
( DYNAMIC EFFECTS IN LOADING OF MATERIALS 1 
/ AND STRGCTLRES: A LITERATURE REVIEW 

Bruce M. Bowman 

University of Michigan 
Transportation Research Institute 

October 16, 1990 





1. R-t Me. 2. &.-I Arcasrim Mw. 

UMTR 1-90-4 2 

4. Titlw 4 Subtitle 

DYNAMIC EFFECTS IN LOADING OF MATERIALS AND 
STRUCTURES: A LITERATURE REVIEW 

7. l u ~ l ~  . Bruce M. Bowman 

9. P n b d n s  O r l a i r d i o n  N-• m d  Addromm 

U n i v e r s i t y  o f  M ich igan  
T r a n s p o r t a t  i o n  Research l n s t  i t u t e  
2901 Bax te r  Road, Ann A r b o r ,  M ich igan  48109 

12. h m r i n g  A m e l  NIH .1)4 AUr*** 

Hyunda i Motor  Cornpany , U l  san, Korea 
Hyunda i Anler i ca Techn i ca l Center  , I nc . 

5075 Venture  D r i v e ,  Ann A rbo r ,  Mich igan 48108 

IS. S+-try Notws 

3. R o c i p i r n ~ ' ~  C a ~ d y  Nw. 

5. Report Dot. 

October 16, 1990 
6. P. rhmiy Ormix.~ion Coda 

8. Padotmine OrpmixHim R .pu t  No. 

UMTR 1-90-42 

10. I& Unit No. (TWAIS) 
302364 

11. Contrwo or Grmt Nw. 

'3. TIP* 01 R.port m d  Period Corarod 

FINAL REPORT 

14. Sponsoring Agency Coda 

1'6. Abshc t  

This report summarizes the findings of a modest literature 
search for information pertaining to the differences between 
quasi-static and dynamic loading properties of materials and 
structures. The primary purpose of the study is to find 
information that can help to establish, in relation to 
simulation work, whether it is important to modify load- 
deflection data obtained from static tests to account for 
dynamic effects. The impetus for the study is the need to 
have the best available data for use in occupant dynamics 
simulations, which require specifications for vehicle 
interior components such as the seat cushion, instrument 
panel, knee bolster, seat belts, etc. In addition to 
identifying the differences between static and dynamic 
loading, the report documents procedures that have been 
used by various researchers for adjusting the static test 
data where that has been found to be important. 

17. Koy Ww6 

Dynamic Loads, 
Structural Mechanics, Material 
Properties, Mechanical Impedance, 
Impact Absorption, Occupant 
Protection Components 

18. DirMLuNm St&--, 

Unl imi  t ed  

19. Sown* Clwail .  (wf this ' P. -* CIom.tf. (04 Mm C-) 21. Nw. of Pqws  ' 22. Prica 

U n c l a s s i f i e d  
* 

U n c l a s s i f i e d  2 2 0  





TABLE OF CONTENTS 

SECTION PAGE 

Objectives and Methodology . . . . . . . . . . . . .  1 
Summary of Findings . . . . . . . . . . . . . . . .  2 
Recommendations for Future Research . . . . . . . .  2 
Appendix A -- Dynamic Effects: 

Review/Summary of Selected References 

Appendix B -- Selected References 



The author gratefully acknowledges the support provided 
by Hyundai Motor Company and Hyundai America Technical 
Center, Inc., toward the literature search and review reported 
here. 



DYNAMIC EFFECTS IN LOADING O F  MATERIALS 
AND STRUCTURES: A LITERATURE REVIEW 

OBJECTIVES AND METHODOLOGY 

This report summarizes the findings of a modest litera- 
ture search for information pertaining to the differences 
between quasi-static and dynamic loading properties of 
materials and structures. The primary purpose of the study 
is to find information that can help to establish, in 
relation to simulation work, whether it is important to 
modify load-deflection data obtained from static tests to 
account for dynamic effects. The impetus for the study is 
the need to have the best available data for use in occupant 
dynamics simulations, which require specifications for 
vehicle interior components such as the seat cushion, 
instrument panel, knee bolster, seat belts, etc. In addition 
to identifying the differences between static and dynamic 
loading, it is also of interest to document the procedures 
that have been used by various researchers for adjusting the 
static test data where that has been found to be important. 

The Structured Thesaurus in the UMTRI Research 
Information and Publications Center was examined for 20 
different subjects, as listed below, that it was thought 
might include papers and reports of pertinence. 

NLSJ 
XQC 
NCYQ 
DGEOC 
XQ 
NB 
NC 
NURI 
NUM*NLSI 
NCN 
CDQ 
DGED 
DGEORBN 
NUM 
NLSI 
not found 
not found 
not found 
not found 
not found 

Dynamic Loads 
Dynamic Test Equipment 
Damping Capacity 
Components, Occupant Protection 
Test Equipment, Mechanical 
Structural Mechanics 
Material/Mechanical Properties 
Mechanical Impedance 
Impact Absorption 
Impact Properties 
Impact Attenuators, Vehicle 
Instrument Panels 
Belt Restraint Systems, Energy Absorbing 
Energy Absorption, Mechanical 
Shock 
Strain Rate 
Component Testing 
Effective Mass 
~mplification Factor 
Energy Management 



For t h e  15 sub jec t s  f o r  which t h e r e  were e n t r i e s  i n  the  
Structured Thesaurus, a l l  of the  c a r d s  i n  t he  card ca t a log  
were examined. There were cards  f o r  approximately 1800 
papers and repor t s .  From reading t h e  t i t l e s ,  7 3  re fe rences  
were s e l e c t e d  f o r  f u r t h e r  examination. Those 73 papers and 
r e p o r t s  were taken from t h e  l i b r a r y  shelves  f o r  review. Of 
t h e  7 3 ,  only 1 4  were found t h a t  i nc lude  information of some 
i n t e r e s t  i n  r e l a t i o n  t o  unders tanding dynamic e f f e c t s  i n  
loading. Summaries of t h e  p e r t i n e n t  content  of those  
documents a r e  given i n  t h i s  r e p o r t ,  wi th  references  t o  page 
numbers, f i g u r e  nuRlbers, and t a b l e  numbers i n  t h e  r e spec t ive  
documents. Copies of m a t e r i a l  from t h e  1 4  papers and r e p o r t s  
a r e  appended t o  t h i s  r e p o r t .  For some a copy of t h e  e n t i r e  
document is  included h e r e ,  and f o r  o t h e r s  copies  of only 
s e l ec t ed  pages a r e  inc luded ,  

SUMMARY OF FINDINGS 

This l i t e r a t u r e  s e a r c h  seems t o  support a  genera l ly  he ld  
opinion t h a t  very l i t t l e  research  r e l a t e d  t o  dynamic e f f e c t s  
has been conducted and r epo r t ed  i n  t h e  l i t e r a t u r e .  However, 
t h i s  e f f o r t  has  documented enough information t o  support  t h e  
general  views tha t :  

For impacted components t h a t  o f f e r  p r imar i ly  a 
"mater ia l  r e s i s t a n c e "  ( f o r  example, l i k e  a spr ing  and 
damper, without mass), dynamic e f f e c t s  can be 
accounted f o r  by inc reas ing  t h e  s t a t i c  s t i f f n e s s  by a 
small  percentage (u sua l ly  0 t o  5 or 1 0  per  c e n t ) .  
Foam paddings may be an except ion ,  however, as  one 
s tudy  (Orr inger ,  e t  a l . )  r e p o r t s  dynamic e f f e c t s  of 
35 t o  80 pe r  c e n t .  

2 )  For components t h a t  o f f e r  s i g n i f i c a n t  i n e r t i a l  
r e s i s t a n c e  because of t h e i r  mass, dynamic e f f e c t s  are 
g r e a t e r  and t h e y  inc rease  wi th  an increase  i n  i n i t i a l  
impact ve loc i ty .  

3 )  Yield ,  o r  b reak ing ,  s t r e n g t h s  of mater ia l s  and 
s t r u c t u r e s  a r e  a lmost  always g rea t e r  f o r  l a rge r  
load ing  r a t e s .  Values f o r  s t r eng ths  i n  high-ra te  
loading a r e  o f t e n  approximately 5 t o  30 per  cen t  
g r e a t e r  than i n  q u a s i - s t a t i c  loading. An exception 
is i n  b e l t  system " j o i n t s ,  i . e . ,  p laces  where 
components of t h e  system a r e  fas tened t o  each o t h e r .  
There, t y p i c a l l y ,  breaking s t r eng ths  a r e  lower by 10 
per  c e n t  o r  s o  f o r  h igh-ra te  loading than f o r  s t a t i c  
loading.  

RECOMMENDATIONS FOR FUTURE RESEARCH 

This s tudy  has made it c l e a r  t h a t  l i t t l e  pe r t i nen t  
research has  been r e p o r t e d  i n  t h e  l i t e r a t u r e .  Nonetheless, 



the study was a small one, and certainly there is additional 
useful information regarding dynamic effects to be found at 
the UMTRI Research Information and Publications Center. A 
computer search will find references not examined in the 
current study, and there are references cited in some of the 
14 papers and reports reviewed in this study that may well 
contain additional information of interest. It would be 
useful to supplement the results of this literature search 
with additional pertinent material from a computer search of 
the library database of the UMTRI Information Center. 
Additionally, a computer search should be conducted to find 
references of possible interest available from the University 
of Michigan Engineering Transportation Library. 
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DYNAMIC EFFECTS - - -  
REVIEW/SUMMARY OF SELECTED REFERENCES 

Development of Enerav-Absorbinu Safetv Belt Webbing. 
Juichiro Takada. 3rd International Conference on Occupant 
Protection, 1974. SAE-740581. UMTRI-30029. 

Slopes for belt load vs. strain curves were found to be 
slightly higher for high velocity sled impacts than for 
low velocity sled impacts. See curves on pg. 270. Sled 
velocities were 10, 20, and 30 mph. Strain rates are 
not given--and, of course, are not constant--but it may 
probably be deduced from the data that belt stiffness 
does not vary greatly (probably less than 5 per cent) 
for strain rates that are different by a factor of three. 

Impact Strenath of Joints in Seat Belts. M. Veysey and 
D.C. Herbert. Department of Motor Transport, New South Wales, 
1977. UMTRI-40653. 

This study was focused on strenath (i.e., force for 
breaking) of "jointsm in belt systems. ltJointsu are 
defined as the connections between webbing and other 
components, or those components themselves. Stiffnesses 
(i.e., force-deflection or force-strain curves) were not 
measured in this study. It was found that, for the 
various joints tested, strength under dynamic testing 
conditions was between 21 per cent lower and 8 per cent 
higher, and on average 11 per cent lower than strength 
under static testing conditions (pg. 6). That is, belt 
system joints were usually found to break under smaller 
loads dynamically than statically. Seat belt joints 
were found to be weaker than the webbing itself (pg. 5). 

The Dynamic Properties of Seat Belt Webbinus and End Fixings 
as Tested on the Pneumatic Accelerator. E.J. Brabin. MIRA 
Bulletin No. 4, July/August 1970. UMTRI-15375. 

Belt webbing was tested quasi-statically (less than 
1 inch/min; pg. 6) and at strain rates of O/sec (quasi- 
static), 2/sec, 6/sec, and lO/sec. The graphs on pages 
8 and 9 show that stiffnesses are only slightly 
different over this wide range of strain rates. In the 
conclusions they note that "Webbing end fixings behave 
differently under dynamic load to static loading and 
alter considerably the overall characteristic of the 
seat belt." 



Material and Desiun Interactions in Collision Enerav 
Manaaement. Bernard S. Levy. SAE International Congress and 
Exposition, Detroit, February 1981. SAE-810234. UMTRI-45537. 

Many different modes of energy absorption are discussed 
in this paper. Experimental work was done with 
different kinds of steel. Tests were conducted at 
constant loading rates of 0.1, 0.5, 100, and 500 inches 
per minute. Estimates for 31,680 inches per minute (30 
mph) are discussed on page 6 and shown in Table IX. 

In the tables on pages 5, 7, and 8, YS is yield strength, 
K is the "strength coefficientt1 (see pg. 2), n is the 
"strain hardening exponent1! (see pg. 21, and sigma-.08 
is the tensile flow stress at 8% strain (see pg. 3). 
(Also, see equation 3 on page 2 regarding the 
definitions of K and n.) At the top of page 4 the 
authors mention that there is little data in the 
literature that describes the sensitivity of these 
quantities to strain rate. (The quantifies m and m' 
included in some of the tables are defined on page 5.) 
Values determined by the authors for YS, K, and n for 
500 inches/min and 0.5 inches/min are shown in Table VI. 
Values at 0.1 inches/min and 31,680 inches/min 
(estimated) are shown in Table IX. The quantity n 
(strain hardening exponent) is probably the 
characteristic that relates most directly to stiffness. 
(YS and K relate to strength). Table VI shows that four 
the four steels tested, n is about 12 per cent larger on 
the average for the dynamic test as compared with the 
quasi-static test. 

In their conclusions (page 9) the authors say that the 
data suggest that a lower bound for strain rate 
corrections for collision deformation enerav is 9 to 16 
per cent. 

In contrast to the findings of Veysey and Herbert 
regarding belts in the paper Im~act Strenath of Joints in 
Seat Belts, yield strength of steel is found to 
increase with increased strain rate. 

Metallic Enerav Dissi~atinq Systems. W. Johnson and S.R. Reid. 
.Aylied Mechanics Reviews, Vol.1, No.3, 1978. UMTRI-40452. 

The authors say on page 285 that "When these devices 
[vehicle components] are used as impact energy absorbers 
where the loading is dynamic, a consideration which 
should always be kept in mind is the influence of 
strain-rate on the plastic yielding of the material, 
though its effects can indeed be exaggerated. Strain- 
rate is most important in its effects on initial yield 
or collapse load." At the top of page 286 they say 
"Broadly speaking, both strain-hardening and strain-rate 
increase the effective yield stress of the material." 



Regarding the effect of strain rate on stiffness, they 
say on page 286 that IINonlinearities in the load- 
deflection response of a device ... have also been treated 
by defining equivalent mass-nonlinear spring-dashpot 
systems. They cite two references, both by K. Ohmata 
(and H. Fukuda for the second). The first of these is 
reviewed below. 

Dynamic Analysis of Im~act Attenuation Utilizina Plastic 
Deformations (Case in Which Effect of Strain-rate Sensitivity 
is Consideredl. K. Ohmata. Bulletin of the JSME, Vo1.19, 
N0.134, August 1976. UMTRI-37461. 

The author develops a lumped-mass mathematical model 
which takes into account the elasticity, viscosity, 
plasticity, and strain-rate sensitivity of a structure. 
His model can be made dynamically equivalent to an 
impact attenuation system whose idealized static load- 
deflection curve consists of an elastic range and a 
range for unrestricted plastic flow. He analyzes the 
dynamic response of the modeled system to impact by a 
moving mass. 

He illustrates his method by calculating the Itequivalent 
viscous damping coefficientw for a simply supported beam 
that is impacted in the center by a freely falling mass. 
(The definition for "e.v.d.c." is given on page 886.) 
He finds that there is good agreement with experiment 
for fall heights ranging from 50 to 150 cm. These 
results are shown in Table 1 on page 887 and described 
on pages 886 through 890. Figure 15 on page 890 
illustrates that there is approximate agreement between 
his model and experimental results for dynamic load as 
a function of deflection. 

The model developed by Ohmata requires the determination 
of several empirical constants by conducting impact 
tests. These constants would be difficult, if not 
impossible, to obtain for components of a vehicle 
interior. Thus, even if a simulation model (e.g.! 
MVMA 2-D) included such a representation of material and 
structure characteristics, it is not likely that the 
required input data could be obtained. The paper may 
nonetheless contain some useful information in the 
dependencies on strain rate, etc., that are assumed in 
the equations. 

Im~act: The Theorv and Phvsical ~ehaviour of ~ollidinq 
Solids. Werner Goldsmith. Edward Arnold (Publishers) Ltd., 
London, 1960. UMTRI-00129. 

This reference is a book. Figure 123 on page 203 shows 
a hypothetical, or estimated, stress-strain loading 
curves for aluminium (aluminum?). It shows a quasi- 



static loading curve (strain rate equal to zero) and 
loading curves for other strain rates from 100/sec to 
400/sec. Note that Goldsmith estimates the loading 
stiffness (slope) to be independent of strain rate for 
strains less than some limit and that loading is plastic 
for larger strains at levels dependent on strain rate. 

Table 20 on pages 324 and 325 shows that the ultimate 
strength (for breaking) for all metals tested is 5 to 30 
per cent greater for dynamic loading than for static 
loading. This is in agreement with Levy's findings as 
described in the paper Material and Design Interactions in 
Collision Eneruv Manauement. 

In Figure 268 on page 331, for temperature 68 degrees F, 
Goldsmith shows that there are only small differences 
between the loading curves for aluminum at strain rates 
of O/sec, 4.38/sect and 39.3/sec. Figure 269 on page 332 
similarly shows that loading curves for copper are not 
greatly sensitive to strain rate. 

AATD Svstem Technical Characteristics. Desiun Concepts, and 
Trauma Assessment Criteria. J.W. Melvin, A.I. King, and 
N.M. Alem. Phase 1 Reports: Concept ~efinition, Advanced Anthro- 
pomor~hic Test Device Development Proaram, 1988. UMTRI-76738. 

This report includes an analysis of the dynamic loading 
properties of the human chest. Original data (from 
testing by C. Kroell) were obtained from chest impacts 
of human cadavers at different impact velocities. 
Melvin, et al:, have characterized the Kroell data for 
frontal and slde impacts as illustrated in Figures 16 
and 17. These are force-deflection curves. The rates 
indicated are not loading rates, but rather the initial 
velocities of the impactor. It may be true that loading 
at constant rates would show similar dependence on 
loading rate, i.e., characterized by llplasticll, plateau- 
like response for larger deflections. Such plastic 
response dependence on loading rate would be similar to 
that illustrated by Goldsmith for metals. 

Hiah and Low Rate Force-Deformation Characteristics of 
Motorcvcle Helmets. H.B. Kingsbury, W.C. Herrick, and 
Dinesh Mohan. SAE Congress and Exposition, Detroit, February 1979. 
SAE-790324. UMTRI-41703. 

