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Figure 1.1 :A crush zone situated well away from the passenger compartment 
provides the necessary survival space for the passengers [3]. 

Figure 12 : The Volvo dummy family [7]. 
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Figure 1.3 : EUROSID --- Actual dummy and its F. E. model [6]. 

Figure 1.4 : BR static crush test on vehicle end structure [9]. 
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Figure 1.5 :A ship to bridge collision [15]. 
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Figure 1.6 : The impact test on a ship's bow 115]. 
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Figure 2.1 : Stage 1 is prior to impact. Stage 2 is the instant at which the centroids of 
Mand m have exactly equal velocities. Stage 3 represents their separation. The 

intermediate diagrams show the impulses I which act between the stages [9]. 
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Figure 2.2 : (a) Load-deflection curves of typical loading and unloading path for the 
contact region. (b) Force-time plot corresponding to (a). After [9]. 
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Figure 2.3 : Measures of energy absorption efficiency [10]. 

Figure 2.4 : Axisymmetric buckling mode for tubes [16]. 
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Figure 2.5: Diamond-lobe buckling mode. Here specimen (a) has a3 diamond-lobe 

collapse mode and (b) has a2 diamond-lobe collapse mode [28]. 
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Figure 2.6 : Collapse-mode classification chart for aluminium alloy tubes [20]. 
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Figure 2.7 : Load-deflection characteristics of axially compressed tubes from reference 
[19]. 

Figure 2.8 : Alexander's idealized axisymmetric collapse mode for cylindrical tubes 
[24]. 
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Figure 2.9 : The improved axisymmetric collapse mode. Axial deflection is now 
governed by an effective crushing stroke [25]. 
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Figure 2.10: The geometric relationships for diamond collapse modes of PVC tubes as 
described in [27]. 
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Figure 2.11 *:. The travelling-hinge mechanism for tubes collapsing in the diamond-lobe 
mode. [28]. 
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Figure 2.12 : Formation of horizontal hinges in Johnson et. al. theory. The radius `r' is 
obtained by minimum energy principle [27]. 
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Figure 2.13: Static axial crushing load versus axial displacement for a square tube of 
side 49.3mm, wall thickness 1.63mmn and tube height 244.1mm [321. 
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Figure 2.14 : Load-deflection characteristics for a single tube crushed transversely [5]. 
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Figure 2.15: Load-deflection characteristics for three layers of crossed tubes crushed 
transversely [5]. 
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Figure 2.16: An externally inverted tube [5]. 
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Figure 2.17 : Typical load-deflection characteristics for a tube inverted externally [5]. 
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Figure 2.18 :A `W' frame changing compression into bending [5]. 
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Figure 2.19: Typical load-deflection characteristics for a ̀ W' frame [5]. 

Figure 2.20: Pulling a wire plastically through four fixed rollers [5]. 
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Figure 2.21 : Schematic diagram of a metal skinning device [2]. 

Figure 2.22: Motor coach models. (a) was the original model, (b) was crushed quasi- 
statically and (c) was impacted dynamically. [30]. 
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Figure 2.23 : The square tube on the left suffered dynamic crumpling, and the one on 
the right was crushed quasi-statically [41]. 
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Figure 2.24: Range of strain rates that are of practical interest [5]. 
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Figure 2.25a . The distribution of past BR accident fatalities according to the type of 
collisions [47]. 
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Figure 2.25b : The distribution of past BR accident serious injuries according to the 
type of collisions [47]. 
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Figure 2.26 : Distribution of passenger fatalities according to velocity and accident 
type. This chart suggests that derailment is a high speed phenomena [47]. 
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Figure 2 
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27 : UIC longitudinal loading specification [48]. 
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Figure 2.28a: The load-deflection characteristics of the crashworthy coach end- 
structure as mentioned in reference [50]. 
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Figure 2.28b : The prototype of the crashworthy coach end-structure as mentioned in 
reference [50]. 
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Figure 2.29a : The prototype of the crashworthy coachend-structure used in ORE 
collision test [50]. 
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Figure 2.29b : The corresponding load-deflection characteristics of the crashworthy 
coach end-structure used in ORE collision test [50]. 
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Figure 2.30: Velocity-time graph showing the concept of energy absorption through 
sequential collisions along the train [52]. 
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Figure 2.31: Assumed load-deflection interface characteristic for idealized collisions 
used in Reference [58]. 
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Figure 2.32: Unrestrained occupant experiencing a secondary collision [60]. 
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Figure 2.33: Probability of fatalities as a function of HIC [60]. 
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Figure 2.34 : Various type of energy absorbing couplers [61]. 

