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ABSTRACT 

Self-protection of car occupant is a crucial topic all 

over the world. Restraint systems have to be 

designed to protect various sizes of occupants 

involved in several type of crash and therefore 

several types of crash pulses. 

Considering the additional constraints applied on 

the car design these days (CO2 emission and 

therefore mass reduction, or reduction of front 

overhang) improvements and optimisation on the 

car structure are needed to better control the pulse. 

Otherwise, if the pulse is too severe, it will be 

difficult to design adequate restraint systems. 

 

PSA Peugeot Citroën launched a large programme 

with physical crash tests and modelling on the full-

width rigid barrier test. 

This was applied to several types of cars and car 

architecture (small family, large family cars). 

The 8 x 16 (128) load cell wall was used in each 

crash test to get a lot of measurements essential for 

the correlation of the numerical models. 

 

The physical crash tests permitted to identify the 

contribution of each load path on OLC and spüll 

(pulse severity). The load paths analysed are the 

subframe, the side members, the engine, the upper 

structure of the body in white... 

These tests were used to create correlated 

numerical model of each car size or architecture. 

Then, correlated crash simulations were used to 

carry out a parametric study via changing the 

impact speed, mass, subframe stiffness, 

longitudinals stiffness, engine size and position. 

This parametric study helped in defining the major 

contributors for each car size or architecture. 

 

As expected, the influence of car mass and test 

velocity were highlighted to have a similar 

equivalent consequence on the severity of the crash 

(OLC and Spüll severity) whatever the car size or 

architecture. 

But for other parameters such as subframe stiffness, 

longitudinals stiffness, engine size and position, it 

was surprising to see that their influence is not as 

high as expected.   

One last surprising result is to see that front end 

internal components have a low influence on the 

pulse severity with respect to the stiffness of the 

components in charge of transferring the load from 

the front end to the cockpit and subframe.  

INTRODUCTION - AIM OF THE STUDY 

Frontal impact on a rigid obstacle are the most 

severe impacts with respect to change of velocity 

(deceleration) sustained by the occupants.  

This test configuration will be used worldwide in 

the near future (already in China [1], Korea, Japan, 

USA [2] + possible new regulation on frontal 

impact and Euro NCAP 2015 [3]). It will also be 

used with more demanding biomechanical criteria 

designed to better protect vulnerable users. 

In parallel, the new constraints applied on CO2 

emission imply a huge work on mass reduction. 

And the current trend in car designs requires a 

reduction of front overhang. 

These features have a negative effect on passive 

safety: they increase the pulse severity in frontal 

impact when the full width of the car is involved. 

In order to control the pulse severity and achieve a 

good passive safety protection level, PSA Peugeot 

Citroën launched a programme to identify the main 

parameters that influence the car deceleration.  

Test programmes and numerical analyses on 

several types of vehicles were carried out.  

Mixed results were found. Some car structures do 

not need to be changed to reach a good passive 

safety performance in this new test and occupant 

characteristics. But others would naturally reach a 

too high level of acceleration and need to be 

improved to limit the pulse to be able to correctly 

protect the occupants. 

This paper presents the study on these latter 

vehicles focusing on 2 architectures: small car and 

sedan car. 

METHOD 

A test programme was carried out in order to 

correlate numerical models. These numerical 

models were then used to assess the most influent 

parameters via parametric studies.  
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In addition to the standard parameters such as load 

cell wall forces, B-Pillar pulse, velocity and 

displacement, two other parameters were used in 

the analysis. They are presented below. 

 

Analysis was made on several cars, but this paper 

details the results found on the small car, and gives 

the overall conclusion for the sedan car as well. 

Deceleration severity criteria: OLC and SPÜLL 

To assess the severity of the change of velocity in a 

frontal impact, we are using two criteria. The first 

one is the spüll.  

Its definition is:  

 

  Spüll = v
2
/t  (1). 

 

where t is the impact duration, and v is the vehicle 

velocity calculated via the acceleration (with 

v(t=0)=0). Unit of spüll is W/kg. 

 

The second criterion is OLC (Occupant Load 

Criterion) [4], defined as shown in Figure 1. 

 

 
Figure 1. OLC definition 

 

OLC has the same dimension as an acceleration 

and its unit is in G (G = 9.8 m/s²). 

PHYSICAL TESTS 

Test configuration 

For our test programme, an instrumented rigid wall 

126 load cells) was used (see Figures 2 and 3). It 

should be note that 2 cells were missing with 

respect to the standard 128 load cell wall: the 

extreme bottom left and the extreme top right load 

cells. 

 

 

 
Figure 2. Load cell wall. 

 

 
Figure 3. Illustration of load cell wall and 

numbering. 

Test analysis: load cell wall break down 

As shown in Figure 4, the efforts sustained by each 

load cell are measured throughout time. 