Quasi-static and dynamic loading tests were conducted 
for trilaminar motorcycle helmets. The data obtained 
may be considered to be primarily for the properties 
of the middle shell material, which was expanded bead 
polystyrene, although the properties of the inner foam- 
backed cloth lining and the outer shell (polycarbonate 
polymer or fiberglass) also affect the results. Quasi- 
static loading was done at 0.065 cm/sec. Fixed rate 



dynamic loadings were done at 0.8, 3, 3.5, 4, 5, and 5.5 
m/sec. The authors found that the load-deflection 
curves were significantly affected by the rate of 
loading, as illustrated in Figures 11 through 16. 

It may be observed, however, that the slopes of the 
curves are approximately the same for all loading rates 
except for the initial part of the loading. In Figure 
11, for example, if we ignore the first 2 cm of the 
quasi-static loading curves (1 and 2), the first 0.5 cm 
of the 4 m/sec loading curve (15), and the first 1.1 cm 
of the 5 m/sec loading curve (17), the curves are all 
approximately linear and with the same slope. 
Interestingly (and confusingly), however, examination of 
all of the Figures 11 through 16 shows that the amount 
of initial deflection that must be ignored is not a 
uniform function of loading rate; i.e., it is sometimes 
more for higher loading rates and sometimes less. 

Crash Paddina Research. 0. Orringer, K.T. Knadle, 
and J.F. Mandell. Transportation Systems Center, Cambridge, 
Massachusetts, 3 volumes, July 1986. DOT-TSC-NHTSA-85-4, 
85-5, and 86-1. UMTRI-74436 to 74438. 

The research described in this report pertained to 
experimental and theoretical work on Uniroyal Ensolite 
AAC, a recoverable closed-cell foam rubber material that 
is used in vehicle interior padding. Strain rates 
studied experimentally ranged from 0.8/sec to 2000/sec. 

The numbers in Table 4-1 (pg. 23 of Vol. 1) show that 
maximum stresses for any value of maximum strain are 
dependent on strain rate; in particular, compressive 
stresses are from about 35 to 80 per cent larger at 
strain rates of 73/sec than at 1.2/sec. The amount of 
dependency on strain rate decreases as maximum strain 
is increased. Additional data for loading (LD) and 
unloading (UL) at different strain rates are shown in 
Table B-5 (pg. B-6 of Vol. 1). The data there can be 
used to reconstruct entire loading/unloading curves, 
but there are no figures in the report showing those 
curves. 

Dvnamic Test Criteria for Aircraft Seats. National Aviation 
Facilities Experimental Center (DOT), Report No. NA-69-5 
(DS-69-10), Project No. 510-002-04X, October 1969. UMTRI-17120. 

This report describes research done for the purpose of 
determining the relationship between static and dynamic 
loading characteristics of aircraft seats. On pages 2 
through 9 the authors describe the definition of what 
they call a "sensitivity curvev for a specified 
response. Such a curve is illustrated in Figure 5, page 
8. It plots velocity change against average 



acceleration for an impact. That is, each impact test 
conducted results in one point to plot, and all points 
taken together constitute the "sensitivity curve.I1 They 
use the sensitivity curve determined from a series of 
dynamic tests to establish an equivalency to static seat 
strength requirements. This is described on pages 18 
through 48. The results described in this report do not 
have immediate application in understanding dynamic 
effects in terms of force-deflection loading 
specifications for simulation data sets, but the 
methodology used is an interesting way of studying 
dynamic effects in general. 

Influence of Inertia in Structural Crashworthiness. S.R. 
Reid and C.D. Austin. International Conference on Vehicle 
Structures, Cranfield Institute of Technology, London, July 1984. 
UMTRI-72087. 

This paper discusses the effect that the inertia, or 
mass, of structural elements has on impact loading. 
That is, while the author recognizes that velocity- 
dependent damping and other factors contribute to the 
overall dynamic effects on loading curves, he discusses 
specifically the effect of non-negligible mass in the 
impacted structural elements. He says on page 2 that 
It... it should be noted that treatments such as that 
described in (2) often use dynamic enhancement factors 
to scale the static non-linear spring characteristics 
attributed to the deformable elements. The source of 
these factors is sometimes unclear." [His reference 
11(2)" citation is the paper by Emmerson and Fowler 
discussed below.] 

This paper does not contain any informative numerical 
data, but its discussion of one aspect of dynamic 
effects in impact loading is nonetheless interesting. 

The AD~lication of Com~uter Simulations in Vehicle Safety. 
W.C. Emmerson and J.E. Fowler. 5th International Technical 
Conference on Experimental Safety Vehicles, London, 1974. 
UMTRI-32385. 

This paper examines dynamic effects in crash loadings 
of a vehicle. Thus, it does not examine any particular 
material or any particular component (of an occupant 
compartment), but rather it looks globally at the 
structure of a vehicle that is deformed by external 
crash loadings. General findings, nonetheless, should 
have pertinence to the effects of dynamic loading of 
occupant compartment components. 

The approach taken by the authors in representing 
the relationship of dynamic impact force to static load- 
deflection forces is to determine a multiplier for the 



static load, where, specifically, the multiplier is 
(1.0 t T) and T is equal to a Itdynamic magnifiertt 
multiplied by the rate of deformation and divided by the 
reference velocity at which the dynamic magnifier, 
called fllambda,N is determined. (See page 713.) No 
detail is given in the paper about the experimental 
methods used for determining the dynamic magnifier; it 
is stated only that it "varies for different types of 
 construction^ and that "the actual values used are based 
on previous comparisons between theory and experiment.It 
The "rate of deformationv used in the calculation is a 
time-dependent crush rate and not the "Initial Impact 
Velocityu used in somewhat similar calculations by 
Prasad and Padgaonkar in the paper discussed below. The 
initial impact velocity is used in a different manner by 
Emerson and Fowler--apparently as the divisor quantity, 
the I1reference velocity. 

On page 713 the authors state that the method they use 
can be used for any type of vehicle impact simulation 
and is not restricted to frontal impacts. Further, they 
state explicitly that they use this method ttfor 
different parts of the structurew--i.e., for separate 
components. While their application has been for 
modeling dynamic vehicle crush, it would seem that it 
could also be applied in representing dynamic effects 
for loading of occupant compartment components. 

Static-to-Dynamic AmDlification Factors for Use in Lum~ed- 
Mass Vehicle Crash Models. P. Prasad and A.J. Padgaonkar. 
SAE International Congress and Exposition, Detroit, February 1981. 
SAE-810475. UMTRI-45586. 

As in the paper by Emmerson and Fowler (discussed above) 
the analysis in this paper relates not to impact against 
component elements but, rather, to the dynamic effects 
in crash loadings of a full vehicle. 

On pages 1 and 2, the authors say, nIn order to be able 
to use the statically obtained crush data for dynamic 
simulation, a transformation is required to account for 
deformation rate effects. Therefore, the key to the use 
of the lumped-mass models is in obtaining (a) valid 
static force-deflection relationships and (b) the 
static-to-dynamic transformations for the various energy 
absorbers used in the models. The valid static force- 
deflection relationships are obtained by carefully 
matching the crush modes produced during the static 
crush tests with those observed during full-scale crash 
tests. However, considerable variations in approach 
exist in determining the static-to-dynamic 
transformation factors... The determination of these 
factors has been essentially an empirical process based 
on comparisons of model results with crash test 



results.11 They further point out that the two main 
factors affecting behaviors of structures under impact 
loading are sensitivity of material properties to strain 
rate and the effect of wave propagation and inertial 
effects within the structure itself. On page 2 they 
note that Macaulay and Redwood have shown that material 
strain rate sensitivity alone cannot explain the 
increase in energy absorption observed in dynamic tests, 
and they conclude that inertial rate effects are 
important in structures in which the crush modes are not 
predetermined by design.  his is reiterated on page 3.) 

On pages 3 through 12 the authors describe their 
development of a I1dynamic amplification factoru for 
transforming their static data into dynamic-equivalent 
data for use in full vehicle crash simulations. They 
indicate on page 4 that they tried vaious definitions of 
a Itdynamic amplification factorw and that the best 
results were obtained by using a factor for the "vehicle 
framen that was linearly dependent on initial impact 
velocity (page 5, Figure 2) together with an inertia 
spike for the "aft frameu (Figure 3). [Note that the 
horizontal axis of Figures 2 and 23  are labeled I1Crush 
RateH, but they should be labeled "Initial Impact 
Velocity."] In Table 2 on page 2 7  values are given for 
the "overall dynamic amplification factorM for four, C- 
section frame vehicles. The values range from 1.64 to 
2.0. It may be seen by using other numbers given in 
Table 2 that the authorsf definition of "dynamic 
amplification factoru is simply the ratio of the kinetic 
energy for an impact divided by the static loading 
energy that is required to produce the same amount of 
maximum crush. (This is discussed on page 1 3 . )  The 
amplification factor that they established for C-section 
frame vehicles is illustrated in Figure 2 3  on page 27. 
It should be noted that this result is different from 
their result for subcompact vehicle frames, which is 
shown in Figure 2 on page 5 .  Also, it should be 
mentioned again that the horizontal axis of Figures 2 
and 23  should be labeled "Initial Impact VelocityIt and 
not l1Crush Ratev, a quantity which varies with time and 
which was not measured in the authorsf crash tests. 
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Developnent of a three-point seat  
be l t  system comprised of webbing with control- 
lable dynamic performance characterist ics i s  
important as the most cost-effective means of 
providing occupant protection i n  automotive 
crashes. 

Analysis of data and various infor- 
mation obtained f r o m  both actual  and simulated 
crashes i s  important in  order t o  improve 
system technology. Analysis of our seat bel t  
system characterist ics was conducted using the 
spring dash-pot system as indicated i n  Figure 
1. We established dynamic performance targets 
f o r  the webbing based on the data derived from 
our analysis and produced webbing t o  meet 
those targets.  

To compare the controlled perfor- 
mance of Takata webbing versus conventional 
webbing under both dynamic and s t a t i c  t e s t s ,  
dummy t e s t s  were f i r s t  conducted. The t e s t  
resul ts  shared tha t  the new webbing was 

Development of 
Energy-Absorbing 

Safety Belt Webbing 

Juichiro Takada 
Takata Kojyo Co., Ltd. 

superior t o  conventional webbing i n  absorbing 
impact energy. Sta t ic  t e s t s  indicated that  
there were many problems which could not be 
confirmed or  evaluated. Dynamic t e s t s ,  on the 
other hand, showed us tha t  although some 
answers were available, there were s t i l l  some 
uncertain areas which needed additional t e s t -  
ing* 

DYNAMIC PERFOWNCE TEST OF WEBBING 

The evaluation of webbing perfor- 
mance can be divided in to  s t a t i c  and dynamic 
characterist ics.  There have been numerous 
discussions on both phenomena. As f a r  as 
automotive safety seat  bel ts  are concerned, 
the use of s t a t i c  t e s t  phenomena may be 
standard practice but we doubt i t s  r ea l  
values. 

Because there has been no standar- 
dized test ing method for  evaluating dynamic 

Seat be l t  systems can be considered 
as the most convenient and pract ica l  system 
f o r  occupant protection in  automotive crash 
situations. 

Takata Kojyo Co., Ltd. has been 
str iving t o  design and create a seat  bel t  
system that  would be both pract ica l  and 
effective i n  absorbing impact energy with no 
injury i n  high speed crashes, 

In our search fo r  more effective 
seat  be l t  systems, we have conducted various 
comparison t e s t s  between convent!.onal webbings 
and our newly developed webbing i n  regard t o  
rheological property. 

1. I n  regard t o  the dynamic performance 
of the  webbing, the quantity of absorbed 
impact energy and the  r a t e  of absorbing 

cmergy were obtained and compared through 
t e s t s  a t  various impact speeds. 
2. Duuuny t e s t s  were conducted i n  our 
laboratories to compare the improved 
Tekats energy-absorbing (FA) webbing with 
conventional webbing. The resul ts  showed 
the conspicuous superiority of the Takata 
webbing w e r  the conventional types. 
3. Using our improved webbing, two l ive  
human volunteers were able t o  success- 
f u l l y  complete t e s t s  a t  impact speeds of 
30.3 and 30.4 mph without injury or  pain. 
4, In the future, to enhance safety, 
sea t  belts ,  as  well as other r e s t ra in t  
systems, should be evaluated with the 
use of dynamic t e s t s  with l iving human 
volunteer subjects rather than with 
anthropomorphic dummies. 



rn MASS OF OCCUPANTS 
k SPRING CONSTANT 
c DASH POT DAMPING CONSTANT 
x 1 VEHICLE DISPLACEMENT 
x z  OCCUPANT POSTURE DISPLACEMENT 

Fig. 1 - Simple crash model 

conditions, we created our own t e s t  equipment,. 
an impact t e s t  sled, as  shown i n  Figures 2, 
3 and 4. Webbing pieces t o  be tes ted  were 
placed on the  impact sled. One end of the 
webbing was attached t o  the s led and a weight 
was attached t o  the opposite end of the web- 
bing. The weight was f r ee  t o  move horizontally 
on the  s led during impact. The sled was 
accelerated and impacted against  a bar r ie r .  
A t  impact, the  weight loaded the  webbing 
causing dynamic elongation which was deter- 
mined by analysis  of high..speed films of 
photographic t a rge t s  o r  marks attached t o  
the webbing. 

I FIXED BARRIER 
2 SLED 
3 WEIGHT 
4 ACCELEROMETER 
5 TENSIOMETER 
6 LEADPIPE 
7 WEBBING 
8 HlGll SPEED CAMERA 
9 WIRE ROPE Fig. 2 - Dynamic test configuration of webbing utilizing sled 
1 0  TARGET POINT impact test equipment 

Fig. 4 - Sled for dynamic test of webbing 
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TEST PlECE LENGTH 1000 mm 
WEIGHT 25.0 kg - - 1 0  M.P.H. 

SLED VELOCITY Ixlx z:: 2 0  MJ"H. 
3 0  M.P.H. 

W E B B I N G n P E  I - --- ---- NEW E.A. 
60 - - - - --** STANDARD 

Using the time data (T)  from the 
high speed cameras, strain vs. time curves 
were drawn. bamples are shmn on Figures 
5 and 6. 

The strain rate curves show the 
time a t  which the maximum strain rates occur 

TEST PIECE LENGTfi 1000 lllln 

WEIGHT 25.0 kg 

2 ROO 
Y 

Fig. 5 - Dynamic test length versus time (webbing) 

I - - 1OM.P.H. 
SLED VELOCITY - - w 1. 2 0  M.P.H. --.--- .--.-. 30 M.P.H. 

--- NEW E.A. 
WEBBING (Z  z:: .-= STANDARD 

TEST PIECE LENGTH 1000 mm 
WEIGHT 35 ke 

ELONGATION (%) 

Fig. 7 - Dynamic test webbing elongation versus 
load 

TEST PIECE LENGTH 1000 mm 
I WEIGHT 35 kg 
I' I 

I I 
r I - 10 M.P.H. 

I I 
30 M.P.H. 

1400 I I 

TIME (m.scc) ELONGATION ('%) 

Fig. 6 - Dynamic test webbing elongation versus time Fig. 8 - Dynamic test webbing elongation versus load 
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as  well as  the time when the s t r a i n  ra tes  
become zero. However, the r a t e  of onset of 
load as  applied by the impact sled was not 
constant. 

Oscillographic records of the 
impact sled t e s t s ,  and the s t r a i n  vs. time 
curves were used t o  create the load vs. 
s t r a in  curve. The resu l t s  of the measure- 
ments are  shown a t  Figures 7 and 8. 

In Figure 9, the area 0 A B 
represent energy absorbed by the  webbing per 
unit  length i n  the impact s led  t e s t s .  The 
area under the curve designated by 0 A C i s  
equivalent t o  the work done on webbing per 
unit length. The energy absorbed divided 
by the work can be described as  the energy 
absorption ra t io .  

According t o  our results ,  type F121 
among the newly developed energy absorbing 
webbing was found t o  be the best  a s  shown i n  

0 B C 

ELONGATION 

Fig. 9 - Load versus elonga- 
tion curve 

Fig. 11 - Seat belt assembly 

Figure 10, That wedbing, therefore, was 
expected t o  provide the most favorable 
resul ts  i n  dummy as  well a s  i n  the  l ive  human 
tes t ing a t  Naval Air Developnent Center, 
Philadelphia. 

The Type Fl21 Takata webbing was 

- 25 kg 

I 
WEIGHT [ - -- 35 kg 

STANDARD K54S H358 F121 

Fig. 10 - Dynamic test energy ab- 
sorbed by webbing 

b I LAP BELT 
2 SHOULDER BELT 
3 TONGUE PLATE EMERGENCY LOCKING 
4 LAP BELT RETRACTOR (E.L.R.) 

V 5 COVER 
6 SHOULDER E.L.R. 
7 SHOULDER E.L.R. COVER 
8 BUCKLE 
9 SENSOR 
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Fig. 12 - Seat belt seat occupant system 

LAP BELT 
SHOULDER BELT 
LAP E.LR. 
SHOULDER E.LR. 
TONGUE PLATE 
BUCKLE 
SHOULDER BELT GUIDE RING 
SEAT 
FOOT CELL 

Fig. 13 - Dummy test configuration at mkata Kojyo 

developed specifically f o r  use as  the 
shoulder bel t  i n  r e s t ra in t  be l t  systems. 
The system components are  shown i n  Figures 
11 and 12. 

ANTHROPOMORPHIC DUMMY TESTS 

We conducted a ser ies  of dynamic . 
dummy t e s t s  on our sled with three-point 
be l t  systems a s  shown i n  Figures 13 and 14, 
One system included the newly developed 
webbing ( ~ 1 2 1 )  while the other used conven- 
tional webbing. The dummy used f o r  the t e s t s  
was the Alderson VIP 50A. The sled t e s t s  

1 FIXED BARRIER 
2 SLED 
3 SEAT 
4 ACCELEROMETER 
4 ACCELEROMETER 
5 TENSIOMETER 
6 LEADPIPE 
7 LAPBELT 
8 SHOULDER BELT 
9 WIRE ROPE 
10 SHOULDER E.L.R. 
1 I LAP E.L.R. 