Figure 2.35: A rake of coaches fitted with crashworthy end-structures in pre-test 
condition [49]. 
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Figure 2.37: Impact tolerance for human brain in forehead impacts against plane, 
unyielding surfaces [68]. 

21 

0 

W 
J 
U 

Z 
W 

LL 

0 
z 0 

H 
Q 
d' 
W 
J 
W 
U 
U 

.Q 

O 
LL_ 

2 

lU 

Acceleration 

80 
4reo of ý" 

60 moderote t !" 
Area of Rp 

injury .. z " I,,: fiesere 
mlry 

40 
Area of voluntary 

" human caposures ý'. ý"` 
(uninjured, undebdiloted) 

20 
1000 = TA2'5 

10 Subject Reference 
e a Human Stapp. 1951 
6 O Hun an Stapp, 19 50 Ftgpni- 

a Human 

0 Human Do Haven, 1942 
to de 

Duration 
0 o Hoa Stapp. 1955b 

s Chimpanzee 
AI survivabl a tes s 

ýýý/" ýi i 
po u ee 

Moa. body support in oll wies 
Z to t, 12 tý 

1 
IL 

fiI1111 It 111111 111I11111 

Time 

111IIIII1t1 

001 0002 001 002 OI 0.2 I2 
DURATION OF UNIFORM ACCELERATION (sec) 

Figure 2.38 : Frontal deceleration versus duration threshold from experimental data. 
[68]. 
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Figure 2.39: The extension bending mechanism, commonly caused by a low level seat 
back to a backward facing occupant [65]. 
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Figure 2.41a : The pre-test position of a forward facing dummy in open-bay seats [75]. 

Figure 2.41b : The post-test position of the forward facing dummy in open-bay seats 
[75]. 
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Figure 2.43 : The ̀ safe' space envelope for mounting a fold-down table at the rear of a 
unidirectional seat [73]. 
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Figure 3.1 : The load-deflection characteristic of a steel crashworthy vehicle end 
structure designed for a 35tonne coach. 
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Figure 3.2 :A moving three-coach to a stationary three-coach collision model, 
including wheel-track friction. 
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Figure 3.3a : The load-deflection characteristic of the crashworthy coach end-structure 
as mentioned in reference [2]. 
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Figure 3.3b : The prototype of the crashworthy coach end-structure as mentioned in 
reference [2]. 
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Figure 3.4a : Bar-spring model 
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Figure 3.5 : The velocity-time history for the bar-spring & mass-spring models. 
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Figure 3.6a : The acceleration-time history for the bar-spring & mass-spring models. 
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Figure 3.6b : The filtered acceleration-time history for the bar-spring & mass-spring 
models. 
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Figure 3.7: The energy-time history for the mass-spring model. 

1.2 

a 0.8 

$d 
aý 
W 

0.4 

v 

00.0/4 0.08 . 08 0.12 
A 

f Internal strian energy 

Kinetic energy 

Time (sec) 

Figure 3.8: The energy-time history for the bar-spring model. 
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Figure 3.9a : Initial seating position of the occupants. 
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Figure 3.9b : The animation sequence for both dummy models. 

225 



1200 

900 
N 

cýr 

iý 
600 

w 
aý U 

300 

n 

I---- Mass-spring dummy model 
-- Bar-spring dummy model 

i 
r 

y 
It i 

jd 

Olt 

v 

0 0.1 0.2 0.3 0.4 0.5 

Time (sec) 

Figure 3.10: The deceleration-time history for the striking occupants' head. 
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Figure 3.11 : The deceleration-time history for the struck occupants' head. 
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Figure 3.14 : The baseline model used for the parametric study. 
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Figure 3.15 : The load-deflection characteristic for the baseline spring. 
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Figure 3.17: The effects of damping on internal energy dissipation. 
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Figure 3.19 : The effects of friction on the dissipated energy. 
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Figure 3.20 : The effects of initial velocity on the spring dissipative power. 
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Figure 3.21 : The effects of coach mass on the spring dissipative power. 
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Figure 3.25 : The slopes of the external ramp impulses. 