 

 
Figure 4. Load breakdown 

 

For the analysis, some cells are grouped together 

(we used the numbering presented in Figure 2):  

 Left longitudinal: cells 

D[4…6]+E[4…6]+F[4…6] 

 Right longitudinal: cells 

K[4…6]+L[4…6]+M[4…6] 

 Engine block: cells 

G[3…7]+H[3…7]+I[3…7]+J[3…7] 

5 ms

Effort/ligne 

(KN)

-304 141 -5 12 -68 -231 -292 -208 -195 2 34 -158 66 -220 -111 0 -7% -2

-126 -234 -232 -160 156 -114 225 238 -406 106 -145 65 -95 -201 -156 59 -4% -1

-44 -40 -188 -153 92 74 -590 136 -25 114 79 859 -51 8 63 -91 1% 0

-146 -411 138 -141 42 -33 -157 -264 859 -686 -466 96 -229 120 -29 -83 -6% -1

-184 -165 -141 95 1155 1722 1283 1281 1318 2288 1493 1474 -3 -156 -213 -938 45% 10

-227 -448 -274 -165 84 447 67 1237 979 690 1382 135 57 323 -64 -255 17% 4

-191 -343 -161 150 187 59 440 172 -113 32 -87 781 4 -158 -45 -424 1% 0

0 -296 -175 55 4518 1248 124 631 201 607 1109 4978 -534 80 -388 -146 52% 12

10 ms

-304 -5 -5 12 -59 -67 -36 86 25 57 189 227 203 201 -84 0 0% 0

20 -234 61 -14 -238 -187 -114 -183 79 51 57 220 88 37 -192 -41 -1% -1

-44 -40 -41 -300 -384 -63 1040 1097 1165 1853 -13 2076 4 54 -413 -54 6% 6

147 -265 -155 -288 5710 1615 1737 -190 1427 -696 853 3875 128 -100 25 -138 13% 14

-184 -165 -141 242 20342 10686 524 109 476 731 7190 13321 968 -101 -48 -462 53% 53

-227 -155 -274 -19 753 4868 442 514 338 177 7065 1517 625 680 -83 -17 16% 16

-338 -343 -307 443 13 59 156 16 -113 51 288 113 -23 391 10 -168 0% 0

0 -296 -175 55 2723 1642 344 585 1336 900 938 3916 61 172 195 -320 12% 12

15 ms

-450 141 434 158 5 -158 -494 21 -351 -144 -305 -30 29 192 113 0 0% -1

167 206 -85 -160 -229 -260 -306 -156 -369 -553 -218 -494 -251 -210 82 178 -1% -3

-44 106 -41 140 1979 1154 1846 2489 2996 1862 1096 4006 270 -111 -74 -228 10% 17

1 175 -8 1031 1754 1514 2286 231 658 530 -81 480 559 -191 -57 -275 5% 9

-184 -165 152 31461 31021 7454 1036 429 274 850 9855 26174 11171 -82 -185 -86 66% 119

66 -155 -128 3936 8795 1371 -262 -91 -37 -509 5527 4365 9907 460 -202 267 18% 33

-45 -50 132 590 -792 -536 -668 -442 -49 -398 169 955 444 -30 -145 271 0% -1

0 143 118 55 1459 -254 41 897 814 -280 615 2451 -287 -29 492 211 4% 6

20

-597 -445 -152 12 591 547 404 214 98 -346 15 410 158 -129 -48 0 0% 1

20 353 -85 133 174 326 1544 2032 1800 920 304 -256 -123 220 73 169 3% 8

396 399 105 -7 907 102 1406 4531 3436 718 866 3421 288 63 127 184 7% 17

294 321 -301 298 3009 3317 2249 -291 2032 430 642 938 495 92 126 -10 6% 14

255 -165 1324 50222 27202 10751 1952 3121 4914 7087 21706 14273 14835 229 7 243 65% 158

-81 138 -421 4229 4838 3925 378 2244 2188 2035 8053 1188 1595 240 -37 157 13% 31

-191 243 132 4 68 -142 513 2003 2452 793 490 -528 -124 162 175 326 3% 6

0 143 411 495 2696 1294 1772 997 -1393 104 382 967 876 26 1084 303 4% 10

25

-1183 141 -5 451 188 181 367 434 492 -98 144 -433 396 274 203 0 0% 2

167 206 208 572 503 308 2716 1263 1031 -407 926 357 33 92 -156 435 2% 8

249 399 105 140 1109 -118 1882 11068 7822 -398 1132 -4896 169 265 -257 797 4% 19

-146 -118 -301 738 647 4214 3146 66 13636 659 2116 288 1511 1062 -258 997 7% 28

-38 -19 1324 39083 12182 11703 5183 21287 41131 24562 32357 41984 32878 1713 -121 -2595 60% 263

-81 -448 -421 6573 2173 2570 1138 3279 30653 14585 17040 5098 6373 2025 -430 578 21% 91