Fig. 14 - Sled for dynamic 

test of seat belt assembly 
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I I W , ~ s E V E R I T Y  INDEX 

NEW E.A. WEBBING 
l o o 0  

1 
0 S T A N D A R D  WEBBING 

- SHOULDER LOAD 

SEVERITY INDEX 

DISPLACEMENT 
8 0 0  - 

600 

'0° - SHOULDER LOAD (kg) 
DISPLACEMENT (mm) 

5 0 0  
6 0 0  - 

I 

50-500 400- 

* 
a w 

j 4 0 - 4  

I- 3 0 - 3 0  
Z 
4 
t; 
i? 2 0 - 2 0 0  
W 

k 
g l o - l o o  
U 

VELOCITY (M.P.H.) 

Fig. 15 - Results of dummy tests 

were run a t  10, 20 and 30 mph. As shown i n  
Figure 15, the d is t inct ive  effectiveness of 
the seat  be l t  system with the newly devel- 
oped F121 webbing is seen by the reduction 
of the Severity Index as well as  other 
performance data. The effectiveness of our 
new webbing was shown through our basic t e s t s  
and a lso  through dummy t e s t s  fo r  advancedi 
passive b e l t  r e s t ra in t  systems run by 
Department of Wansportation's National 
Highway and R g f f i c  Safety Administration a t  
the Philadelphia Naval Base. The dummy used 
i n  those t e s t s  was the Hybrid 2.  The maximum 
t e s t  speed was approximately 30 mph. 

HUMAN VOLUNTEW TEST 

In order t o  determine the most 
effective energy absorbing be l t  system used 
i n  MITSA's t e s t  program involving advanced/ 
passive be l t  r e s t ra in t  systems, a series of 
t e s t s  with l i v e  human volunteers were run. 
Five human volunteers using three-point seat  
b e l t  systems developed by Takata Kojyo 
participated i n  a ser ies  of t e s t s  s tar t ing a t  
5 tuph and ending a t  30.4 mph. Test speeds 
were increased i n  increments of 2.5 mph. The 
f i n a l  resul ts  show tha t  the l i v e  human volun- 
t ee r s  were able t o  successAilly complete a 
simulated car crash t e s t  of s l igh t ly  more 
than 30 mph a t  s l igh t ly  over 21G without 
injury or  pain. 

SUMMARY 

1, The dynamic performance of the 
various energy absorbing webbings developed 
by Takata Kojyo Co., Ltd, has been proven. 

2. The resul ts  of l i v e  human t e s t s  
with a three-point be l t  system including 
the new energy absorbing webbing has shown 
tha t  the volunteers can endure impacts of 
more than 30 mph without injury, 

3. Although conventional seat  be l t  
performance can be tested s ta t ica l ly ,  the 
rea l  performance of be l t s  can only be shown 
by dynamic crash t e s t s .  Our experience 
shows tha t  effective evaluation of perfor- 
mance l i e s  i n  dynamic t e s t s .  

The author g r a t e w l y  acknowledges 
NWTSA's contribution through i t s  ser ies  of 
dummy and l i v e  human t e s t s  and the contri- 
bution made by a l l  the people a t  Naval A i r  
Developnent Center, Philadelphia concerned 
with the t e s t s .  
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( i i )  

ABSTRACT 

The s t reng th  o f  seat  be1 t j o i n t s  was determined under cond i t i ons  

o f  h igh  s t r a i n  r a t e  s im i  l a r  t o  those experienced i n  t r a f f i c  crashes. 

For these t e s t s  a dynamic t e s t  r i g  was designed, manufactured and 

operated i n  a  shock t e s t i n g  machine. The r e s u l t s  o f  these dynamic 

t e s t s  were compared w i t h  the  r e s u l t s  o f  t e s t s  o f  s i m i l a r  j o i n t s  

under cond i t i ons  o f  convent ional  slow s t r a i n  r a t e  (so c a l l e d  s t a t i c )  

t e s t i n g .  

I t  was found t h a t ,  f o r  t h e  var ious j o i n t s  tested,  j o i n t  

s t reng th  under dynamic t e s t i n g  cond i t i ons  was between 21  per  cent 

lower and 8 per  cen t  h igher ,  and on average 11 per  cen t  lower than 

t h a t  under s t a t i c  t e s t i n g  cond i t i ons .  



INTRODUCTION 

The s t rength  o f  a  seat  be1 t i s  1  i m i t e d  by the  s t reng th  o f  i t s  

weakest p a r t .  The weakest p a r t s  o f  a  seat be1 t are the  j o i n t s  between 

webbing and o ther  components, o r  those components themselves . Seat 

b e l t  webbing breakage i s  r a r e l y  loca ted  away from such j o i n t s  which 

expla ins why a  minimum webbing s t rength  i s  no t  s p e c i f i e d  i n  the  

Aus t ra l i an  Standard1 f o r  seat be1 t s  (AS E35 ) .  

Although a  seat b e l t  i s  requ i red  t o  perform s a t i s f a c t o r i l y  under 

cond i t ions  o f  very h igh  s t r a i n  r a t e  and,in A u s t r a l i a  and some o ther  

count r ies ,  t o  pass a  dynamic t e s t 2 ,  t he  s t rength  o f  seat  be1 t webbing 

i s  usua l ly  determined by means o f  convent ional slow s t r a i n  r a t e  (so- 

c a l l e d  " s t a t i c "  tens ion  testing)). I n  a d d i t i o n  AS E35 requ i res  t h a t  

the s t a t i c  s t rength  o f  webbing connections be evaluated as p a r t  o f  a  

program o f  t e s t s  requ i red  f o r  the purpose o f  examining the  detr imenta l  

e f f e c t s  o f  s u n l i g h t  and heat on the  s t rength  o f  webbing, thread and 

webbing connections. Results o f  any such t e s t s  t h a t  may have been 

performed have n o t  p rev ious ly  been reported. 

Dynamic t e s t i n g  o f  seat be1 t webbing has been undertaken 

prev i  ously4 '' ' 6  and the r e s u l t s  have i nd i ca ted  t h a t  the  breaking 

fo rce  o f  webbing i s  g rea ter  i n  the dynamic case5'? Seat be1 t j o i n t s  

are known t o  behave d i f f e r e n t l y  under dynamic and s t a t i c  t e s t i n g  and 

i t  was intended t o  i n v e s t i g a t e  t h i s  phenomenon dur ing  t h i s  study. 

The d i r e c t  determinat ion o f  the  dynamic s t rength  o f  webbing i s  

a  d i f f i c u l t  mat te r  c h i e f l y  because of the problem o f  g r i pp ing  the  

webbing w i thout  inducing f r a c t u r e  o f  t he  t e s t  specimen i n  the  g r i ps .  

Even under cond i t ions  of s t a t i c  t es t i ng ,  very e laborate g r i ps  are 

requ i red  and even then some 5 t o  10 per cent o f  t e s t  r e s u l t s  have t o  

be discarded because f r a c t u r e  occurs ou ts ide  the middle t h i r d  o f  the 

between-grip length, w i t h i n  which val i d  t e s t  f r ac tu res  must occur. 

(See AS 17533). 

Numerals r e f e r  t o  References. 



Webbing connections do n o t  present  t h i s  problem o f  dynamic t e s t i n g  

because, as a l ready stated,  they are  weaker than webbing. This 

permi ts  comparative t e s t s  t o  be conducted, i n  which a  s p e c i a l l y  made 

reference j o i n t  i s  used t o  connect t he  t e s t  specimen, i n c l u d i n g  the 

j o i n t  t o  be tested, t o  the  t e s t i n g  machine. 

THE TESTING MACHINE 

The determinat ion o f  dynamic s t reng th  na tu ra l  l y  requ i res  the  

a v a i l a b i  1  i t y  o f  a  s u i t a b l e  t e s t i n g  machine. The main c h a r a c t e r i s t i c s  

o f  such a  machine are  as fo l lows:-  

(a )  The machine must be ab le  t o  reproduce the s t r a i n  ra tes  

encountered i n  r e a l  crashes i n  which complete b e l t s  are invo lved.  

(b )  The machine s t i f f n e s s  and mass must be enough t o  ensure 

t h a t  they do n o t  unduly i n f l uence  the t e s t  r e s u l t s  

( c )  An accurate record o f  webbing tens ion  against  t ime i s  

requi red.  

(d )  The machine s t roke  should exceed 100 mm i n  order  t h a t  

specimens o f  adequate length  can be broken. 

I n  s e l e c t i n g  a  s u i t a b l e  t e s t i n g  machine f o r  the work repor ted here 

i t  was decided t h a t  t he  machine should be ad jus tab le  over a  wide range 

of seat  b e l t  t e s t i n g  pulses, be capable of much h igher  v e l o c i t y  changes 

than the  50 km/h upper 1 i m i  t o f  t he  Department's Monterey crash s led,  

and be capable o f  c a r r y i n g  o u t  dynamic compression and shear t e s t s  on 

o ther  crushable ma te r ia l s  and s t ruc tu res ,  intended t o  be i nves t i ga ted  

i n  l a t e r  s tudies.  



No machine cou ld  be found t h a t  would meet these requirements,  

e s p e c i a l l y  t he  100 mm s t r o k e  f i g u r e .  Accord ing ly  i t  was decided t o  

purchase a shock t e s t i n g  machine and t o  des ign and manufacture t h e  

necessary t e s t  r i g s  and ins t rumenta t ion .  The machine se lec ted  was 

the  IMPAC model 1212 HVA shock t e s t i n g  machine supp l i ed  by MTS 

Systems Corporat ion.  De ta i  1s o f  the  tens ion  t e s t i n g  r i g ,  developed 

f o r  seat  be1 t component t e s t s ,  a r e  g iven  i n  t h e  Appendix. The r i g  

was designed and f i n e l y  tuned t o  reproduce approx imate ly  t he  webbing 

f o r c e  pu l  ses recorded du r i ng  f u l l  - sca le  dynamic t e s t s  performed a t  

a v e l o c i t y  change o f  50 km/h on t he  Monterey Sled. 

TEST SPEC I MENS 

The t e s t  specimens were se lec ted  f o l l o w i n g  a survey o f  seat  

be1 t s  commercial ly a v a i l a b l e  f o r  use i n  motor veh i c l es .  For our  

purposes i t  was n o t  in tended t o  t e s t  t he  i n e r t i a  r e e l  mechanism used 

i n  emergency l o c k i n g  r e t r a c t o r  sea t  b e l t s  and so i t  was decided t o  

t e s t  non - re t rac tab le  sea t  b e l t s .  The j o i n t s  used i n  bo th  t he  

r e t r a c t a b l e  and non - re t rac tab le  be1 t s  were i n  any case found t o  be 

s i m i l a r ,  t he  webbing f o r  example be ing  norma l l y  i d e n t i c a l ,  and 

the  anchorage j o i n t s  u s u a l l y  t he  same. 

I t  was found t h a t  t he  commercial ly a v a i l a b l e  brands o f  non- 

r e t r a c t a b l e  be1 t s  were a l l  ve ry  s i m i l a r  i n  appearance. Two brands 

o f  seat  b e l t  were chosen as be ing  rep resen ta t i ve  o f  those 

a v a i l a b l e .  

S i x  lap/sash be1 t s  des ignated brand A* and s i x  1 ap be1 t s  

designated brand B** were purchased f o r  t e s t  i n  a p i  l o t  s e r i e s  o f  

s t a t i c  t e s t s .  Two p ro to t ype  j o i n t s  were designed and f i v e  samples 

o f  each were produced us ing  brand B webbing, as shown i n  F igures 1 

t o  4 .  

* Manufactured by Coo ld r i ve  Consol idated I n d u s t r i e s  

** Manufactured by TRW A u s t r a l i a  L t d .  



I n  t h e  f u l l  s e r i e s  of s t a t i c  t e s t s  i t  was cons idered more 

va luab le  t o  t e s t  t he  lap/sash type  o f  be1 t o f  each brand, r a t h e r  than 

the  lap/sash b e l t s  o f  brand A and t h e  l a p  b e l t s  o f  brand B, i n  o r d e r  

t h a t  two types o f  each of  t h e  j o i n t s  used i n  l a p l s a s h  b e l t s  cou ld  be 

t es ted .  To t h i s  end 20 lap /sash  sea t  b e l t s  o f  b rand  A and 20 of  brand 

B  were purchased. Samples o f  t h e  webbing used i n  each brand o f  sea t  

be1 t were a l s o  ob ta ined ;  f rom t h i s  e x t r a  webbing, 30 l e n g t h s  s u i t a b l e  

f o r  s t a t i c  t e s t i n g  were c u t  f o r  each brand and a l s o  20 t e s t  specimens 

w i t h  D- r ings  a t  one end were made f o r  each webbing t ype .  For  t h e  

dynamic t e s t i n g ,  ha1 f o f  t h e  be1 t samples were sewn one end w i t h  t he  

D - r i n g  j o i n t  w i t h  t h e  j o i n t  t o  be t e s t e d  a t  t h e  o t h e r  end, and 30 

leng ths  o f  webbing o f  each t ype  were sewn b o t h  ends w i t h  D - r i ng  

j o i n t s .  

TEST PROGRAM 

The p i l o t  s e r i e s  o f  s t a t i c  t e s t s  was undertaken us i ng  an 

Avery Un ive rsa l  Tes t i ng  Machine o f  50 kN c a p a c i t y .  Fo l l ow ing  

c o n s i d e r a t i o n  o f  these r e s u l t s ,  t he  number and type o f  t e s t  

specimens and t h e  t e s t  program f o r  t h e  f u l l  s e r i e s  o f  s t a t i c  and 

dynamic t e s t s  were f i n a l i s e d .  

The f u l l  s e r i e s  o f  s t a t i c  t e s t s  used t h e  Avery Un i ve r sa l  

Tes t i ng  Machine u t i l  i s e d  f o r  t he  p i l o t  s e r i e s .  The dynamic t e s t  

s e r i e s  was undertaken us i ng  the  Impai  model 1212 HVA shock t e s t i n g  

machine and t he  t ens ion  t e s t i n g  r i g  as descr ibed  i n  Appendix 1. 



DISCUSS ION OF RESULTS 

The r e s u l t s  o f  t h e  t e s t s  a re  shown i n  t h e  Tables as f o l l o w s :  

TABLE 1:- Sunmary o f  Resu l t s  of  P i l o t  S t a t i c  Tests 

The r e s u l t s  ob ta i ned  i n  t h e  p i l o t  s t a t i c  t e s t s  conf i rmed t h a t  

t h e  sea t  b e l t  j o i n t s  were weaker than t he  webbing i t s e l f .  I n  o rde r  

t o  descr ibe  t h e  s t r e n g t h  o f  t h e  va r i ous  j o i n t s  i n  t e r n ~ s  o f  the  

s t r e n g t h  o f  t h e  webbing, j o i n t  e f f i c i e n c y  was de f i ned  i n  the  f o l l o w i n g  

r e l a t i o n s h i p :  

J o i n t  e f f i c i e n c y  = b reak ing  f o r c e  o f  j o i n t  x 100 

( p e r  cen t )  b reak ing  f o r c e  o f  webbing 

I n  t he  p i l o t  s tudy,  mean j o i n t  e f f i c i e n c i e s  ranged from 44 t o  

77 pe r  cen t  f o r  d i f f e r e n t  types o f  j o i n t s .  

TABLE 2 : -  Summary o f  Resu l t s  o f  S t a t i c  Tests 

I n  t h e  f u l l  s e r i e s  o f  s t a t i c  t e s t s ,  j o i n t  e f f i c i e n c i e s  ranged 

f rom 47 t o  74 p e r  cen t .  

TABLE 3:- Summary o f  S t a t i c  Tes t  Resu l t s .  Resu l t s  D i v i ded  A c c o r d i 2  - 
t o  the  P a r t i c u l a r  P a r t  o f  J o i n t  Broken 

I n  o rde r  t o  i d e n t i f y  t he  p a r t i c u l a r  p a r t  o f  t he  sea t  b e l t  j o i n t  

broken, the  concept o f  p a r t - o f - j o i n t  e f f i c i e n c y  was developed. By 
" p a r t - o f - j o i n t "  i s  meant t h e  s t i t c h i n g ,  webbing o r  metal  component 

p a r t  o f  a  complete j o i n t .  

P a r t - o f - j o i n t  e f f i c i e n c y  was de f i ned  i n  t h e  f o l l o w i n g  r e l a t i o n s h i p :  

P a r t - o f - j o i n t  e f f i c i e n c y  = b reak inq  f o r c e  o f  p a r t - o f - j o i n t  x 100 

( p e r  cen t )  b reak ing  f o r c e  o f  webbing 



For  t h e  f u l l  s e r i e s  o f  s t a t i c  t e s t s ,  p a r t - o f - j o i n g  e f f i c i e n c i e s  

ranged f rom 44 t o  74 pe r  cen t  as shown i n  Table  3 and F igures  5 t o  9 . 

TABLE 4: -  Summary o f  Resu l t s  o f  Dynamic Tests  

The mean b reak ing  f o r ces  r e q u i r e d  t o  break p a r t s  o f  p a r t i c u l a r  

j o i n t s  a r e  l i s t e d  i n  Table  4. A l i m i t a t i o n  o f  t h e  dynamic t e s t  

r e s u l t s  was t h a t  no t e s t i n g  c o u l d  be c a r r i e d  o u t  on webbing a lone  

because o f  t he  problems p r e v i o u s l y  o u t l i n e d ,  i n v o l v i n g  the design 

o f  a  non-s l  i p  webbing at tachment  f o r  impact a c c e l e r a t i o n s  o f  up t o  

30 t imes g r a v i t y .  

TABLE -- 5 :  - Summary o f  Dynamic Tes t  Resu l t s .  Resu l t s  D i v i d e d  --- 
Accord ing t o  t h e  P a r t i c u l a r  P a r t - o f - J o i  n t  Broken 

P a r t - o f - j o i n t  mean s t r eng ths  were determined by grouping t he  

t e s t  r e s u l t s  accord ing  t o  t h e  p a r t i c u l a r  p a r t  o f  t h e  j o i n t  broken 

( s t i t c h i n g ,  webbing o r  metal  ) . 

