contact of the tram front with 

the pedestrian). 

· Although the Hybrid III dummy is not intended 

for studying direct sideways impacts, it provides 

highly reliable feedback which corresponds well 

with the virtual dummy used for studying colli-

sions between pedestrians and passenger vehi-

cles. 
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