-45 -636 -15 1469 480 -362 128 2388 12436 2350 755 1065 480 -323 -200 482 5% 20

0 -3 264 348 2906 790 215 155 878 424 561 1141 -3922 -139 -523 174 1% 3

30

282 434 -5 305 69 455 -548 260 125 204 -76 62 -209 -495 -3 0 0% 1

313 206 354 572 1492 564 903 1116 1049 975 807 724 2596 339 -18 -243 3% 12

-190 1572 838 433 871 587 3164 4943 5176 617 363 1307 215 182 -212 -283 5% 20

147 28 1311 1763 564 5550 3503 39 10137 933 2061 2118 815 -27 722 -339 7% 29

-38 1593 3083 27357 5524 12234 5778 21424 37012 17134 15240 43458 33894 2071 153 115 58% 226

212 431 165 128 -383 639 -153 7839 30076 9010 4823 3019 3298 2840 -595 111 16% 61

248 243 278 -143 -115 151 -265 2342 27221 4475 1231 1257 -51 -158 -72 -67 9% 37

0 583 557 788 1780 277 87 677 -413 -180 328 1187 2351 -432 -765 248 2% 7

35

136 -298 -298 -281 -96 501 834 1249 702 149 -250 -48 -190 -385 104 0 1% 2

20 59 61 -307 -338 500 -59 82 601 463 -108 -146 134 -155 28 -270 0% 1

-44 253 398 433 1210 2152 2431 520 112 -581 198 2085 700 402 -257 -228 3% 10

147 175 285 445 2844 10264 2222 103 2654 -1583 578 1276 797 1300 -11 640 7% 22

-38 861 2203 21641 5698 11822 5421 21031 32033 8241 4470 33186 27062 2547 510 106 56% 177

212 724 19 -19 -145 905 680 10458 29737 6914 2892 -58 469 4149 -1080 -310 18% 56

102 -196 132 443 -106 197 -183 1747 29209 5043 380 589 77 1791 505 180 13% 40

0 -3 264 55 425 185 334 805 246 644 -49 1654 1728 117 968 394 2% 8

40

-2501 141 141 -281 -352 419 440 1853 244 -172 34 71 103 -257 -66 0 0% 0

167 -234 -85 -307 -448 601 417 320 271 215 -245 -164 225 64 28 -225 0% 1

-336 -40 838 -7 -82 2317 1809 960 75 -691 -4 3970 1342 594 658 -128 3% 11

-146 175 432 591 2331 3198 246 -209 1977 9149 441 1130 110 92 -149 100 5% 19

-184 274 1910 24866 15058 17188 6767 33044 39383 17217 14297 37526 24534 2987 -185 -13086 56% 222

-81 -9 898 -312 -328 1847 2611 17866 38969 10932 21725 -103 -373 15562 220 -118 28% 109

-191 97 1889 -11721 -270 78 -210 2864 45587 6893 3346 1971 590 1764 -246 -315 13% 52

0 -589 -321 -531 974 -117 -288 357 -404 -235 283 1453 -11514 -396 -5704 -110 -4% -17

0 50 100 150
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This grouping helps to analyse the contribution of 

the main load path throughout the impact (see 

Figures 5 and 6). 

 

 
Figure 5. Load (in N) throughout time –small car 

 

 
Figure 6. Load (in N) throughout time –sedan 

car 

 

One can notice easily that the breakdown is 

different between the two architectures. 

 

For the small car, the longitudinals contribution is 

predominant in the first part of the impact (up to 25 

ms). Then the engine block load path (GMP) is the 

major contributor up to the end of impact. 

It can be guessed that it is the stopping of the 

engine that is essential in the vehicle deceleration. 

 

For the sedan car, the breakdown is radically 

different even if the longitudinals contribution is 

predominant in the first part of the impact. Indeed, 

the engine block load (GMP) is never higher than 

the longitudinals. And between 40 to 60 ms the 

ratio is 1:2. Therefore, on the sedan architecture, 

the longitudinals are essential to stop the vehicle. 

Use of the Spüll to quantify and confirm the 

contribution of the load path of the overall 

vehicle deceleration 

In order to link the contribution of each load path to 

the overall vehicle deceleration, a study was carried 

out using the steps described below. 

 

Calculation of the effective mass 

We used the average of the two B-Pillar 

accelerations to calculate the vehicle velocity.  

From this vehicle velocity (vveh) and from the effort 

measured on the load cell wall, we can calculate the 

effective mass M(t) : 

  M(t) = 2/vveh(t)
2
 (Emax - ʃ F(t). vveh(t))  (2). 

where Emax=MAX (ʃ F(t). vveh(t)) 

 

Figure 7 presents the evolution of the effective 

mass throughout the impact. 

 

 
Figure 7. Evolution of effective mass throughout 

time 

 

Check of the calculation of the effective mass 

To check the calculation of the effective mass, we 

reckon the vehicle main mechanical parameters 

(acceleration, velocity and displacement) from the 

effective mass.  