TABLE 6 : -  --- Comparison Between S t a t i c  and Dynamic P a r t - o f - J o i n t  S t reng th  - ---- - .- - 

As shown i n  Table 6  and F igures  10 t o  1 4 ,  t he  d i f f e r e n c e  i n  the 

mean s t r e n g t h  o f  t h e  va r ious  j o i n t s  i n  t h e  dynamic as compared w i t h  the 
s t a t i c  case ranged from 2 1  per  c e r ~ t  lower  t o  8 per  cen t  h i g h e r .  The 

dynamic t e s t  r e s u l t s  displayed,on average, an 11 pe r  cen t  lower  p a r t -  

o f - j o i n t  b reak ing  f o r c e  than recorded i n  t h e  s t a t i c  t e s t .  

TABLE 7 : -  Comparison Between t he  P ro to t ype  D-Ring J o i n t  and Other -.--- .-------. -- -- --.-- -- 

J o i n t  S t reng ths  - -- 

I n  t he  absence o f  dynamic t e s t  r e s u l t s  f o r  webbing a lone,  the  

D - r i ng  j o i n t  was used as a  b a s i s  f o r  compdrison o f  the s t r eng ths  o f  

the o t h e r  j o i n t s  under s t a t i c  and dynamic t e s t i n g  c o n d i t i o n s  

r e s p e c t i v e l y .  



A comparison between the fo rce  pulses recorded i n  t e s t  specimens 

and t h a t  produced i n  seat b e l t  webbing dur ing  s led  runs us ing seat 

be1 ted  dummies, i s  described i n  the Appendix. This comparison 

i nd i ca tes  t h a t  the fo rce  pulses recorded i n  the t e s t  specimens were 

representa t ive  o f  s l e d  crashes (and the re fo re  rea l  1  i f e  crashes), 

except i n  so f a r  as misalignment problems were no t  reproduced. 

CONCLUS IONS 

The j o i n t  e f f i c i e n c y  o f  seat be1 t j o i n t s  i n  two commercially 

a v a i l a b l e  seat b e l t s  under convent ional s t a t i c  t e s t i n g  ranged from 

44 t o  58 per  cent. J o i n t  s t rength  under dynamic t e s t i n g  cond i t ions  

was between 2 1  per  cent lower and 8 per  cent h igher ,  and on average 

11 per  cent lower than t h a t  under s t a t i c  t e s t i n g  cond i t ions .  

I t  was found t o  be poss ib le  t o  design a  j o i n t  which had an 

e f f i c i e n c y  under s t a t i c  t e s t  cond i t ions  of  over 73 per  cent f o r  each 

brand o f  webbing tested.  This j o i n t  used r e a d i l y  a v a i l a b l e  seat 

be1 t components and a  t y p i c a l  s t i t c h i n g  technique and appears s u i  tab1 e  

f o r  use as an anchorage j o i n t .  

The d i f f e r e n c e  between the  s t a t i c  and dynamic t e s t  r e s u l t s  

i nd i ca ted  t h a t  the s t a t i c  t e s t i n g  o f  seat b e l t  j o i n t s  was probably 

both an u n r e l i a b l e  and (usua l l y )  an o p t i m i s t i c  technique. 

For a b e t t e r  understanding o f  the s t rength  o f  seat b e l t  j o i n t s  

i t  would be necessary t o  dynamical ly t e s t  webbing concur ren t ly  w i t h  

t e s t s  o f  seat b e l t  j o i n t s .  This would permi t  the determinat ion o f  

j o i n t  e f f i c i e n c y  i n  the dynamic case. 





APPENDIX 1 

THE DYNAMIC TEST RIG 

(a )  Design 

The dynamic t e s t  r i g  was designed, manufactured and mounted i n  

the IMPAC 1212 HVA shock t e s t i n g  machine as shown i n  the photographs 

o f  Figures 15 t o  17. The t e s t  r i g  was designed us ing a  computer 

s imu la t ion  o f  a  mass sp r ing  system as shown i n  Figure 18. The 

t h e o r e t i c a l  webbing fo rce  curve approximates the actual  webbing fo rce  

curve f o r  the f i r s t  15 mi l l i seconds o r  so and then deviates.  This 

can be expla ined by the  f a c t  t h a t  the  computer s imu la t ion  assumed a  

l eng th  o f  webbing o n l y  was being t e s t i n g  i .e. no s t i t c h i n g  o r  hard- 

ware j o i n t s  - a f t e r  the i n i t i a l  webbing s t re t ch ,  breakage and 

s t r e t c h i n g  o f  the s t i t c h i n g  ( i n  the p a r t i c u l a r  D-r ing case used i n  

F igure 15) changed the dynamic behaviour of  the specimen. 

The performance o f  the  r i g  and machine was f i n e l y  tuned t o  

produce the requ i red  t e s t i n g  cond i t ions .  The requ i  rements o f  the 

s l e d  dece lera t ion  i n  seat be1 ted dummy runs f o r  Aus t ra l i an  Design 

Rule 4C compliance t e s t i n g  were taken as a  guide t o  the dece lera t ion  

pulse f o r  the IMPAC machine t a b l e  dece lera t ion .  These requi  rements 

were : - 

1. Ve loc i t y  change>49 km/h 

2.  (a )  Acce lera t ion  24 < peak G's < 34 

(b )  Acce lera t ion  o f  the t a b l e  t o  achieve 249 w i t h i n  

30 mi l l i seconds ( o f  impact) and t o  be maintained 

a t  t h i s  l e v e l  f o r  no t  less than 20 mi l l i seconds 

3. 30 ms < pulse du ra t i cn  < 80 ms 

The most important  requirement of these was considered t o  be 

t h a t  o f  'peak G '  i n  requirement 2 (a ) .  Var ia t ions  i n  the parameters 

o f  drop he igh t  and programmer pressure were made and i t  was poss ib le  

t o  achieve between 24 and 30G's cons i s ten t l y  f o r  the p rope r t i es  o f  



t he  d i f f e r e n t  types of  t e s t  sample. The pu l se  d u r a t i o n  compl ied w i t h  

requi rements  2 (b )  and 3 and t he  v e l o c i t y  change then ranged between 

35 and 42 km/h which was cons idered  u n l i k e l y  t o  s i g n i f i c a n t l y  a f f e c t  

t h e  r e s u l t s ,  s i n c e  t h e  breakages occur red  b e f o r e  even t h i s  f u l l  

v e l o c i t y  change. 

These parameters produced an "accep tab le "  f o r c e  pu l se  i n  t h e  

t e s t e d  specimen as has been demonstrated i n  F i gu re  19 .  "Acceptab le"  

here  r e f e r s  t o  t h e  f o r c e  pu l se  recorded  i n  t h e  t e s t e d  specimen 

approx imat ing  t h a t  produced i n  sea t  be1 t webbing d u r i n g  s l e d  runs 

us i ng  seat  be1 t e d  dummies. The two pu lses  a r e  comparable f o r  t he  

f i r s t  15 m i l l i s e c o n d s  o r  so, and then t h e  IMPAC curves break away 

f rom the  s l e d  curves because l o a d i n g  was h e a v i e r  and designed t o  

break every  sample i n  t h e  IMPAC case. 

The t y p i c a l  l o a d i n g  r a t e  f o r  t h e  specimen under dynamic 

t e s t  i s  approx imate ly  300 kN/sec o r  about 10 kN/30  msec compared 

b,cith t he  s t a t i c  l o a d i n g  r a t e  o f  conven t iona l  sea t  b e l t  webbin-r t e s t i n g  

o f  about  0.37 kN/sec (22kN (Speci  f i e d  minimr~rn d r y  b reak ing  l oad )  

ach ieved i n  60 seconds as s p e c i f i e d  i n  Appendix A o f  A u s t r a l i a n  

Standard 1753-1975) . 

( b )  Accuracy o f  measurement 

One p a r t i c u l a r  problem when des ign ing  t h e  t e s t  r i g  was t n  

ensure t h a t  t he  f o r c e  ma in ta ined  a c c u r a t e l y  represen ted  the  red I 

f o r c e  a p p l i e d  t o  t h e  webbing under t e s t .  The e r r o r  i n  t he  webbing 

f o r c e  measurement due t o  t he  s t r a i n  gauge t ransducer  m o n i t o r i n g  t he  

f o r c e  produced by t he  mas's o f  t h e  t o p  anchorage f i t t i n g  as w e l l  as 

t h e  webbing f o r c e  was' c a l c u l a t e d  t o  be l e s s  than 1 p e r  c'ent i n  a  

t y p i c a l  dynamic t e s t .  The re1  evant c a l c u l a t i o n s  f o l  low: - 



1. STATIC CONDITIONS 

STRAIN 
I 

GAUGE Measured i n  s t a t i c  case, 

F = W + w  

Actual  Force i n  Seat Be1 t 

Sample , 
Fo = W 

2. DYNAMIC CONDITIONS 

Measured i n  dynamic case, 

= W + w + at.M.+aM.M 

(a t  = acc. o f  IMPAC's 

Aluminium Table) 

Actua l  Force i n  dynamic 

case i n  Seat Be1 t Sample, 

F1 = W + aM.M 



Hence requ i red  Force, Fmax = Fl(max) = W + aM(rnax) .M 
I n  the  dynamic case, measured fo rce  i s  reduced by the  s t a t i c  

value (W + w )  t o  ensure zero o f f s e t  a t  zero acce lera t ion .  

Now, Required Force = F1 = W + aM.M 
- - 

F m n i  t o red  + W - a . m  t 

And a t  F1 = Fmax (10 - 18kN) , at = at(max) = 269 

and W = const .  = ( 5 1  x 9.8)N and m = const.  = 1.7kg, 

Thus F,, = Fmoni t o red  
+ 0.4998kN - 0.43316 kN 

( a t  Fmax (min.expected) = lOkN, e r r o r  = 0.06664kN 

= 0.66% 

< 1%). 







The Dynamic Properties of Seat Belt 
Webbings and End Fixings as Tested 
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1. Introduction 
AN investigation of the properties o f  seat belt webbing is 
necessary for a general exaniination o f  how effective present 
webbing niaterials are and in particular for use in mathe- 
tiintical models of restraint systems in occupant dynamics 
work. In spite of there being static and dynamic British 
Standard tests of seat belt assemblies (Ref. 1 ) there seems to 
have been little published work on this subject. Dynamic 
tests are necessary as the properties of the belt tested 
statically are not necessarily those o f  a belt under dynamic 
conditions, many materials behaving differently under high 
rates of strain. Also for occupant dynamics work i t  is useful 
to isolate rate o f  strain and determine load/extension curves 
for constant strain rates, previous attempts at obtaining 

F I ~ .  I .  Seat Belt Webbings 
Top left: Dynasafe Nylon. Toprighc: W.R.1021A Nylon 
Cenrre: Pebble Weave Terylene 
Bottom left: Teleflex Nylon. Bottom right: Standard 
3 1619 Terylene 

Mr.  Brabin graduated from the University o f  
Technology, Loughborough, w i th  a degree in 
Automobile Engineering. Prior to joining MIRA i n  
1967, he was employed by Standard-Triumph 
Motor Co. Ltd. and by  Lotus Developments Ltd. 

dynamic properties o f  webbing have generally contained a 
mixture of strain rates from very high rates to zero as the 
energy of the impacting body is absorbed. In a seat belt 
assembly the end clamps of the belt could also have a large 
erect on the performance on the belt itself so an examina- 
tion o f  these fixings was also carried out. 

There are two conimon materials in use to-day for seat 
belts, terylene and nylon. In this investigation four web- 
bings were chosen all in current use by vehicle and acces- 
sory manufacturers, two of terylene and two of nylon. The 
webbing materials tested were: Pebble Weave terylene, 
Standard 31619 terylene. 270 Teleflex nylon and Dynasafe 
nylon (Fig. I). All these belts conformed to B.S.I. and the 
tnanufacturer's specifications which set a maximum elonga- 
tion for a given load. One further belt material was used as 
a standard for all the clan~p tests, this was a WR l O l l A  
nylon webbing having abrasion resistant properties, again 

Fig. 2. Seat Belt End Fixings 
Top left: Double Slot Clamps Top right: Slot and Ring Clamps 
Bottom left: A.I.D. Clamps. Bottom nght: Slab Clamps 
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currently used by a large vehicle manufacturer. The four 
pairs of end clamps tested consisted of two types used for 
laboratory testing and two types in current vehicle use. 
(Fig. 2.) The first type of clamp considered was the webbing 
hollard used by the Aeronautical Inspection Directorate for 
Inboratory tests, the second laboratory clamp was a simple 
slab design holding the belt in a zig-zag pattern. The two 
vehicle clamps tested were firstly a slot and ring type in, 
which the webbing passes through the slot round the ring 
nnd back out of the slot, a variation on this type was also 
tcsted which had anti rubbing caps either side of the slot 
and secondly a double slot type of clamp threaded the same 
way as the A.I.D. clamps. These clamps were in fact 
nianufactured at M lRA in a heavier gauge material but in 
all other respects were identical to standard clamps. 

2. Air Gun and Instrumentation 
All the dynamic webbing tests were carried out on a 
plieumatic linear accelerator housed in the impact labora- 
tory, The principle of tlie "air gun" is based on a sninller 
dcvicc in use at Birniingtianl University, the i~ltc~it iorl I~cirig 
lo build a dynatnic tensile and cotnpressive testing nlucl~ine 
which could impact materials and stnall structures at rntcs 
up to 75 ft./sec. with readings of load and extension hcing 
rcadily obtainable. A pneumatic device was chosen as being 
simple. reliable and cheap to build and run. Speed cvntrol 
i s  fairly accurate (within 5 % )  though not of course as 
accurate as its lab. mate the linear induction motor. Fig. 3 
shows a diagram of the Air Gun and Control System. The 
air gun is  opcrated by charging cylinder C via orifice A with 
air to the required pressure. The same pressure is then 
imparted to the back of the piston via orifice B, this 
releases the piston off its seal and with the piston sur- 
rounded by compressed air i t  is driven through its working 
stroke. The inertia at the end of the stroke is absorbed by a 
ring spring D and the whole air gun body moving forwards 

Fig. 3. D~agrammat~c View of Pneumatic Accelerator and 
Control System. 

through plain bearings E controlled by a damper F. The 
energy of the piston i s  imparted to a trolley which can 
either be used for crushing a material against a small steel 
Pdced concrete block or for stretcliing a niaterial by attach- . 
ing one end to the trolley and the other to the air gun bed. 
(Fig. 4.) 

As can be seen fro111 Fig. 3 the compressed air can be 
obtained from a 100 p s i ,  supply and its pressure raised to 
1,500 p.s.i. by use of an air booster or the reservoir can be 
replaced by one or two compressed air cylinders containing 
air at 2,000 p.s.i. This high pressure air is then bled into the 
cylinder via a cvntrol valve and pressure gauge. Also on 
this line i s  a control valve to atmosphere to allow the gun 
to be de-pressurised i f  for example it is found to be neces- 
sary to adjust the test sample, and this valve is also kept 
open when working in the gun test area to remove any 
possibility of an accidental tiring. Uuririg this process ;I 
3-way solenoid valve vents vritice B to attnosphere to 

CONTROL 
FILTER VALVE 

Above: Fig. 4. Air Gun and Control Console 
Below: Fig. 5. Air Gun Trolley showlng webb~ng In test pos~tloli 
w~th the camera mounted dlrectlv above 11. Tlie grld of the 
d~splacernent sensor IS attached to the slde of the trolley and  the 
accelerometer can be seen mounted on the back plate uf tlie 
trolley 

$' A- 
GUN EXHAUST 
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prcwnt ally pressure build up bcliind tlic piston which 
;,piin niay causc accidcntiil tiring. Tliis solc~ioitl viilvc is 
opcrntcil hy ;in ignition key ;inti wlicn tlic ilcsircil prcssurc 
Ir rcgistcrcil on tlic gauge llic kcy is lurncil \\liicli closes tlic 
\uivc :rnd ;illows cylitliicr prcssurc to ~ : i c I i  tlic bi~ck of llic 
piston. tlius liriny tlic gun. The ignition switcli opcratcs tlic 
solenoid v;ilvc via rclnys wliicli ;rlso switcli on ;i~iil olf tlic 
U . V .  rccorilcr at thc corrcct ~iio~liciits. 

Thc U.V. rccorilcr gives rciriloi~ts froni tlic iiccclcromctcr 
niountcil on tlic trolley, displiiccmcnt scnsor. timing ligl~ts. 
i111tl vclocity. Tlius l i lr any nioniclil of impact, striiin riilc, 
tlisplitccmc~it arirl load may bc ininieciiiitcly obtaincil. Loutl 
is ohtirinctt directly from thc accclcronictcr rcatling as the 
~rollcy wcigl~t is c i~nst i i~~t  tlirougl~out iciipiict i ~ n d  in ciiscs 
irlicrc l l ~ c  satiiplc is nttaclicd to thc trollcy tlic saniplc 
\vciglit is assrl~iicd to be ncgiigiblc comparcct with the weight 
of tlic trollcy. Disylacenicnt is obtaincd by means of a 
coppcr ctclicrt grid attached to the trolley passing through 
ii sensing rlcvicc consisting of a pair of lights and pliotocclls. 
(Fig. 5.1 This gives a square pulse on the trace for every 0.1" 
movcment on the fine scale and every I "  displacenicnt on 
tlic coarse scale, tlius displacement at any point after 
impcict i s  obtainable by counting tlie number of pulscs from 
tlic stilrt of tlic impact. Tlicsc displaccmcnt pulses arc also 
electronically suciimcd ovcr time to give a dircct velocity 
rcailout for the entire impact and rcbound. Finally tlie 
trollcy passcs through a pair ol' timing lights just bcforc 
impact to give impact speed and calibrate the velocity trace. 
Therc is also a numerical readout from a racal counter of 
the time taken between these lights. 