233 



100 

75 

3 
ä 

50 

rA on 
25 

0 
0 

Model R3 
--- Model R2 
---- Modei RI 

Baseline model 

iýy~ 

ýM 

0.05 0.10 0.15 0.20 

Time (sec) 

Figure 3.26: The effects of the magnitude of external rectangular impulses. 

I 

a 
rA 
10 
rn 

30 

20 

10 

0 0.05 0.10 0.15 

Time (sec) 

Figure 3.27: The effects of the magnitude of external triangular impulses. 

ýý -- -- Model Ti 
--- Model T2 

Model T3 ý`. 
-- Baseline model 

ý4 
ý 

234 



80- 

60- 

40 

b 

20 

Model Si 
--- Model S2 
--- Model S3 

Model S4 
-- Baseline model 

oý 
0 0.05 0.10 0.15 0.20 

Time (sec) 

Figure 3.28 : The effects of the slope of external ramp impulses. 

235 



r--ý 
VO r V0 Vehicles A&B are 

moving at V0 and 
separated by a gap xg 

xg 
W 

with vehicle B leading 

30. a collision against the 
AB rigid wall W. 

Figure 4.1a: The schematic diagram for deriving the optimal gap of mass-spring 
models with linear deceleration. 

VO 

U 
O 

.ý O 
9 

Velocity of coach A, VA, which is also VO 

The shaded area represents the optimal 
gap between coach A and B. 

Velocity of coach B 
V. 

to , the time when coach B t9 , the time when coach B has just 
just touch the rigid wall W. completed its impact activity with W. 

Time 

Figure 4. lb : The kinematics graphical interpretation of optimal gap sizes for cases 
with linear deceleration. 

236 



15.56m/s (35mph) 
Y t_: Impact plane 

Interface 2 Interface 2 
xII 

Interface 3 Interface 1 Interface 3 

Coach 3 Coach 2 Coach 1 Coach 2 Coach 3 

Note: 

(1) Each coach is 35tonne. 
(2) Spring in interface 1 has characteristics shown in figure 4.3a. 

(3) Other interfaces' springs has characteristics shown in figure 4.3b. 
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Figure 5.21: The model of modified ipd4 and known as mod4. 
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Figure 6.12: The projected nose heading a rake of Eurostar. 
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Figure 8.22: Head acceleration-time history for models in the G-series. 
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Figure 8.23 : Head/neck bending moment-time history for models in the G-series. 
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Figure 8.24: Leg contact force-time history for models in the G-series. 
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Figure 8.25: Head acceleration-time history for models in the D-series. 
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Figure 8.26: Leg contact force-time history for models in the D-series. 
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Figure 8.27: Head/neck bending moment-time history for models in the D-series. 
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Figure 8.28: Head acceleration-time history for models in the F-series. 
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Figure 8.29: Head/neck bending moment-time history for models in 
the F-series. 
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Figure 8.30: Leg contact force-time history for models in the F-series. 
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Figure 8.31: Head acceleration-time history for models in the R-series. 
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Figure 8.32: Head/neck bending moment-time history for models in the R-series. 

7 

6 

24 
ý° 

on 

i 
n 

I--- R23 
---- R19 

Iý -- F16 

Ii 
' ýIl 

r ;II 

v 
0 0.1 0.2 

Time (sec) 

0.3 0.4 

Figure 8.33 : Leg contact force-time history for models in the R-series. 
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Figure 8.34: Head acceleration-time history for models in the M-series. 
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Figure 8.35: Head/neck bending moment-time history for models in the M-series. 
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Figure 8.36: Leg contact force-time history for models in the M-series. 
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Figure A. 1 : The geometry of tensile test specimens (all dimensions in mm). 
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Figure A. 2 : The True Stress against True Strain curves for three specimens tested. 
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Figure A. 3 : The Engineering Stress-Strain Curve for a tested specimen. 
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Figure A. 4 : The ̀ plateau' during the early stage of plastic deformation, with a 
perfectly plastic line fitted as 19.2MN/m2. 
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Figure A. 5 : The geometry of crush specimens. 
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Figure A. 6 : The interpretation of mean post buckling load and energy absorbed 
from an experimental load-deflection graph. 
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Figure B. 3 : The velocity load curve for the moving platen. 
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Figure B. 5 : The stress-strain curve used in the crushing of the conical PVC model. 
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Figure B. 6: The load-deflection results for the crushing of HDPE tubes with 
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Figure B. 10 : The load-deflection results for the crushing of the conical PVC tube. 
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