Acceleration is reckoned via F(t)/M(t). 

Velocity is the simple integration of acceleration. 

Displacement is the simple integration of velocity.  

Figure 8 shows that this calculation is acceptable. 
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Figure 8. Check of the calculation of the 

effective mass 

 

Calculation of each load path acceleration 

From the effective mass and the load path forces 

measured on the wall, it is possible to reckon an 

acceleration for each load path.  

For the load path i, the acceleration is given by: 

γi(t) = F i(t) /M(t)  

 

Five main load paths were identified: the 2 

longitudinals, the subframe, the engine block effort 

on the firewall, and the superstructure. The 

corresponding load cells are shown in Figure 9. 

 

 
Figure 9. Corresponding load cells for each of 

the five main load paths (light blue = longitudinals 

x 2, red = subframe, green = engine block, purple = 

superstructure). 

 

The integration of these accelerations leads to the 

change of velocity, called DV, of each load path. 

One can notice in Figure 10 that the sum of DV is 

very close to the overall vehicle DV. This means 

that we did not forget a major load path. 

 

 
Figure 10. Comparison between sum of DV and 

vehicle DV. 

 

Calculation of the spüll for each load path 

Thanks to the DV, we can come back to the overall 

spüll and highlight the relative contribution of each 

load path as percentages by this formula: 

Spüll = (Σi DVi)
2
/t avec i = subsystem 

 

Applying these steps to the small and sedan 

vehicles gives the breakdown shown in Figures 11 

and 12. 

 

 
Figure 11. Small vehicle test – percentages of 

each load path on the overall spüll throughout time. 

 

 
Figure 12. Sedan vehicle test – percentages of 

each load path on the overall spüll throughout time 

 

At the end of the impact, the contribution of each 

load path on the overall Spüll is given in Table 1 

 

Table 1.  

Contribution of each load path on the overall 

spüll for small car and sedan car 

 
The percentages are correlated to the level of force 

measured. Therefore, we can state that for the small 

car architecture the major contributors on the pulse 

severity are the engine block stopping in the 

firewall and the subframe; whereas for the sedan 

car architecture it is the longitudinals. 

NUMERICAL MODELS CORRELATION 

Numerical models of the two car architectures were 

created and correlated in terms of overall behaviour 

0
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(B-Pillar deceleration) but also in terms of 

relevance of the different load path behaviour.  

The following details the results found on the small 

car. And later, we will give the overall conclusion 

for the sedan car as well. 

Overall behaviour correlation 

Figure 13 presents the overall deceleration 

measured in the physical test and compared with 

the numerical model for the small car. The attached 

table shows the main parameters: acceleration 

peak, OLC, time of DV=0, Spüll and time of Spüll 

max.  

 

 

 
Figure 13. Small car – comparison of physical test 

vs numerical test on the overall parameters. 

 

The level of correlation of the small car numerical 

model is really good when looking at the overall 

parameters.  

Let’s have a look now at the level of correlation of 

specific components: the load paths identified 

previously. 

Representativeness of the load path contribution 

on the pulse severity criteria 

The full load cell wall was numerically modelled 

(see Figure 14) in order to: 

 Compare the overall force mesasured in 

the physical crash test to the numerical 

measurement. This will be done by 

comparing the force-displacement curves 

 Compare the breakdown into the different 

load paths as calculated earlier with the 

ones reckoned via the parameters available 

in the numerical model 

 
Figure 14. Modelling of the full-width rigid 

frontal impact test: load cell wall with its 128 load 

cells. 

 

The comparison between physical test and 

simulation for the small car of the overall load cell 

wall force vs. car displacement is shown in Figure 

15. 
 

 
Figure 15. Small car – comparison between 

physical test and simulation of the overall load cell 

wall force vs. car displacement. 

 

Here again, the small car model gives very good 

correlation: the chronology is very similar –the 

peaks occur at the same overall vehicle 

compression - as well as the magnitude, except for 

the first peak which magnitude is higher for 

simulation. 

 

If we look at the breakdown and contribution of the 

main load paths on the results of Spüll, we also 

have good correlation. 

 

Figure 16 presents the breakdown in percentage of 

each load path to the overall Spüll for the 

numerical model (a) and for the physical test (b). 

Comparison between Figure 16 (a) and Figure 16 

(b) shows that the breakdown as assessed in the 

physical test via indirect measurement is confirmed 

via the parameters available in the numerical 

model. 

 

Decel 

max. (g)
OLC Time

DV=0 

(ms)

SPULL 

(W/kg)

SPULL 
max time 

(ms)

Test 48.3 31.7 62.0 3202 63.2

Simulation 53.7 32.0 59.9 3321 65.2
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(a) 

 
(b) 

Figure 16. Small vehicle – contribution in 

percentages of each load path to the overall Spüll 

throughout time for the numerical model (a) and for 

the physical test (b). 