3a. Dynamic Tests 
For the webbing tests a 70 Ib. trolley was used, as there are 
three attachments in a lap and diagonal seat belt assembly 
for which the webbing was intended, this approximates to a 
'IIOIb. wearer. (The95 percentile weight of an American male 
is 117 Ibs.) One end of the belt was clamped to the air gun 
bed, the other to the trolley, and enough slack was allowed 
in the systcnl to ensure the trolley was rolling free and not 
cncrgised by the piston at impact. A sample length of 30" 
wiis clioscri lo I>otli be c~ono~~l ic i l l  on wchhiny and rcrlucc 
clamp cllkcls, the clamp cll'ccts being notcd by pliotograpli- 

Fig. 6. Damaged Clamps. 
Left: Slot and Rlng Type wtth anti-abrasion inserts 

Right: Double Slot Type 

inga marked gauge length in the centre of the belt alongside 
n fixed graduation. A pliotosonics camcro was uscd at first 
hut duc to tlic Iiigli cost ol' lilm and delay in pr~cssing a 
Cossor'scopc c;imcra is under dcyclopmcnt I'or this purpose. 
Tliis calncra wo1.k~ on 11ic principal of n Icngth of film 
trnvclling normally to the dircclion of belt strain cotitinu- 
ously recording gratluation lines and two niarker  dot^ on 
thc bclt, tlic sliutlcr lwilig pcrniancntly opcn. The camera 
hiis also bcen l i t~ci l  will1 a tillling light to cnablc i t  to bc 
synclironiscd wit11 ~ h c  IJ.V. Recorder. Thus from thc 
cnlargcii tiin1 licgiltivc the strain can be tlircctly mcasurcd 
for a given load, ant1 if tliis i s  thcn subtracted from the 
overall extension obtaincil from tlic U.V. lracc, ~ h c  clamp 
cll'ccts may be dctcrniinctl. 

From each inipact a loatl/extension curve i s  obtained 
showing the encrgy absorbcd by the belt and its elasticity, 
and also t l~c  load and extensions were noted at particular 
vclocities. Thc four webbing materials wcre subjected to 
scverel impacts at increasing vclocities up to hrcakagc, thus 
load/extension curves wcrc oblained for thcsc particular 
vclocities. Also at one low and one high spced the bclt was 
givcn a second impact to determine any chanyc in property 
after tlic initial impact. 

The dynanlic claliip tcsts were conducted in ;I similar 
manner to the above using (our pairs of cliuiips allti tlic 
standard anti-nbrasivc nylon belt, each test bcing plioco- 
graphed, and thc clfcct or tlic clamp determined. 

3b. Static Tests 
The webbing.. were tested statically (is., at a speed where 
dynamic effects are minimised, usually less than I in.1min.l 
on the Dennison tensile testing machine. To avoid any 
errors due to end clolnp etTects, lengths of the webbing werc 
held in the serrated jaws of the Dennison and a marked 
gauge length in the centre of the belt was photographed 
alongside a ruler at given increments of load. Finally the 
four webbings were taken to their failure load with various 
end clamps and the load and extension at Failure was noted. 

Static clamp tests were also carried out on the Dennison 
machine. Using tllc standard webbing four pairs of clamp5 
wcrc i~~ i l iv i r l~ i i~ l ly  ~nou~~ t cd  ill tlic jilws of Ilic tcrisllc maclii~ic 
and ruidings ol' load untl extension werc lakcn together wit11 
a measurement of the amount of belt that had slipped 
through tlie clamps. Also a note was made, for each pair of 
clamps, of the load and extension of the standard belt at 
breakage. 

4. Results of Clamp Tests 
The tests on seat belt clamps were carried out both to find 
a suitable clamp for tlie webbing tests and to discover what 
clTcct the clamp had on thc webbing. Hcnce only clamps in 
which it is  easy to load the belt and requirc no special 
method of attachment, such as stitching, wcre tested. 

Tlic clamp cllkct was dctermincd in both static and 
dynamic tests by subtracting the actual webbing charactcr- 
istic from the bclt characteristic when hcld by a pcrir of the 
clamps utider lest. This gavc the clamp clfcct for n pair ol' 
similar clamps, which was then halved to obtain the total 
slip for one clamp I t  was difficult to measure accurately the 
actual slip through the clamp as determining the stri~in ol 
the belt at the clamp edgc is complex. The clamping actio~i 
interferes with the volumetric strain of thc belt so altcrs thc 
strain in the direction of the load. Thus the bclt slipping 
through the clamp not only takes up the strain of the rest 
of the webbing under load and the strain due to clamp 
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STATIC CLAMP LFCECTS 
'Doof 

I 

Fig. 7 Fig. 8 

interference but has possibly been prestrained by its passage due in part to this sinail amount of slip, the belt had a far 
through the clamp as well. Total slip is the sum of all these higher failure load when held in this clamp, these being the 
effects and to obtain actual extension for a belt at a given only clamps in which the belt did not fail when impacted at 
load would have to be added to the figure obtained from the 38 ft./sec. by the 70 lb. trolley. 
load extension curve for each clamp. 

Figs. 7 and 8 show load plotted against Total Slip for 
static and dynamic tests using the standard WR.lO2IA 
nylon belt. It is immediately noticeable that clamps behave 
differently under impact loading and allow much less slip 
with dynamic loading. Most noticeable is the slot and ring 
type of clamp which under static loading slipped continu- 
ously over 2,000 Ib. and was unable to take the belt to its 
failure load. At an impact loading at 38 ft./sec. the same 
clamp allowed about 3 in. slip and then held the webbing 
firmly. This clamp was fitted with anti-abrasion caps either 
side of the slot and failed under a load of 3.600 Ib. (Fig. 6 )  
so another pair of clamps were tested similar to this type 
but without the ~ p s  (slot and ring (2) ) and these took the 
belt to its dynamic failure load. The only other damage that 
occurred to clamps was to the double slot type which were 
slightly bent (Fig. 6). These clamps were of thicker gauge 
steel than thosc used in vehicles so it is likely that this 
damage would also occur to the standard clamp. 

From Figs. 7 and 8 i t  can be seen that the method of 
clamping can alter both the braking load and total extension 
of the same belt quite considerably. For the tests on webbing 
properties the slab clamps were chosen as they allowed no 
belt slip at all under high rate of strain but they sutrercd from 

. the disadvantage of giving a low belt brcakage load. To 
obercome this the A.I.D. clamps werc used as wcll which 
allowed about I in.slip and then held the belt lirrnly; possibly 

5. Results of Webbing Tests 
Figs. I I to 14 show the characteristics obtailred by testing the 
four webbing materials at three different constant speeds and 
statically.The two nylons are fairly similar,giving high failure 
loads at their maximum strain of 20-25 Y : .  Also the shape of 
the Pebble Weave terylene curve is similar to tlre nylons, but 
giving lower loads before breakage ayiin at a strain of 
20-25 ",. The Standard 3 1619 terylene webbing lrowever htrs 
a somewhat differently shaped characteristic in thur I'iriiure 
does not occur until 35% strain and at lower loud t h ~ n  tliu 
failure load of nylon belts. The hilure loads of the webbing 
are less under impact loading than those obtained statically, 
but generally the static failure gives some indication ol' thu 
dynamic failure load. 

The difference in the clrarncteristics for varying spccds 
seem very small and the dynanric curves can be considered 
similar within the scnttcr due to webbing irregularities. Also 
the curve obtained by static [estiug again gives a reaso~~abIu 
indication of the slyape of the dyna~nically tested webbi~~gs 
at spwds up to 40 f't./sec. Curves were [lot plottcd for hiyhcr 
speeds than 25 I't./sec. as belt breakage prcvc~itcd enctuyli 
points being taken. However all the data collcctcd on 
dynan~ic tests were uxd to obtain the followingequatioi~s for 
the dynamic churacteristics and the static: charucturistic 
equations wcrc also obtaiacd. 
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Right: Fig. 10 

Below left: Fig. 1 1 

Below righc Fig. 1 2 
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Slarrdurd 3 1619 Trry/etle 

Static P = I65x - 7.96x2 + 0. 191.ra 
Dynamic P = 2IOx - 9.95~' f 0.1 86xJ 

Pebble Weave Teryletir 

Static P=124xi-0.70~" 
Dynamic P = 80x + 4*94xa 

Teleflex Nylon 

Static P = 78.7.~ i 6.75,~" 
Dynamic P = lOOx t 3.30x2 

Dyttasuje Nyloti 
Static P = 110x f 5 . 4 9 ~ ~  
Dynamic P = 128.r + 2.5 I.r2 

Where P - Load in Ib. 
and x = U,/, strain 
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7. STRAIN 

Fig. 14 

10 10 
% r r n A l n  

L 1  a** !At The dynamic characteristic equations were integrated to 
find the total energy absorbed ( A ~ T ) .  This is the sum of rhe 

Fig. 13 reversible ( A R )  and the irreversible ( A , )  energies absorbed. 
Total energy absorbed was plotted against load for the four 
webbing materials and is shown in Fig. 10. Also in this figure 
is shown the curve obtained from a material used for energy 
absorption purposes called tear webbing (Ref. 2). The lwd i  
displacement curve for tear webbing is shown in Fig. 9; i t  
can be seen that it is a good constant yield energy absorber 
with only a small amount of elasticity. 

Figs. 15-1 8 show graphs plotted of load against percentage 
strain for two different initial impact velocities. 28.5 ft./src. 
and 15 ft./sec. These graphs show the reversible and irrever- 
sible energies absorbed at these two speeds for the four 
materials, although of course the speed varies down to zero 
at maximum strain. Also on these graphs is shown the result 
oia second impact at the same speed. The two nylon webbing 
properties are not altered very much by the first impact. 
However the Standard terylene gives high loads for less 
strain under the second high speed impact and the Pcbble 
Weave terylene failed when impacted twice at its nornlal 
failure load. Also the tables in these ligures show the per- 
centage irreversible energy absorbed of the total energy lo be 
absorbed. The Standard terylcrie was by far the hiplirsl in 
this respect and thus is a better energy iibsorkr than thc 
Pebble Weilvc: terylene and [he two nylon webbings. 

9 
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Fig. 16 'h 

Fig. 17  Fig. 18 

Discussion of Results 
The ideal webbing property is probably a constant yield 
device. According to Searle (Ref. 3) the replacement of a 
linear spring device by a constant yield device will reduce by 
approximately 50% the peak deceleration of the occupant. 
A low hysteresis seat belt should tend to give the occupant a 
high rebound velocity after restraint. However this is possibly 
a minor effect as Lister and Nielson (Ref. 4) concluded that 
there is no significant dimerence in the rebound velocity of 
dummies in crash situations between terylene and nylon 
webbings. The major efTects of low hysteresis, high elasticity 
type of seat belts are the small amounts of energy absorbed 
and the high belt loadings under small strain; this may be 
clearly seen in Figs. 9-18. For example, in Fig. 10, to absorb 
1,000 ft. Ib. of energy, Telellex nylon would be loaded to a 
maximum of 4,250 Ib., Standard lerylcne to a maximum load 
of 2,250 Ib. and the efficient energy absorber would be 
operating at only 500 Ib. to absorb this energy. Obviously 

there is also the stroke of the absorbing device to consider. 
Grime (Ref. 5) states that out of a sample of injuries to belt 
wearers in vehicle accidents, two-thirds were caused by 
striking some part of the car and the remaining one-third 
were caused by the forces imposed by the safety belt. Thus at 
present the shorter stroke, higher load belt would seem to be 
slightly better in practice but this is far from the ideal. Belts 
at present could be selected to suit the space available in 
front of the wearer and ultimately this space could be 
increased to allow lower belt loadings. 

The energy of the occupant in an actual frontal impact 
however is not only absorbed by the belt hysteresis. Energy 
is also absorbed by the compression of the occupant's body, 
belt slip through the clamps and by transmission of the 
energy to the vehicle body increasing the vehicle deformation. 

To obtain a realistic tigure for bclt loadings a number or 
30 m.p.h. vehicle crash tests carried out at MIRA were 
examined. These crashes were all frontal into the flat faced 
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bLck and the dummies used in the vehicles were the Royal 
Aircraft Establishment Mk. VB. 

Table I gives the results of this investigation. Ten 
vchiclrs were crashed with nylon and terylene belts fitted, 
all being of the lap and diagonal type. This gave a total of 
thirteen seat belts tested out of which there were two clamp 
failures and one belt failure. The highest load seen was 
2.400 Ib. at the floor mounting of the lap and diagonal belts. 
This is probably rather high and by averaging out the 
maximum loads for the three attachment points, Table I 
shows that the higlrest is again the floor mounting of the 
lap and diagonal at 1,6M) Ib. This may still be slightly high 
due to the high rate of the dummies used compared with 
human occupants. Of interest are the very much lower 
shoulder attachment point loads when inertia reel belts are 
used; this would agree with the results obtained by Grime 
(Ref. 5)  from actual vehicle accidents. The belt and clamp 
failure loads encountered in the webbing investigation were 
well above these two maxima and so possibly are of no 
concern, although there were belt and clamp breakages in 
the vehicle crash tests. 

Conclusions 
I. Present webbing material is adequately strong for occu- 

pant restraint. 
2. Static testing of webbing material gives a good indica- 

tion of the dynamic properties up to strain rates of 
40 ft./sec. ( 1  6 secl). 

3. Webbing End fixings behave differently under dynamic 
load to static loading and alter considerably the overall 
characteristic ol' the seat belt. 

4. Compared with an energy absorbing material, the 
Standard 3 1619 Terylene webbing is reasonable and the 
Pebble Weave Terylene, Teleflex Nylon and Dynasafe 
Nylon webbings are poor energy absorbers, 

5. Belt loads could be lessened considerably and the occu- 
pant striking the interior of the vehicle in frontal 
impacts could be avoided by fitting belts of good energy 
absorption properties with their working lengths and 
loads adjusted to suit the space available in front of  the 
occupant. 

6. To calculate the total displacement of the belt at a 
particular load, the strain is determined from the web- 
bing characteristic equation or curve and to this is added 
the total slip at the clamp for each fixing. 
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A SERIES OF EXISTING and con t empla t ed  
p a s s e n g e r  c a r  r e g u l a t i o n s  f o r  o c c u p a n t  
p ro t ec t i on  i n  30 mph c o l l i s i o n s  have focused 
cons iderab le  a t t e n t i o n  on c o l l i s i o n  energy 
management. As these  requirements  a r e  met, 
more a t t e n t i o n  w i l l  focus on meeting them 
w i t h  more c o s t  e f f e c t i v e n e s s .  To d a t e ,  t he  
b a s i c  e n g i n e e r i n g  app roach  f o r  c o l l i s i o n  
e n e r g y  management h a s  been t h r o u g h  
e x p e r i m e n t a l  and a n a l y t i c a l  s t r u c t u r a l  
mechanics. Some of t he  t o p i c s  covered i n  t he  
s t r u c t u r a l  mechan ic s  app roach  i n c l u d e  
measurement and p red i c t i on  of  force-d is tance  
and v e l o c i t y - t i m e  r e l a t i o n s h i p s  d u r i n g  
s i m u l a t e d  c o l l i s i o n s  and e m p i r i c a l  o r  
a n a l y t i c a l  s t u d i e s  on t h e  e f f e c t  o f  
s t r u c t u r a l  geometry. With t h i s  and r e l a t e d  
work, much i s  being accomplished . However, 
use of a  me ta l l u rg i ca l  approach t o  supplement 
the  s t r u c t u r a l  mechanics approach can provide 
a d d i t i o n a l  i n s i g h t s .  

In a  me ta l l u rg i ca l  approach, a t t e n t i o n  i s  
focused on t he  behavior of t he  y ie ld  s t r eng th  
and t h e  a b i l i t y  o f  t h e  m e t a l  t o  a b s o r b  
e l a s t i c  and p l a s t i c  energy. Thus, in  a  
me ta l l u rg i ca l  view, t he  k i n e t i c  energy of a  
c o l l i s i o n  is absorbed by e l a s t i c  and p l a s t i c  
deformation i f  f r i c t i o n  from t i r e  motion and 
body panels  s l i d i n g  aga in s t  o t h e r  o b j e c t s  a r e  
neglected.  I t  is the  purpose of t h i s  paper 
t o  descr ibe  t he  equa t ions  governing t h e  work 
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from e l a s t i c  and p l a s t i c  deformation,  de f ine  
t h e  m e t a l l u r g i c a l  p r o p e r t i e s  t h a t  a r e  
requi red  f o r  use of t he se  equa t i ons ,  and 
present  s t r a i n  r a t e  da t a  on t he se  p r o p e r t i e s  
f o r  a  range of  high s t r e n g t h  cold r o l l e d  
s t e e l s .  These da t a  w i l l  a l s o  be used t o  
d i s c u s s  some of t he  imp l i ca t i ons  of t h i s  
a p p r o a c h .  Other  r e l e v a n t  d a t a  from t h e  
l i t e r a t u r e  w i l l  a l s o  be presented.  

DEFORMATION WORK 

The work of  deformation f o r  a  vehic le  
involved i n  a  c o l l i s i o n  can be descr ibed by 
Equation 

where E i s  t he  deformation energy 
b i s  t he  volume of t he  ca r  
a i s  t r u e  s t r e s s  
5 i s  t r u e  s t r a i n  o f  c o l l i s i o n  

deformation 
x , y , z  a r e  a  coord ina te  system 

While Equation 1 i s  d i f f i c u l t  t o  u t i l i z e ,  
i t s  bas ic  concept i s  s imple.  The f i r s t  
i n t e g r a l  s ign  is  a  volume i n t e g r a l  which sums 
t h e  c o l l i s i o n  deformation work f o r  each u n i t  

To supplement  t h e  a n a l y s i s ,  s t r a i n  r a t e  
Conventional a n a l y s i s  of energy manage- s e n s i t i v i t y  da t a  on a  v a r i e t y  of  m i l d  and 

ment works w i th  f o r c e ,  v e l o c i t y ,  v e h i c l e  h i g h - s t r e n g t h  c o l d - r o l l e d  s t e e l s  a r e  pre-  
mass, and time. The purpose of t h i s  paper is sented and t he  imp l i ca t i ons  of t he  r e s u l t s  
t o  view energy management by analyzing how analyzed. Other r e s u l t s  from the  l i t e r a t u r e  
t he  ma te r i a l  i n  the* s t r u c t u r e  absorbs energy.  a r e  a l s o  d i scussed .  
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element of t he  ca r .  Even w i t h  t he  b igges t  
c u r r e n t l y  a v a i l a b l e  c o m p u t e r s ,  a t t e m p t i n g  
such an i n t eg ra t i on  over an e n t i r e  vehic le  i s  
probably imprac t ica l .  However, t h i s  type of 
ana ly s i s  could in  some ca se s  be u se fu l l y  
appl ied t o  s p e c i f i c  components o r  p a r t s  o f  
components. That i s ,  for  i n s t a n c e ,  summing 
the  c o l l i s i o n  deformation work of each un i t  
element of a  r a i l - l i k e  pa r t  could be a  usefu l  
complement t o  c u r r e n t  a p p r o a c h e s  o f  
a n a l y t i c a l l y  modeling buckling and c r i p p l i n g  
o r  e m p i r i c a l l y  a n a l y z i n g  d a t a .  The 
add i t i ona l  i n s i g h t  from t h i s  approach is  the  
focus on how much ma te r i a l  is deformed r a the r  
than how many f o l d s  a r e  formed. In a  s ense ,  
t he  co l l apse  process  can be t r e a t e d  a s  a  
formabi l i ty  problem. 

The second i n t e g r a l  d e f i n e s  t h e  a r e a  
under the  s t r e s s  s t r a i n  curve.  I f  Hookes Law 
i s  assumed f o r  e l a s t i c  behavior ,  parabol ic  ' 

work h a r d e n i n g  i s  assumed f o r  p l a s t i c  
b e h a v i o r ,  and a n e l a s t i c  b e h a v i o r  is  
n e g l e c t e d ,  t h e n  t h e  e v a l u a t i o n  o f  t h e  
i n t e g r a l  i s  s t r a i g h t f o r w a r d .  T h i s ,  
d e f i n i t i o n  of deformation behavior de sc r ibe s  
a  ma te r i a l  t h a t  i s  i d e a l l y  e l a s t i c  t o  t he  
y ie ld  point  then parabol ic ly  work hardening 
t h e r e a f t e r .  For most s t e e l s ,  t h i s  i s  a  
reasonable engineering approximation. Thus, 
t he  e l a s t i c  deformation work f o r  s t e e l  can be 
descr ibed by Equation 2. 

where ( E D ) e  is  e l a s t i c  deformation energy 
per un i t  volume 

E i s  Young's modulus 
€ is the  maximum e l a s t i c  s t r a i n  
pax i s  the  e l a s t i c  limit i . e . ,  

E. L 
the yield s t r e n i t h  divided by Young's Modulus 

Figure 1 desc r ibe s  t he  e l a s t i c  deforma- 
t i on  energy per u n i t  volume a s  a  func t ion  of  
e l a s t i c  s t r a i n .  Also included a s  an i n s e r t  
t o  Figure 1 i s  a  p l o t  of e l a s t i c  l i m i t  s t r a i n  
a s  a  func t ion  of y ie ld  s t r eng th .  From Figure 
1 ,  it can be seen t h a t  even f o r  high s t r e n g t h  
s t e e l s ,  t he  maximum e l a s t i c  energy per cubic 
inch is r e l a t i v e l y  low. 

For t he  more important case  of  p l a s t i c  
d e f o r m a t i o n  e n e r g y ,  t h i s  q u a n t i t y  can  be 
determined from Equation 3. 

where (E ) is  p l a s t i c  deformation energy 
D per un i t  volume 

K & n  a r e  the  s t r eng th  coe f f i -  
2 ien t  and s t r a i n  hardening exponent and must 
be evaluated fo r  t he  formed and paint-baked 
aged condit ion 

E is  the  t o t a l  s t r a i n  from the  D ~ o l l i s i o n  deformation a s  t he  e l a s t i c  s t r a i n  
Zomponent can u sua l l y  be neglected.  

In analyzing Equation 3 ,  i t  can be seen 
t h a t  the  p l a s t i c  deformation energy per u n i t  
volume i s  d i r e c t l y  p ropo r . t i ona1  t o  t h e  
s t r e n g t h  c o e f f i c i e n t ,  K ,  and depends i n  a  
more complex way on t he  s t r a i n  hardening 
exponent, n  , and t he  c o l l i s i o n  deformation 
s t r a i n .  These i n t e r a c t i o n s  a r e  d e p i c t e d  
g r aph i ca l l y  i n  Figure 2  which r e l a t e s  t he  
p l a s t i c  deformation energy per un i t  volume 
divided by t he  s t r eng th  c o e f f i c i e n t ,  K, t o  
t he  c o l l i s i o n  deformation s t r a i n .  The e f f e c t  
of s t r a i n  hardening i s  i l l u s t r a t e d  by l i n e s  
f o r  varying n-values. 

From Figure 2, i t  can be seen t h a t  t he  
p l a s t i c  deformation energy increases  a s  t he  
deformation s t r a i n  i nc r ea se s  but t h a t  a t  any 
g iven  s t r a i n ,  an i n c r e a s i n g  v a l u e  of  n  
d e c r e a s e s  t h e  p l a s t i c  d e f o r m a t i o n  e n e r g y .  
T h i s  somewhat s u r p r i s i n g  r e s u l t  i s  a  
consequence of t he  d e f i n i t i o n  of  K. K i s  
defined a s  the  flow s t r e s s  a t  a  s t r a i n  of  
one. Thus, f o r  no work hardening,  i . e . ,  n  
e q u a l s  z e r o ,  t h e  s t r e s s  s t r a i n  c u r v e  i s  
hor izonta l  and t he  deformation energy i s  a  
maximum. In c o n t r a s t ,  a  s t e e l  with t he  same 
K v a l u e  t h a t  e x h i b i t s  s i g n i f i c a n t  work 
hardening,  say n  equa ls  0.25, y i e l d s  a t  a  
very much lower s t r e s s  and then work hardens 
r a p i d l y ,  reaching the  same s t r e s s  a s  the  non 
work hardening s t e e l  a t  a  s t r a i n  of one. 
While a s  produced s t e e l s  w i th  low work 
h a r d e n i n g  e x p o n e n t s  e x h i b i t  l i m i t e d  
fo rmab i l i t y ,  s t e e l s  i n  formed p a r t s  sometimes 
a r e  s t r a ined  s u f f i c i e n t l y  so t h a t  i f  a  new 
s t r e s s - s t r a i n  c u r v e  i s  d e t e r m i n e d ,  i t s  
n-value might approach zero. This t o p i c  i s  
d i s c u s s e d  more c o m p l e t e l y  i n  a n o t h e r  
pape r . ( l ) *  

Since Figure 2  does not  descr ibe  p l a s t i c  
deformation energy d i r e c t l y ,  f u r t h e r  a n a l y s i s  
i s  warranted. In order  t o  descr ibe  t h i s  
phenomena more c l e a r l y ,  t h e  p l a s t i c  
deformation energy is r e l a t e d  t o  t he  k i n e t i c  
e n e r g y  of  a  2500 l b .  c a r  a t  30 mph. 
S p e c i f i c a l l y ,  t he  measure t h a t  w i l l  be used 
i s  t he  weight of s t e e l  necessary t o  absorb 
t he  t o t a l  k i n e t i c  energy of a  2500 l b .  ca r  a t  
30 mph. The de r iva t i on  of t h i s  r e l a t i o n s h i p  
i s  s t r a igh t fo rward .  

The k i n e t i c  energy can be descr ibed by 
Equation 4. 

EK = 0.275 W C  S 
2  

( 4 )  

where E is the  k i n e t i c  energy in  in- lbs .  K 
WC i s  t he  weight of t he  car  i n  

pounds 
S i s  t he  speed of t he  car  in  miles  

per hour. 

*Numbers i n  parentheses des igna te  References 
a t  end of paper. 
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By equa t ing ,  t he  k i n e t i c  energy t o  t he  
t o t a l  p l a s t i c  d e f o r m a t i o n  e n e r g y  and by 
r e l a t i n g  t he  volume of  s t e e l  t h a t  must be 
deformed t o  i t s  comparable weight by using 
t he  dens i t y  of s t e e l ,  t he  fol lowing equat ion 
can be developed. 

where W D  is  the  weight of s t e e l  i n  l b s .  
t h a t  i s  deformed t o  some s t r a i n .  

E: i s  t he  deformation s t r a i n  D W is  the  weight o f  t h e  c a r  i n  l b s .  
5 is the  speed of  t he  ca r  i n  mi les  

per hour 
K , n  have t h e i r  usual meaning & K i s  

i n  ps i  
I t  shou ld  be no t ed  t h a t  Equa t ion  5  

assumes a  s i n g l e  deformation s t r a i n  fo r  t he  
v e h i c l e  which i s  u n r e a l i s t i c  f o r  d e s i g n  
purposes but is usefu l  t o  i l l u s t r a t e  t he  
p o t e n t i a l  o f  p l a s t i c  work f o r  a b s o r b i n g  
k i n e t i c  energy. ~ i g u r e  3  shows the  weight o f  
s t e e l  t h a t  must be deformed a t  v a r i o u s  
deformation s t r a i n s  t o  absorb t he  k i n e t i c  
energy of a  2500 l b .  c a r  a t  30 mph. These 
r e s u l t s  a r e  shown f o r  two a c t u a l  s t e e l  
samples, a  cold-rol led AISI 1006 aluminum- 
k i l l e d ,  drawing q u a l i t y  s t e e l  and a  galva- 
nized SAE 960X s t e e l .  The n  and K values 
shown i n  t h i s  f i gu re  a r e  t he  a c t u a l  va lues  

T 

F ig .  2 

f o r  those samples and were used t o  c a l c u l a t e  
the  two l i n e s .  

The r e s u l t s  o f  F i g u r e  3 d r a m a t i c a l l y  
d e m o n s t r a t e  t h e  impor t ance  o f  i n c r e a s i n g  
p l a s t i c  s t r a i n  on t he  amount of  s t e e l  t h a t  i s  
required t o  absorb t he  k i n e t i c  energy of a  
2500 l b .  c a r  a t  30 mph. S p e c i f i c a l l y ,  f o r  
t he  drawing q u a l i t y  s t e e l  a t  a  deformation 
s t r a i n  of 0.025, about 250 l b s .  o f  s t e e l  a r e  
required while a t  s t r a i n s  of 0.1 and 0.2 on ly  
46 and 20 l b s .  a r e  r equ i r ed ,  r e spec t i ve ly .  
I n  o rder  t o  i l l u s t r a t e  t he  e f f e c t  of high 
s t r e n g t h  s t e e l s  more c l e a r l y ,  da t a  a r e  shown 
in  Table I  g iv ing  s p e c i f i c  va lues  of  t h e  
required weight t o  absorb t he  k i n e t i c  energy 
of a  2500 l b .  c a r  a t  30 mph. In add i t i on  ,to 
t he  two s t e e l s  shown i n  Figure 3 ,  d a t a  a r e  
included fo r  a  water-quenched , cold- ro l led  
dual-phase 80 s t e e l  and f o r  a  hot-rol led 
pickled and o i l e d ,  SAE 980X s t e e l .  The 
d r a m a t i c  b e n e f i t s  o f  t h e  v a r i o u s  
high-strength s t e e l s  a r e  ev ident  from Table 
I. 

From the  preceding d i s cus s ion ,  i t  has 
been shown t h a t  y ie ld  s t r e n g t h ,  K and n  a r e  
important t o  a  me ta l l u rg i ca l  understanding of 
c o l l i s i o n  energy management. I n  add i t i on ,  
t he  t e n s i l e  flow s t r e s s  a t  8% s t r a i n ,  aO8, 
i s  o f t e n  a  u s e f u l  i n d i c a t i o n  of  t h e  
deformation c h a r a c t e r i s t i c s  of s t e e l .  In 
order  t o  use these  p rope r t i e s  i n  t he  a n a l y s i s  



of high speed c o l l i s i o n s ,  i t  i s  gene ra l l y  
de s i r ab l e  t o  at tempt  t o  account fo r  s t r a i n  
r a t e  e f f e c t s ,  because deformation r a t e s  i n  
high speed c o l l i s i o n s  a r e  g r ea t e r  than i n  
convent ional  t e n s i l e  t e s t s .  However, t he  
m e t a l l u r g i c a l  c h a r a c t e r i s t i c  t h a t  i s  
i m p o r t a n t  i s  t h e  s t r a i n  r a t e  n o t  t h e  
deformation r a t e .  Thus, da t a  on t he  s t r a i n  
r a t e  s e n s i t i v i t y  of t he  y ie ld  s t r e n g t h ,  K ,  n ,  
and 0.08 a r e  necessary.  Since l i t t l e  da t a  of 
t h i s  na ture  a r e  a v a i l a b l e  i n  t he  l i t e r a t u r e  
f o r  t h e  cold-rol led s t e e l s  of i n t e r e s t ,  t he  
balance of t he  r epo r t  provides such d a t a .  
Data where ava i l ab l e  from the  l i t e r a t u r e  a r e  
a l s o  included.  

EXPERIMENTAL PROCEDURE 

MATERIALS - A l l  t h e  s t e e l s  used in  t h i s  
s t u d y  were produced on p r o d u c t i o n  s c a l e  
equipment  and w i t h  t h e  e x c e p t i o n  o f  t h e  
; ua l -phase  s t e e l  r e p r e s e n t  commercial  
s roduc ts .  However, i t  must be emphasized 
c h a t  t h e s e  r e s u l t s  a r e  o n l y  f o r  s i n g l e  
samples. The s t e e l s  used i n  t h i s  s tudy a r e  
, abu l a t ed  below: 

COLD R O L L E ~  AlSl 1006 
11~0 .23  
K=80 ,000  

GALVANIZED SAE 9 6 0 X  

Fig. 3 

1 

1 .  cold-rol led AISI 1006 aluminum-killed 
z t e e l  (ba tch  annealed) 

1 1 1 1 1 1 1 1 1 1 1 1  

2. c o l d - r o l l e d  SAE 950X s t e e l  (phos-  
phorus-columbium s t r e n g t h e n e d ,  b a t c h -  
mnea l ed )  

0 0 .2  0.4 0.6 0 .8  1.0 1.2 1.4 1.6 1.8 2 .0  2.2 2.4 
COLLISION DEFORMATION STRAIN (TRUE STRAIN) 

3 .  c o l d - r o l l e d  SAE 960X s t e e l  (phos-  
pho rus - t i t an ium s t r e n g t h e n e d ,  c o n t i n u o u s  
\ c a t - t r ea t ed )  

4 .  g a l v a n i z e d  SAE 960X s t e e l  ( phos -  
phorus-columbium s t rengthened)  

5. experimental ,  co ld- ro l led ,  lean-al loy 
dual-phase 60 s t e e l  

6. experimental ,  cold-rol led , lean-al loy 
~ u a l - p h a s e  80 s t e e l  

7 .  hot - ro l led ,  pickled and o i l ed  SAE 980X 
. t e e1  

TEST METHODS - Conventional ASTM t e n s i l e  
samples were prepared and t e s t e d  a t  cons tan t  
rosshead speeds of  0.1 and 100 in/min i n  a  
ydrau l ic  t e n s i l e  t e s t e r .  The 0.1 in/min 

c e s t s  were recorded with a  convent ional  X-Y 
r e c o r d e r  wh i l e  t h e  100 i n /min  d a t a  were 
ecorded with a  Nicholet r eco rde r .  No o the r  

-djustments were made i n  t e s t  p r ac t i c e  a s  i t  
was b e l i e v e d  100 in /min  i s  below t h e  
hreshold where d i f f i c u l t i e s  i n  high s t r a i n  
a t e  t e s t i n g  a r e  encountered. This p r a c t i c e  

i s  d e s c r i b e d  a s  t h e  companion specimen 
method. Other t e s t s  were pul led a t  0.1 

n/min t o  a  s t r a i n  of about 8% where t he  
r o s s h e a d  r a t e  was e s s e n t i a l l y  i n s t a n t a -  

Table I - Yelght o f  S t e e l  Required t o  Absorb the Klnetic Energy of  a 
2500 l b  Car Mavin@ a t  30 mph at  Various C o l l i s i o n  Deformation 
Strains  

True Strain 

Cold Rolled 0 . 2 0  9A.a  P,PFL 0. -. 

AISI 1006 Cold Rolled 252.5 107.5 46.0  19.6 
YS a 23.5 ,  TS : 45.1" 
n : 0.23: K : 80.0  -- -- -- -- 
SAE 960X G8lvanlred 130.2 57.8  25.8 11.4 
IS : 62, TS : 73 ( 4 8 . 4 ) '  ( 4 6 . 2 1 )  ( 4 3 . 9 1 )  ( 4 1 . 8 1 )  

DPL-80 Cold Rolled 106.2 47.8 21.6  9 . 7 2  
YS = 61.6. TS : 86.0  ( 5 7 . 9 s )  ( 5 5 . 5 0  ( 5 3 . 0 1 )  ( 5 0 . 5 1 )  

SAE 910X Hot Rolled 84.8  38.7 17.7 8.1 
YS = 18.9, TS z 102 ( 6 6 . 8 1 )  (64 .01)  ( 6 1 . 5 1 )  ( 5 8 . 7 1 )  

* 1 e i g h t  rarlng c a p 8 r e d  t o  the AISI 1006 Cold r o l l e d  s t e e l .  
** I S  = Yield Strength ( k a i ) .  TS r Tensi le  Strength ( k s i ) .  

n  : Strain Rrdenlng Exponent. K : Strength Coefficient ( k s i ) .  

neously increased t o  100 in/min. This l a t t e r  
p r a c t i c e  is described a s  t he  jump method. 

I n  a n a l y z i n g  t h e  d a t a  from t h e  jump 
method, it i s  necessary t o  account fo r  the  
upper y ie ld  s t r eng th  type phenomena which is  
observed a s  a  consequence of t he  up jump. 
This was done by extending t he  smooth port ion 
of  t he  upjumped curve back t o  8% s t r a i n  and 
comparing t h i s  r e s u l t  with t he  s t r e s s  a t  t h e  
same s t r a i n  f o r  t he  0.1 in/min curve. In a l l  
c a s e s ,  samples were t e s t e d  i n  t r i p l i c a t e  and 
good r e p r o d u c i b i l i t y  was obtained.  