 

This comparison between physical test and 

numerical model and the confirmation of the 

breakdown between load paths is summarized in 

Table 2 via the percentages of contribution at the 

end of the impact. 

 

Table 2.  

Contribution of each load path on the overall 

spüll at the end of crash for small car – 

comparison between physical test and numerical 

model 

 
 

This part of the study allows us to state that the 

small car model is good to be used for a 

parametrical study because its level of correlation 

is very good. 

PARAMETRICAL STUDY 

We already presented the two mechanical 

parameters we use to translate the impact severity 

(OLC and Spüll) of a crash. 

In order to know what are the car architecture 

parameters that we need to control to be able to 

design an ideal car architecture, we need to carry 

out a parametrical study on these parameters. 

Method 

We only focused at the individual influence of each 

parameter. The combination of parameters 

variations will be studied later. 

The parameters linked to the car architecture and 

design are: 

 car mass 

 longitudinals force level 

 subframe force level 

 tunnel force level 

 size of engine block 

 firewall location 

 subframe front end location 

They are presented more in details in the next 

chapter. Then we will present the results of their 

variation. 

 

The variation made were always realistic ones that 

could be applied in a car design. And every time 

the intrusion level was checked to ensure that the 

global car synthesis was still realistic and 

acceptable. 

Presentation of the parameters and their 

variation 

Change of car mass 

There are increasing constraints throughout the 

years about CO2 emission. This implies a huge 

work on car architecture to reduce their weight. 

Therefore we decided to analyse a 100 kg of mass 

reduction.  

On the other hand, a same car architecture / 

platform can host a heavier superstructure (SW or 

SUV variants) and / or a heavier powertrain 

(Hybrid engines). This is why we also studied a 

200 kg of mass increase.  

 

Change of longitudinals force level 

In the first part of our study, we highlighted that the 

longitudinals are one of the major contributors (or 

even the major) on the Spüll magnitude.  

Therefore the longitudinals force level had to be 

part of this parametric study.  

For the small car, we applied a +/- 20% variation.  
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Change of subframe force level 

The contribution of the force transmitted from the 

engine block to the subframe is 32% on the Spüll 

for the small car as shown previously in Table 2. 

Here again, we applied a +/- 20% variation.  

 

Change of tunnel force level 

The tunnel plays an important part in the transfer of 

the front-end forces to the understructure and the 

cockpit. Therefore, we decided to study the 

influence of an increase of 20% on the force of the 

front-end zone of the tunnel.  

Change of size of engine block and its 

location 

It is natural to feel that the size of the engine block 

is of high importance to control the pulse severity 

as its impact on the wall should influence the time 

needed to stop the car, but also because the firewall 

will not sustain any load before the engine block 

starts to contact it. 

This is why we decided to modify its volume via a 

change of +/- 50 mm in the engine + gear package.  

 

Another independent modification was made on its 

location: variation of +/- 50 mm. 

 

Change of firewall location 

 

As already explained for the engine block, we 

applied the same reasoning to the firewall location. 

Again, we applied a +/- 50 mm variation in the 

zone of contact between the engine block and the 

firewall.  

 

Change of subframe front-end location 

 

Same reasoning on the subframe front-end location 

applied to the contact between the subframe and the 

engine block. But, we only use a +50 mm change. 

Results 

The detailed results presented here are the ones 

obtained for the small car architecture. 

 

The colour code used in the following tables helps 

to identify the variation in percentage with respect 

to the reference model. 

Throughout this paper, the colour code is the same: 

 green means variation 10% or below 

 yellow means variation between 11% and 

20%,  

 orange means variation between 21% and 

30%, 

 red means variation equal or above 30%.  

 

Change of car mass 

We took into account a variation of - 100 kg and 

+200 kg with respect to the reference model. 

Results are presented in Table 3 

Table 3.  

Influence of car mass on OLC and Spüll 

parameters 

 
Impact weight does not have a strong influence on 

OLC.  A difference of 300 kg would change OLC 

by 4% only (for the left OLC, the one obtained 

with the left B-Pillar). Differences on the Spüll are 

stronger, with a maximum increase of 15% on the 

right Spüll. Influence of mass is only visible on 

Spüll. 

If we analyse the curves, relationship between 

vehicle mass and OLC or mass and Spüll is linear 

and negative (see Figure 17).  

 

 

 
Figure 17. OLC and Spüll trends with respect to 

vehicle mass. 

 

We can state that a decrease of 10 kg in the vehicle 

mass would increase the Spüll by 14 W/kg. 

 

After the study of the initial condition parameters, 

we can pass on the influence of the load-path force 

levels. It is expected that if the energy is absorbed 

faster because the load path are stronger, the 

stopping of the car will be different and therefore 

the change of velocity (<=> pulse severity) 

sustained in the cockpit will be modified. 

 

-100 kg
% 

difference -50 kg
% 

difference +20 kg
% 

difference +100 kg
% 

difference +200 kg
% 

difference

RIGHT 32,5 32,9 1% 32,3 -1% 32,1 -1% 31,9 -2% 30,9 -5%

LEFT 32,2 32,4 0% 32,0 -1% 31,9 -1% 31,8 -1% 31,0 -4%

RIGHT 3464,1 3520,0 2% 3445,8 -1% 3383,5 -2% 3219,8 -7% 3065,7 -12%

LEFT 3309,1 3400,2 3% 3328,1 1% 3233,9 -2% 3148,0 -5% 3011,9 -9%

OLC (g)

SPULL

(W/kg)

REFERENCE MASS INFLUENCE

30,0

30,5

31,0

31,5

32,0

32,5

33,0

33,5

34,0

-200 -100 0 100 200 300

OLC (g)

mass variation (kg)

Left

Right

2900,0

3000,0

3100,0

3200,0

3300,0

3400,0

3500,0

3600,0

-200 -100 0 100 200 300

Spull (W/kg)

mass variation (kg)

Left

Right
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Change of vehicle design - longitudinals force 

level 

We already stated that the longitudinals are the 

major contributors to the Spüll at the end of impact. 

We therefore expect a strong influence of the 

longitudinals force level on the pulse severity.  

 

Table 4 presents the results and Figure 18 shows 

visually the trends. 

 

Table 4.  

Influence of longitudinals force level on OLC 

and Spüll parameters 

 
Only the peaks of deceleration show a moderate 

influence of the longitudinals force level. The other 

parameters are not or very little modified. 

 

Figure 18 shows that it is not possible to highlight 

an obvious trend with OLC or Spüll.  

 

 

 
Figure 18. OLC and Spüll trends with respect to 

longitudinals force level 

 

Contrary to what was expected, a strong change in 

the longitudinals force level will not strongly affect 

the pulse severity as measured via OLC and Spüll.  

In order to explain it, we compared the 

longitudinals (left and right) kinematic of the three 

models as shown in Figure 19. 

  
Figure 19. Longitudinals (left and right) kinematic 

of the three models 

 

The kinematics are quite similar and we guess this 

is the reason why the pulse severity parameters we 

not changed by a +/-20% change in the 

longitudinals force level. 

Indeed the energy absorption performance 

definitely depends on the kinematics (overall 

rotation or buckling) more than on the stiffness of 

the beam. This should be studied in a future 

research work on the topic. 

 

Change of vehicle design - subframe force 

level 

Table 5 presents the results shows visually the 

trends of the influence of the subframe force level 

on the pulse severity. 

 

Table 5.  

Influence of subframe force level on OLC and 

Spüll parameters 

 
 

The results are outstanding. If an increase of 20% 

in the subframe strength almost gives no change to 

Spüll and OLC, the same amount of decrease as a 

strong influence. The consequence is a decrease by 

8% of OLC and 10% for Spüll.  

This can be explained by an increase in 

compressibility offered by the softening of the 

subframe that decreases the deceleration. 

On the contrary, stiffening the subframe do not 

change a lot the deceleration, because the reference 

model is already strong enough and do not offer a 

lot of deformation. 

 

We can conclude that the softening of the subframe 

can be a key action to make if the deceleration 

needs to be decreased. 

 

+20%
% 

difference -20%
% 

difference

RIGHT 32,5 32,0 -2% 32,7 0%

LEFT 32,2 31,3 -3% 32,4 1%

RIGHT 3464,1 3377,9 -2% 3254,9 -6%

LEFT 3309,1 3258,0 -2% 3166,2 -4%

LONGITUDINALS FORCE INFLUENCE

OLC (g)

SPULL

(W/kg)

REFERENCE

30,0

30,5

31,0

31,5

32,0

32,5

33,0

33,5

34,0

-30 -20 -10 0 10 20 30

OLC (g)

Longitudinals force variation (%)

Left

Right

2900,0

3000,0

3100,0

3200,0

3300,0

3400,0

3500,0

3600,0

-30 -20 -10 0 10 20 30

Spull (W/kg)

Longitudinals force variation (%)

Left

Right

+20%
% 

difference -20%
% 

difference

RIGHT 32,5 32,6 0% 30,0 -8%

LEFT 32,2 32,4 1% 29,8 -8%

RIGHT 3464,1 3351,4 -3% 3131,9 -10%

LEFT 3309,1 3259,5 -1% 3063,9 -7%

SUBFRAME FORCE INFLUENCE

OLC (g)

SPULL

(W/kg)

REFERENCE
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Change of vehicle design - tunnel force level 

The last force level we decided to modify was the 

tunnel one. Table 6 presents the results. 

 

Table 6.  

Influence of tunnel force level on OLC and Spüll 

parameters 

 
 

An increase of the tunnel force level would not 

influence the pulse severity. 