ANALYSIS METHODS - S t r a i n  r a t e  sens i -  
t i v i t y  d a t a  a r e  u s u a l l y  d e s c r i b e d  by a  



Table I1 - Strain Rate Sensitivity Data by the Companion Specimen 
He thod 

Cold Rolled AISI 1006 AK 
YS 34.2 23.5 10.7 1.46 3.6 0.054 
9 0 8  52.5 44.1 8.4 1.19 2.8 0.025 
K 86.6 79.8 6.8 1.09 2.3 0.012 
n 0.190 0.230 -- -- -- -- 

Cold Rolled SAE 950X (P-Cb) 
YS 57.6 52.2 5.4 1.10 1.8 0.014 

O.08 78.8 71.2 7.6 1.11 2.5 0.015 
K 113.2 103. 1 10.1 1.10 3.4 0.019 
n 0.137 0.137 -- -- -- -- 

Cold Rolled SAE 960X (P-Ti) 
YS 65.6 58.0 7.6 1.13 2.5 0.018 
9 0 8  76.2 70.8 5.4 1.08 1.8 0.011 

Galvanized SAE 960X (P-Cb) 
YS 66.4 60.9 5.5 1.09 1.8 0.013 

E X ~ .  Cold Rolled Lean Dual Phase 60 
YS 53.7 46.8 6.9 
'?08 16.1 69.2 6.9 
K NA 113.4 -- 
n NA 0.192 -- 

E X ~ .  Cold Rolled Lean Dual Phase 80 
YS 67.0 61.5 5.5 

Hot Rolled h Pickled SAE 980X 
YS 95.3 88.9 6.4 1.07 2 1  0.010 
9 0 8  116.5 107.9 8.6 1.08 2.9 0.011 

in ksi, one UPa = 6.87 psi 

Tab le  I11 - S t r a i n  Rate S e n s i t i v i t y  Rate by t h e  Jump Method a t  qO8 k s i  

Cold Rol led  AISI 1006 AK 50.3 45.7 4.6 1.10 1.5 0.014 
Cold Rol led  SAE 950X (P-Cb) 74.7 71.8 2.9 1.04 1.0 0.006 
Cold Rol led  SAE 960X (P-Ti) 74.4 71.6 2.8 1.04 0.9 0.006 
Ga lvan ized  SAE 960X (P-Cb) 72.6 71.0 1.6 1.02 0.5 0.003 
Exp. Cold Rol led  DPL-60 75.5 71.7 3 . 8 1.05 1.3 0.007 
Exp. Cold Ro l l ed  DPL-80 95.6 92.1 3.5 1.04 1.2 0.005 

semi-log o r  a l o g  - l o g  e x p r e s s i o n .  These where a is any stress pa rame te r  
r e l a t i o n s h i p s  a r e  shown below:  6 is t h e  s t r a i n  r a t e  

and t h e  s u b s c r i p t s  r e p r e s e n t  t e s t  
c o n d i t i o n s  

semi-log In  a n a l y z i n g  t h e  d a t a ,  b o t h  m' and m 
A . w e r e  c a l c u l a t e d  f r o m  b o t h  t h e  c o m p a n i o n  

m = ( a  -a ) / l o g ( €  /E  ) 
2 1 1 2  specimen d a t a  and t h e  jump d a t a .  

l og - log  RESULTS 

m = ( l o g  " 2 / a 1 ) / 1 ~ g ( t 2 / E l )  The d a t a  f o r  t h e  c o m p a n i o n  s p e c i m e n  
method a r e  shown i n  Tab le  I1 and f o r  t h e  jump 



method i n  Table 111. A comparison of t he  two 
methods is shown in  Table I V .  

DISCUSSION OF RESULTS 

The da t a  i n  Table I V  r e v e a l s  t h a t  va lues  
of m '  o r  m computed from companion specimen 
ne thod  d a t a  a r e  abou t  t w i c e  t h e  v a l u e  
obtained from using da t a  produced with t he  
jump method. It is  bel ieved t h a t  these  
o b s e r v a t i o n s  a r e  t o o  c o n s i s t e n t  and t o o  
exper imenta l ly  d i f f e r e n t  t o  be a r t i f a c t s  and 
a r e  t hus  bel ieved t o  be r e a l .  Such behavior 
?an be r a t i o n a l i z e d  on t he  b a s i s  t h a t  the  
d i s l o c a t i o n  dynamics  i n  t h e  companion 
specimen method a r e  d i f f e r e n t  from the  jump 
method. Since i t  has been e s t ab l i shed  t h a t  
;ompanion specimen and jump methods produce 
j i f f e r e n t  r e s u l t s ,  it is necessary t o  decide 
which method is most app l i cab l e  t o  c o l l i s i o n  
energy management. Since t he  normal use fo r  
s t r a i n  r a t e  s e n s i t i v i t y  da t a  i n  c o l l i s i o n  
energy c a l c u l a t i o n s  is t o  modify convent ional  
s t a t i c  d a t a ,  use of t he  companion specimen 
method would seem more appropr ia te .  

In using s t r a i n  r a t e  s e n s i t i v i t y  d a t a  
such a s  m' o r  m, i t  should a l s o  be noted t h a t  
a t  high s t r a i n  r a t e s ,  m o r  m' can i nc r ea se .  
T l a t  i s  the  r a t e  of s t r a i n  r a t e  s t rengthening  
:an become g r e a t e r .  This  e f f e c t  is t y p i c a l l y  
observed a t  higher  s t r a i n  r a t e s  than a r e  
t y p i c a l  of t e n s i l e  t e s t i n g  a t  a  crosshead 
speed  of  100  i n / m i n .  Thus ,  t h e  d a t a  
 resented i n  Tables I1 and I11 should be used 
a s  a  lower bound approach. 

OTHER DATA - Othe r  d a t a  from t h e  
l i t e r a t u r e  f o r  t h i s  same s t r a i n  r a t e  range 
are included f o r  comparison with t he  da t a  of 
t h i s  paper and a s  a  convenience f o r  t he  
- e a d e r .  I nc luded  a r e  d a t a  f o r  v a r i o u s  
l o t - r o l l e d  s t e e l s  shown i n  Tab l e  V from 
: h a t f i e l d  and R o t e ( 2 ) ,  i n  Tab l e  VI f o r  
hot-rol led bar s t e e l s  from A .  B. Wilson(3) ,  
in Table VII f o r  aluminum-killed cold-rol led 
s t e e l  i n  hydrau l ic  bulge t e s t i n g  from D. V. 
Wi l son (4 )  and i n  Table  VIII f o r  v a r i o u s  
s t e e l s  by t h e  jump method from Waddington e t  
!11(5) and Ayres e t  a1 . (6)  Other somewhat 
'e la ted da t a  t h a t  a r e  not  d i r e c t l y  comparable 
can a l s o  be found i n  a  paper by Davies and 
Yagee . ( 7 )  

In comparing t he  o the r  d a t a ,  with t he  
dork of  t h i s  paper,  s eve ra l  comparisons a r e  
poss ib le .  For co ld- ro l led ,  aluminum-killed 
',IS1 1006 s t e e l ,  da t a  a r e  ava i l ab l e  from t h i s  
study, from Ayres and from D. V. Wilson. In 
comparing t he  companion specimen method da t a  
of t h i s  paper with t he  hydrau l ic  bulge da t a  
)f D. V .  Wilson i n  Table VII, t he se  da t a  
!ompare well .  S p e c i f i c a l l y ,  both s e t s  o f  

da t a  e x h i b i t  progressive decreases  i n  m value 
7 s  t he  s t r a i n  a t  which t h e  flow s t r e s s  is  
;aken increases .  A t  a  s t r a i n  of 0.08 t h i s  
dork g ives  an m value of 0.025 which is i n  

c o n t r a s t  t o  a  value of 0.018 a t  a  s t r a i n  of  
0 .20 from Wilson.  The s t r a i n  r a t e  
s e n s i t i v i t y  fo r  t he  K value ( s t r a i n  of one) 
from t h i s  work i s  somewhat higher  than would 
be expected from the  work of Wilson, but t he  
K value is  ex t rapola ted  from s t r a i n s  i n  the  
range of 0.01 t o  about 0.2. Thus it i s  
bel ieved t h a t  t he  agreement is e x c e l l e n t .  

With regard t o  t he  jump method da ta  of 
Ayres e t  a1 i n  Table VIII t h e  r e s u l t s  a r e  
much l e s s  comparable, but it i s  not known i f  
t h e  SAE 1010 s t e e l  used by Ayres was 
aluminum-killed. In c o n t r a s t ,  t he  da ta  of  
C h a t f i e l d  and Rote i n  Table  V f o r  a  
ho t - ro l l ed ,  aluminum-killed low-carbon s t e e l  
a r e  very comparable t o  t he  r e s u l t s  of t h i s  
i nves t i ga t i on  w i t h  regard t o  both t he  y i e ld  
s t r e n g t h  and t he  K value.  

Wi th  regard t o  the  hot-rol led s t e e l s ,  i t  
is poss ib le  t o  compare the  da ta  fo r  t he  
hot-rol led pickled and o i l ed  da ta  of t h i s  
experiment w i t h  the  r e s u l t s  of Chat f ie ld  and 
Rote i n  Table V using t he  companion specimen 
method. With regard t o  these  d a t a ,  t he  
r e s u l t s  of t h i s  experiment a r e  about ha l f  
those reported by Chat f ie ld  and Rote. T h i s  
d i f f e r e n c e  could be explained by d i f f e r ences  
i n  composition, hot r o l l i n g  o r  t he  processing 
assoc ia ted  with p ick l ing .  Thus, i n  gene ra l ,  
t he  r e s u l t s  of t h i s  i nves t i ga t i on  would seem 
t o  be i n  reasonable agreement w i t h  t he  work 
of  o t h e r s .  However, a s  a  r e s u l t  o f  
d i f f e r e n c e s  i n  both s t e e l s  and t e s t  methods, 
s t r a i n  r a t e  s e n s i t i v i t y  da t a  should be taken 
only  a s  approximate va lues .  

RELATIONS TO PRACTICE - Normal t e n s i l e  
da t a  a r e  taken a t  s t r a i n  r a t e s  of  0.05 t o  0 .5  
in/min. I f  it  is  des i r ed  t o  modify t he se  
da t a  f o r  30 mph c o l l i s i o n s ,  s eve ra l  s t e p s  
must be taken t o  u t i l i z e  t he  m o r  m d a t a .  
In comparable terms,  30 mph i s  31,680 in/min. 
Table IX shows the  increase  i n  p rope r t i e s  
t h a t  would be expected f o r  an increase  in  
s t r a i n  r a t e  comparable t o  an increase  i n  
deformation r a t e  from 0.1 in/min t o  31,680 
in/min (30 mph). Data from the  companion 
specimen method was used t o  compute Table IX. 
It should be noted,  however, t h a t  t h e  ac tua l  
s t r a i n  r a t e s  i n  a  30 mph c o l l i s i o n  could vary 
ove r  a  wide r ange  depend ing  on how t h e  
deformation energy was absorbed through the  
s t r u c t u r e .  As can be seen from Table IX, t he  
s t r e n g t h  i n c r e a s e s  r e s u l t i n g  from t h e  
increased s t r a i n  r a t e  a r e  q u i t e  s i g n i f i c a n t ,  
ranging from 10 t o  20 k s i  f o r  s t e e l s  which 
o r i g i n a l l y  ranged i n  s t r eng th  from about 20 
k s i  t o  150 k s i .  Thus, t he  propor t iona l  r a t e  
of  i nc r ea se  tends t o  decrease a s  the  s t r e n g t h  
o f  t h e  s t e e l  i n c r e a s e s  o r  t h e  t e n s i l e  
property i nhe ren t l y  e x h i b i t s  l a rge r  s t r e s s  
va lues  ( K  compared t o  y ie ld  s t r e n g t h ) .  

With regard t o  t he  weight of s t e e l  needed 
t o  absorb t he  k i n e t i c  energy of a  2500 l b .  
c a r  moving a t  30 mph, t he  decrease i n  weight 



Table IY - Conparison of  Strain Rate S e n s l t l v i t y  for  by the Jump 
and Ccupanlon Specimen Methods 

Companion 
~ u n p  Specimen -- 

Cold Rolled AISI 1006 AK 1.5 2 . 8  
Cold Rolled SAE 950X IP-Cb) 1.0 2.5 
Cold Rolled SAE 960X (P-Ti) 0.9 1.0 
Galvanized SAE 960X LP-Cb) 0.5 0.9 
Exp. Cold Rolled DPL-60 1.3 2 . 3  
Exp. Cold Rolled DPL-80 1.2 3 . 4  

Companion 
J U I ~  Specmen - -  
0.014 0.025 
0.006 0.015 
0.006 0.011 
0.003 0.006 
0.007 0.014 
0.005 0.011 

Table V - S t r a i n  Rate S e n s i t i v i t y  Data by Companion Specimen Method 
f o r  Various Hot Rolled S t e e l s  From Chat f ie ld  & Rote (Ref. 2) 

Property 
Crosshead a t  Indicated 

S t rength  Speed Crosshead Property a t  
Parameter i n / m i n  Speed O.Sn/min Difference Ratio rn: - m 

&si 1 O<si ) (ksi) (ksi) 

Hot Rolled AK 
Y S 670 

Hot Rolled AK Annealed and Temper Rolled 
YS 815 49.9 30.6 

Hot Rolled HSLA-40 
Y S 6 32 50.8 38.1 12.7 1.33 4.1 0.040 
K 632 79.1 68.9 10.2 1.15 3.3 0.020 

Hot Rolled HSLA-45 #1 
YS 8 14 61.1 47.3 13.8 1.29 4.3 0.034 
K 814 99.4 81.3 18.1 1.22 5.6 0.027 

Hot Rolled HSLA-45 12 
YS 553 53.7 

Hot Rolled HSLA-50 
YS 702 63.3 51.4 11.9 1.23 3.8 0.029 
K 702 115.6 103.9 11.7 1.11 3.7 0.014 

Hot Rolled HSLA-80 / I  
Y S 795 91 - 3  

Hot Rolled HSLA-80 12 
YS 800 95.2 

K not g iven ,  ca l cu l a t ed  from 

where e i s  the  uniform e longat ion .  
u 



Table VI - St ra in  Rate S e n s i t i v i t y  Data by the  Companion Specimen 
Method for Hot Rolled Plain Carbon Bar Products F r m  
R.  0. Wilson (Ref. 3) 

Table VII - St ra in  Rate S e n s i t i v i t y  i n  Hydraulic B l g e  Tests 
for S t r a in  Rates i n  the  Range o f t  t o  1 0 - I  
sec -1 for  an Aluminum Kil led Drawing Qua l i t y  Steel  
From D. V. Wilson (Ref. 4) 

Crossherd Rate 
500n/min 0.5n/min Difference Ratio m ' m -- 

t k s i l  (ksi) - True 'Ihickness 
S t r a in  m - 

0.2 0.018 
0.3 0.016 
0.4 0.013 
0.55 0.0096 

Hot Rolled AISI 1008 Bar 
YS(ksi) 50.0 36.5 13.5 1.37 4.5 0.046 
K ( k s i )  105.3 101.1 4.2 1.04 1.4 0.006 

Hot Rolled AISI 1018 Bar 
YS(ksi) 55.6 42.9 12.7 1.30 4.2 0.038 

Hot Rolled AISI 1024 Bar 
YS(ksi) 57.8 48.9 8.9 1.18 3.0 0.024 
K(ksi)  145.4 138.0 7.4 1.05 2.5 0.008 

Table IX - Increase in Strength Proper t ies  fo r  an Increase in 
S t r a in  Rate Proportional t o  30 mph and 0.1" min 
Deformation Rates 

Hot Rolled AISI 1045 Bar 
YS(ksi) 75.9 62.0 13.9 1.22 4.6 0.029 
K(ksi)  205.3 194.1 11.2 1.06 3.7 0.008 
n 0.220 0.230 -- -- -- -- 

Estimated for  31,680 in/min 
P r o ~ e r t y  O.ln/min (30  moh) Difference 

ksi) ( k s i )  
Cold Rolled AISI 1006 A K  

Y S 23.5 43.3 ". 08 44.1 59.5 

Table VIII - Stra in  Rate Sens i t iv i ty  Data by the Jump 
Method for  Various Sheet S tee l s  From 
References 5 and 6 

Cold Rolled SAE 950X ( P-Cb) 
YS 52.2 62.1 
O. 08 71.2 85.0 
K 103.1 122.4 

Stee l  Reference - m - Cold Rolled SAE 960X (P-Ti) 
YS 58.0 71.8 
O. 08 70.8 80.7 
K 115.0 135.4 

I n t e r s t i t i a l  
Free (Cold Rolled) 

Alloy Dual Phase 80 (Hot 
HSU 50 (Hot Rolled) 
HSLA 80 (Hot Rolled) 
SAE 1010 (CR) 
Reni trogeni zed 
SAE 1010 + (CR) 

Lean Dual Phase 80 ( C A I  
Lean h a 1  Phase 80 + 2% 

Pres t ra in  C Age ( C R )  

A 
Rolled) A 

A 
A 
B 

Galvanized SAE 960X ( P-Cb) 
Y S 60.9 70.8 

Exp. Cold Rolled Lean Dual Phase 60 
Y S 46.8 59.4 
O. 08 69.2 81.8 

Exp. Cold Rolled Lean Dual Phase 80 
YS 61.5 71.4 

A Comparison of a dual phase s t e e l  with o ther  Formable 
Grades, E. Waddington, R.M. Hobbs, and J. L. Duncan, J .  of 
Applied Metalworking, January, 1980. Hot Rolled & Pickled SAE 980X 

YS 88.9 100.4 
9 08 107.9 123.8 
K 151.0 167.5 

D High Strength Low C Sheet S tee l  by Thermanechanical 
Treatment: 111-Eng. Proper t ies ,  R.A.  Ayres e t  a l ,  CMR-2375. 

w i l l  be propor t iona l  t o  the  i nc r ea se  i n  K 
value.  In t h i s  c a l c u l a t i o n ,  t he  e f f e c t  of n  
value i s  neglected because on average,  i t  
seems t o  decrease o r  s t a y  t he  same. In such 
circumstances,  neg lec t ing  t he  e f f e c t  of a 
change i n  n value w i l l  have no e f f e c t  o r  
u n d e r e s t i m a t e  t h e  b e n e f i t  t h a t  might  be 
a t t a i n e d .  Thus a t  a  c o l l i s i o n  s t r a i n  of 0.1 
f o r  s t e e l  r e l a t i v e l y  u n s t r a i n e d  i n  t h e  
forming process ,  t he  weight reduc t ions  would 
range from 13 t o  15% f o r  t he  cold-rol led 
s t e e l s  and be about 10% fo r  t he  SAE 980X 
hot-rol led s t e e l  and t he  SAE 960X galvanized 
s t e e l .  