 

As a partial conclusion, we can state that the 

change in the load-path force level did not give the 

trends we expected. The only significant influence 

highlighted was the softness of the subframe that 

would decrease Spüll and OLC values. 

 

We already quantified the influence of initial test 

conditions and of load-path force levels. Now we 

can pass on the influence of the load-path locations 

or size. These changes are expected to have an 

influence on the stacking and therefore on the 

timing, thus on the maximum severity of the pulse 

sustained in the cockpit. 

 

Change of vehicle design - size of engine 

block 

The first parameter studied was the engine block 

size and the results are presented in Table 7. 

 

Table 7.  

Influence of size of engine block on OLC and 

Spüll parameters 

 

There is little effect of the engine block size and no 

specific trend as shown in Figure 20. 

 

 
Figure 20. OLC and Spüll trends with respect to 

engine block size 

 

The consequences on overall vehicle behaviour for 

the small car are surprising. If an increase in 

intrusion occurred due to a larger engine block can 

explain partially these results, we expected more 

severe level of deceleration than the one measured. 

 

Change of vehicle design - firewall location 

The second parameters that should influence the 

stacking and therefore the pulse severity is the 

firewall location. We looked at the location in front 

of the engine block zone of contact. We did not 

change the longitudinals location. 

Table 8 presents the results. 

 

Table 8.  

Influence of firewall location on OLC and Spüll 

parameters 

 
 

Shifting the firewall rearward would not influence 

the criteria. But shifting it forward seems to 

improve Spüll and OLC.  

 

To shift it forward, on the small car, we increased 

by 50 mm the firewall cross beam section as shown 

in Figure 21. 

 
Figure 21. How we did the firewall shift forward 

on the small car. 

 

A detailed look at the firewall cross beam in the 

model is given in Figure 22 and it shows that this 

element is significantly deformed. 

+20%
% 

difference

RIGHT 32,5 32,6 0%

LEFT 32,2 32,2 0%

RIGHT 3464,1 3470,7 0%

LEFT 3309,1 3290,6 -1%

TUNNEL FORCE 

INFLUENCE

OLC (g)

SPULL

(W/kg)

REFERENCE

+50 mm 

engine length
% 

difference

-50 mm 

engine length
% 

difference

RIGHT 32,5 32,3 -1% 31,7 -2%

LEFT 32,2 32,1 0% 31,3 -3%

RIGHT 3464,1 3347,7 -3% 3407,9 -2%

LEFT 3309,1 3274,2 -1% 3251,8 -2%

OLC (g)

SPULL

(W/kg)

REFERENCE ENGINE LENGTH INFLUENCE

30,0

30,5

31,0

31,5

32,0

32,5

33,0

33,5

34,0

-60 -40 -20 0 20 40 60
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Engine length variation (mm)
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3100,0

3200,0

3300,0
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50 mm X forward 

firewall location

% 

difference

50 mm X 

rearward firewall 

location

% 

difference

RIGHT 32,5 31,7 -2% 32,5 0%

LEFT 32,2 32,0 -1% 32,1 0%

RIGHT 3464,1 3271,9 -6% 3431,0 -1%

LEFT 3309,1 3224,3 -3% 3305,5 0%

OLC (g)

SPULL

(W/kg)

REFERENCE FIREWALL LOCATION INFLUENCE
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Figure 22. small vehicle model – deformation of 

the firewall cross beam when the firewall is put 50 

mm forward 

 

This means that the firewall was actually not 

shifted by 50 mm. but this also means that the 

stiffness/compression behaviour of the impact 

between the engine block and the firewall central 

beam was modified. 

Therefore, this model allows us to state that the 

stiffness of the zone of impact between the firewall 

and the engine block has an influence on the Spüll 

and on the OLC for a frontal full-width impact. 

 

Change of vehicle design - subframe front-

end location 

 

The third parameter on the stacking was the 

subframe front-end location. Only one value was 

assessed: a shift of 50 mm rearward of the front-

end of the subframe. Table 9 presents the results. 

 

Table 9.  

Influence of subframe front-end location on 

OLC and Spüll parameters 

 

This shift of 50 mm rearward of the front-end of 

the subframe decreases slightly the pulse severity. 

 

This statement combined with the subframe force 

level one makes us conclude that to improve the 

small car, it is needed to re-design the subframe to 

better control OLC and Spüll.  

 

Change of vehicle design - engine block 

location 

The last parameter analysed in this study is the 

engine block location.  

We applied a +/- 50 mm shift without changing the 

suspensions. 

Table 10 presents the results for the small car. 

 

Table 10. Influence of engine block location on 

OLC and Spüll parameters 

 
 

Shifting the engine block forward has very little 

influence on pulse severity.  

Shifting it rearward is good for OLC and especially 

for Spüll. This is due to the fact that the level of 

deceleration is lower at the beginning of the crash 

and the impact duration is increased (2 ms more 

than the model of reference).  

Therefore the engine block location is also a key 

parameter to control the pulse severity. 

DISCUSSION AND LIMITATIONS OF THE 

STUDY 

If we want to summarize the results presented in 

the previous chapter, we can have a look at the 

table below (Table 11). 

 

Table 11.  Summary of the analysis : effect of a 

change (delta) of magnitude in the highlighted 

parameters on OLC and Spüll parameters for 

the small car 

Parameter 
Delta 

param. 

Deceleration 

Decrease of 

parameter 

Increase of 

parameter 

Mass 100 kg - + 

Subframe force level 5 T ++ - 

Longitudinals force level 2 T 
  

Tunnel force level 2 T 
  

Engine block volume 50 mm + --- 

Firewall location 20 mm + -- 

Front-end subframe location 20 mm + 
 

Engine block location 20 mm -- + 

 

And if we extend this summary to other car 

architectures not presented in details here, we can 

state that some parameters have strong influence on 

the pulse severity measured on a full-width rigid 

frontal impact. But depending of the characteristics 

of the reference model, some parameters do not 

need to be tuned because they are stiff or soft 

enough since the beginning. As an example, Table 

12 presents the results for the sedan car. 

50 mm X 

rearward 

subframe front-

end location

% 

difference

RIGHT 32,5 31,6 -3%

LEFT 32,2 31,6 -2%

RIGHT 3464,1 3287,1 -5%

LEFT 3309,1 3213,0 -3%

OLC (g)

SPULL

(W/kg)

REFERENCE
SUBFRAME FRONT-END 

LOCATION INFLUENCE

50 mm X forward
% 

difference 50 mm X rearward
% 

difference

RIGHT 32,5 32,1 -1% 31,6 -3%

LEFT 32,2 31,5 -2% 31,7 -2%

RIGHT 3464,1 3415,1 -1% 3285,9 -5%

LEFT 3309,1 3310,9 0% 3184,5 -4%

ENGINE BLOCK LOCATION INFLUENCE

OLC (g)

SPULL

(W/kg)

REFERENCE
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Table 12. Summary of the analysis : effect of a 

change (delta) of magnitude in the highlighted 

parameters on OLC and Spüll parameters for 

the sedan car 

Parameter 
Delta 

param. 

Deceleration 

Decrease of 

parameter 

Increase of 

parameter 

Mass 100 kg - + 

Subframe force level 5 T 
  

Longitudinals force level 2 T 
  

Tunnel force level 2 T 
 

- 

Engine block volume 50 mm ++ --- 

Firewall location 20 mm + -- 

Front-end subframe location 20 mm 
 

Engine block location 20 mm - + 

 

On the other hand, there are some limitations that 

we should stress. 

First of all, each parameter was assessed 

independently of the others whereas the 

combination could be logical and have a 

cumulative effect that could be non-linear. 

A future analysis is planned to investigate the 

influence of combining the key parameters 

highlighted here.  

 

A second limitation concerns the longitudinals. It 

was unexpected to see so little influence of the 

longitudinals stiffness on the pulse severity. It is 

guessed that an additional parameter: the change in 

the longitudinals kinematics would be of interest.  

The future analysis will take this into account as 

well. 

 

Finally the consequence of changing or optimizing 

these key parameters to soften the pulse on the 

other type of impacts should also be assessed. 

It is obvious but it is always good to stress that the 

design of a car in terms of passive safety is always 

a compromise between stiffness and intrusion. 

Other type of crash (partial overlap) would increase 

the level of intrusion. The cockpit should always be 

preserved and intrusion strongly controlled. 

CONCLUSION 

This entire study was made to define the key 

parameters influencing the pulse severity measured 

in the cockpit on a full-with rigid 0° frontal impact.  

The pulse severity was assessed via two scalars: 

OLC and Spüll that are used to design the restraint 

systems for different car architectures and for 

different type/age of occupants. 

Tests were carried out on a fully instrumented load 

cell wall. These tests allowed us to get well 

correlated numerical model. In a first step, these 

models helped to identify the “a priori” key 

parameters that would influence the pulse severity 

via the study of their contribution to the overall 

Spüll. 

Once these parameters were highlighted, the 

second phase of the analysis was to carried out a 

parametrical study to highlight the actual key 

parameters. 

Some parameters were expected to be of first order 

and finally were not so influent. Others were 

highlighted and will be optimised to reach a 

satisfying pulse severity. 

If we list the actual key parameters, we have: 

 The subframe stiffness 

 The firewall position 

 The front-end position of the subframe 

These are the ones linked to the kinematic 

behaviour of the engine block. 

 

Finally, the longitudinals stiffness did not bring 

what was expected, and a further study is needed. It 

should aim at quantifying the influence of the key 

parameters when combined. And it should also aim 

at studying an additional parameter: the 

longitudinals kinematics. 

This will be carried out in 2013 by PSA Peugeot 

Citroën.  
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