For  c a l c u l a t i o n s  where y i e l d i n g  i s  
i m p o r t a n t ,  t h e  e f f e c t s  c an  be even  more 
pronounced ,  r a n g i n g  from a lmos t  an 85% 
inc rea se  for  t he  cold-rol led aluminum-killed 
AISI 1006 s t e e l  i n  t he  as-produced condi t ion  

t o  a  13% increase  for  the  ho t - ro l led ,  pickled 
SAE 980X s t e e l .  A f t e r  c o l d  work from 
fo rming ,  t h e  expec t ed  p e r c e n t a g e  s t r e n g t h  
i n c r e a s e s  would be l e s s  pronounced .  In 
assess ing  t he  i nc r ea se s  i n  y ie ld  s t r eng th  and 
K va lue ,  it should a l s o  be re-emphasized t h a t  
these  e s t ima te s  a r e  lower bounds. 

CONCLUSIONS 

It has been shown t h a t  t he  e f f e c t i v e n e s s  
of s t e e l  i n  absorbing c o l l i s i o n  energy 
depends s t rong ly  on t he  s t r eng th  of t he  
s t e e l  and t he  s t r a i n  l e v e l  a t t a ined  i n  
t he  c o l l i s i o n  deformation,  a s  well a s  on 
t he  amount of s t e e l  t h a t  i s  deformed. 
The e f f e c t  o f  c o l l i s i o n  d e f o r m a t i o n  
s t r a i n  is p a r t i c u l a r l y  pronounced. For 
example, f o r  a 2500 l b .  c a r  a t  30 mph, 



neglec t ing  s t r a i n  r a t e  e f f e c t s ,  about 250 
l b s .  o f  s t e e l  i s  requi red  t o  absorb t he  
c o l l i s i o n  energy i f  t h e  s t r a i n  is  0.025, 
but i f  t he  s t r a i n  i s  0.1 o r  0.2, then 
o n l y  46 o r  20 l b s .  r e s p e c t i v e l y  a r e  
requi red .  

2. S t r a i n  r a t e  d a t a .  These da t a  suggest  
t h a t  a lower  bound f o r  s t r a i n  r a t e  
c o r r e c t i o n s  f o r  c o l l i s i o n  d e f o r m a t i o n  
energy i s  9 t o  16%. In t h i s  c a l c u l a t i o n ,  
i t  i s  assumed t h a t  t h e  s t r a i n  r a t e s  
i nc r ea se  p ropo r t i ona t e ly  t o  t he  i nc r ea se  
i n  deformation r a t e s  from s t a t i c  t e n s i l e  
deformation t o  20 mph deformation. 

3. Use of SAE 960X t o  SAE 980X type s t e e l s  
can reduce t he  weight of s t e e l  t h a t  must 
be deformed by 40 t o  65% compared t o  
cold-rol led drawing q u a l i t y  s t e e l .  

4. S t r a i n  r a t e  s e n s i t i v i t y  a s  measured by 
t h e  companion spec imen method i s  
approximately twice  t h a t  measured by t he  
jump method. It is bel ieved t h a t  t he  
companion specimen method measurements 
a r e  more r e a l i s t i c  f o r  use in  ad ju s t i ng  

s t a t i c  t e n s i l e  da t a  f o r  energy management 
c a l c u l a t i o n s  fo r  high speed automotive 
c o l l i s i o n s .  
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Abstract 

l'llc rcvicw is pril~cipally tlevotcd to idctltifyirlg pcrti- 
nent referer~ces and sur~irrlarizirig operative plastic 
deformation modes so that eriergy absorption capability 
can be assessed in the simple structural elements of 
which most energy absorbers are composed. 

Introduction 

The development arid detail design of mechanical 
devices for dissipating kinetic energy in a controlled 
manner or at a predetermined rate has become ilicreas- 
iligly more important to  the engineer. Advances iri tech- 
nology have led to  higher speeds and niore massive 
vehicles (e.g. motor cars and aircraft) wllicll can cause 
more serious damage to people, the environment, and 
to the costly structures thell~selves. T l ~ e  public, now 
more than ever, is educated and vocal enough to be able 
t o  demand tiiglier degrees of personal and public pro- 
tection [ I ]  and to be able to  exact greater legal pen- 
alties for mechanical failures [ 2 ] .  All these factors make 
up-to-date acquaintaticeship with the design of passive 
safety measures, especially energy absorbers, a pre- 
requisite for their applicatior~ in this field. 

Crashworthiness is a well-established subject ot' study 
especially in the USA, though its treatmerit as a single 
discipline has yet to be generated. In vivo impact 
situations consist largely of a miscellany of different 
entities. Only artificial impact situatiotis are capable of 
being scientifically well-structured. This applies particu- 
larly to  the treatment of problems of plastic defor- 
mation in structures whose function is t o  collapse in an 
envisaged mariner wlien subjected t o  a specific load that 
may be encountered in thc exccptional circumstancc o f  
all unintentional collisioli. The theory of metal 
plasticity is tiow a Iliglily developed discipline in certain 
areas and, for that in which we now describe its applica- 

nSw end of article for authors' affiliation and address. 

tior], it call be taker1 to  provide fairly reliable predictions 
tliotlgll tlicrc arc ccrtilili lilliiti~tiotis arlil tllcsc arc dis- 
C L I S S C ~  ~ c ' I o w .  'l'lre applici~tioll of its lirws : I I I ~  its ~~rct l ioi /s  
of  alialysis, especially wlict~ backcd-up by expcrili~cnt, 
can be depended upon t o  satisfactorily facilitate tlie 
din~cnsio~iillg of  parts of crashworthy arld energy- 
absorbing structures with the aid of etigineeri~ig expcri- 
ence. We d o  not discuss here the bion~echanics of fast 
arresting situatiorls - this lias lolig been tlre subject of 
STAI'P 131 Conferences. There are other aspects of tlic 
kinetic energy dissipating situatior~ wllich are not fully 
discussed here due to  lack of space. Among these are the 
use of nonmetallic materials [4,5]  the energy absorbing 
capability or response of particular vel~icles to defor- 
riiatioli or penetration [4 ,  G ]  and the general pliilosophy 
of design in this area of engineering 17j .  

This review is principally concerned with the relative- 
ly  slow speed (of the order of, say, 50 mlscc) dynamic 
impact of metallic structures and dwells on t l ~ e  large 
deformation plasto-mechanics of the simple structure 
elements frequeritly used as parts of complete devices. 
Tlie design aim is to dissipate kinetic energy irreversibly 
rather tlian corrvert and store it elastically and in par- 
ticular, restitution is to be avoided. The aim is t o  safe- 
guard people, cargo, macliinery or even the vehicle itself 
from suffering an excessively higIl rate of retardation or 
degree of dar~iage. Devices used to this end are usually 
one-shot items, i.e., once having beeti deformed, they are 
discarded and replaced. Frequcntly, they are proportion- 
ed so as to  possess a more-or-less rectangular force- 
displacemcllt cliaracteristic; tiley are a special kind of 
load-liriiitcr. T l~c i r  repeatability arid reliability ill usc 
are also of great importance 181. Tlie cost of 'thcsc 
devices rnust always be kept in tnirid and searcl~es for 
Iiigll energy absorptiotl-per-unit-weight or volu~nc 
(which is often said to bc very itnportant in aircraft) 
may well be justified. However, after application, i.e., in 
post-traurnatic collisioK'situations, views about cost 
may well have changed. Keferences [ 4 ,  5 and 7-11] are 
useful geueral starting points for all aspects of crash- 
worthy inipact situations. 



APPLIED MECIIANICS REVIEWS 

Metal Processing Adaptations 

, Several designs of energy-absorbers .have been based 
upon simple metal-forming or rnetal:worki~~g processes 
such as billet compression [ 1 2 ] ,  tube expansion [ 5  j , 
plastic torsion of bars ( 8 ,  641 and extrusion 1 6 5 ) .  With 
regard to  the latter, Ezra and Fay 18) point out that 
many different extrusion devices utilizing nonn~etallic 
working material have been proposed. The one suggested 
recently by Robinson and Greenbank 1651 uses lead as 
tlie deforming medium and has an almost ideal rectan- 
gular force displacement characteristic, as shown in 
Fig. 8. This device has been suggested for use in the 
protection of  structures from earthquake damage. 

Another metal-working process which appears t o  have 
been used in various forrns is metal-cutting. A metal- 
shearing device and one which machines grooves in tubes 
are described in reference [ B ] .  Recently Kirk (661 has 
described a metal-skinning device in which energy 
dissipation is effected by pulling a round rod through a 
circular tool. This latter device was for use as an emer- 
gency overshoot stopping device in the U.S. Capitol 
Subway System. 

A perusal of any of the standard textbooks (e.g., 
reference [ 6 7 ] )  on the mechanics of metal-processing 
operations will instantly suggest t o  a reader devices for 
plastically absorbing energy and provide mechanics 
adequate for design calculations. 

Dynamic Effects, Influence of Strain-Rate 
and Strain-Hardening 

response under quasi-static loading conditions. When 
tllese devices are used as impact energy absorbers where 
the loading is dynamic, a consideration which should 
always be kept in mind is the influence of strain-rate on  
tlie plastic y i e l d i ~ ~ g  of  the material, though its effects can 
indeed be exaggerated. Strain-rate is most important in 
its effects on i~iitial yield o r  collapse load. But when 
large strains are involved, increases in stress level even for 
iricreases of several orders of magnitude in strain-rate are 
usuaily  nodes st 1431. This is, however, an area of ex- 
tensive research in its own right and reference [69 1 pro- 
vides an inipression of the scope of some of the general 
probler~is whicli exist. 

Also, as has been noted above, many devices undergo 
large plastic deformation. Strain-hardening often plays a 
significant role, thougli this is often neglected in obtain- 
ing order of magnitude estimates of the response, as 
illustrated by equations (2-5) .  111 simple terms, for 
bending devices say, one would expect strain-hardening 
to be important when the mode of deformation involves 
a n~imber of stationary plastic hinges (see reference [ 2  1) ). 

W 

The deformation characteristics of the energy-absorbers o 
described above need to be incorporated into calculations LI: O 
of tlie arrest of  a lift in uncontrolled descent, say, o r  the 

E 
deceleration of a vehicle in a crash situation. Such I -50 

matters form an essential part of the subject of crash- 
worthy calculations but their detailed treatment is out- -100 

side the scope of  the present review; however, see for 
-150 example reference (681. There are nonetheless a nurnber 

of poillts relating to  likely calculations t o  wliicl~ atten- 
tion must be drawn. - 200 

At the outset it was statcd that many of the char- 
acteristics of the devices described derive from their FIG. 8b FORCE-DISPLACEMENT CHARACTERISTIC 
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Broadly speaking, both strain-l~ardening arid strain- 
rate increase tlie effective yield stress of the'material. A 
reasonably straightforward formula representing this 
increase, which has been found'to be useful in certain 
beam problems (91 is, 

U l lp  
- 00 =[lt ( z )  ] ( l + Y d ) ,  (a]  

where D, p and u are material constants and u and 
U, are the current and quasi-static yield stresses, res- 
pectively. 

There are otlier strain-rate effects which can also 
occur such as delayed yield 1631, although this is more 
often associated with impulsive loading at  rates in excess 
of those usually encountered in the context of energy 
absorption. 

Nonlinearities in the load-deflection response of a 
device and time-dependent phenomena such as the 
dependence of yield stress on strain-rate have also been 
treated by defining equivalent mass-nonlinear spring- 
dashpot systems (see for example references 149, 50). 

Finally, the possibility must be considered that the 
mode of deformation of a device may alter under 
dynamic loading conditions. The buckling of rectangular 
cross-section tubes under axial compression provides a 
good examplc of tliis. Such behavior is ~ ~ s u a l l ~  tlie result 
of the inertia of the defornii~ig element playilly a sig- 
nificant role, but this is often assumed not to  be the case 
for energy-absorbers ( 3 7 ) .  A number of examples of 
such phenomena are to  be found in the area of high 
speed impact (see chapter 5, reference 1431 where, 
for example, modes of  deformation frequently involve 
plastic hinges which travel relative to the structure 
thus providing a coritinuously changing mode of defor- 
mation. In reference [S] it is suggested that a desirable 
feature of an efficient energy absorber is that "the rapid 
loading rate expected in crashes should not cause signifi- 
cant change in the (static) force-versus-de forniation 
trace"; clciirly tlic exa~nplc of  tlle square tube violates 
this. Recently, Kukkola 1701 has s l ~ o w ~ i  how s l ~ n r t ,  
square tubes can be used to satisfy this condition. 

Miscellaneous Non-metallic Systems 

The remarks above apply almost wholly to metal encrgy- 
absorbing structures. But other media (necessitating 
other designs or layouts) may be more efficacious in 
certain circumstances. 

Many sophisticated rnodcls for determining the arrest 
of bodies when cushioncd against various media (idealized 
mathematically as springs and dashpots) have been 
thc subject of many papers, reports a ~ i d  Looks. We sl~all 
only instance liere the c o ~ i i ~ e ~ i d i o u s  book of K o r ~ r I ~ a u ~ c r  
[ l o ] ,  though its particular accent on energy-absorption 
is very different from ours. 

Dcsighs of sopliisticated sand-drag typr systems for 
arresting tube trains (hopefully at a rate of about 1g) are 
known to be undcr considcra,tion. The 1g levcl is that 
which could be tolerated without serious injury to  most 
of the passengers and often without a significant amount 
of damage to the veliicle. The use of gravel beds for 
arresting aircraft landing i ~ i  distress has likewise been 
investigated a ~ i d  for the same reasons, by the Royal 
Aircraft Establishment, U.K. (see reference [4] for a 
summary of this work). 

The energy dissipating capability of clays, powders 
and soils has long been the object of study mainly 
because of tlicir ballistic associations, though it is impor- 
tant to have some knowledge of them for otlier purposes 

1431 
Kinetic energy dissipation systems which d o  not 

involve metals are usually developed by testing. As with 
sand-drag systems, tllere is usually insufficient kmowl- 
edge of the properties and mechanics pertaining to the 
dynamic effects of the materials involved to make strong, 
rational, theoretically disciplined approaches. 

The protective packaging of goods and instruments 
against damage in transit due to  an unintentional blow 
or fall has long received much attention. But packaging 
principles appear to  be greatly based on experience, 
e.g., "In all forms of packaging it is customary t o  have 
the hcavicr pieces at tlic bottom and the lighter pieces 
at the top" 171 1. Hcavy articles are generally less 
susceptible to  da~nagc and should tliercfore be located in 
tlie region wherc t l ~ e  greatest impacts in setting-down 
will be felt. Following this principle also reduces any 
tendency to topple-over by lowering the center of 
gravity as much as possible. 

Typical cushioning materials are straw, fiberboard, 
woodchips and sawdust, wood-wool, polyurethane foam 
and polystyrene, n ~ b b e r ,  corrugated cardboard and 
paper, mouldcd paper and flexible rods. These materials 
are used not only for cushioning, but also for protectively 
locating and suspending items. 

A packaged Inaterial can be protected b y  
(1) load sprcatling, i.e., spreading tlie forces at impact 

over a largc arca so that prcssurc is rcdiiccd; 
(2 )  b l o c k i ~ ~ ~  a ~ i d  b r a c i ~ i ~ ,  i.e., I o c a t i ~ ~ g  supports i l l  

contact with the stronger parts of tlie article so that on  
impact, forces are directed to these parts; and 

(3) sl~ock reduction, i.e., by cushioning tlie article. 
The maximum retardation which may be applied t o  

a given article without damaging it is known at the 
fragility fuctor of the article. This factor is expressed 
in multiples o fg .  

Tile thickness of a cushion, t, wliicfl exerts a constant 
force of resistance as it is cornpresscd down to zero 
thickness is just t = h/C,  where C is tlre retardation i n g  
units and h the lieigl~t of drop. However, for many 
cusl~ion materials, resistancc is proportional to  compres- 
sion and tlic coniprcssed Inass occupies a finite thick- 
ness. Accordingly, it is usual to write t = chic where c 
is a cushioning factor. 
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Dynamic Ana lys i s  of  Impact ~ t t e n u a t i o n  
HSRl ., 

Systems U t i l i z i n g  P l a s t i c  Deformations 
- 

( Case i n  Which E f f e c t  o f  S t r a i n - r a t e  l .  

* 
S e n s i t i v i t y  Is Considered ) 

* * 
By Ken-ichiro OHMATA 

An impact a t t e n u a t i o n  system whose i d e a l i z e d  s t a t i c  load-displacem- 
e n t  curve c o n s i s t s  of an e l a s t i c  range and u n r e s t r i c t e d  p l a s t i c  flow is 
represented by a dynamically equ iva len t  model which takes  i n t o  account 
e l a s t i c i t y ,  v i s c o s i t y ,  p l a s t i c i t y  and s t r a i n - r a t e  s e n s i t i v i t y  of t h e  
s t r u c t u r e ,  and i ts  dynamic response t o  the  impact by a moving mass is 
analyzed. ' The t h e o r e t i c a l  r e s u l t s  a r e  i n  f a i r  by good agreement with 
the experimental  r e s u l t s  on mi ld-s tee l  simply supported beams. 

An a n a l y s i s  is  a l s o  made by regarding the  equ iva len t  model of the  
impact a t t e n u a t i o n  systems a s  Bingham's model, and t h e  r e s u l t s  a r e  
compared wi th  t h e  t h e o r e t i c a l  r e s u l t s  by t h e  author's model and the  
experimental  r e s u l t s .  Moreover, comparisons between the  experimental 
and t h e o r e t i c a l  r e s u l t s  on p l a s t i c  impact of  beams given by Parkes and 
the  t h e o r e t i c a l  p r e d i c t i o n s  by author's model a r e  made. 

1. I n t r o d u c t i o n  

Various impact a t t e n u a t i o n  systems 
u t i l i z i n g  p l a s t i c  deformations have been 
designed i n  o rder  t o  p r o t e c t  t h e  v e h i c l e  
occupants i n  c a r  c o l l i s i o n .  When we study 
the  s a f e t y  of a c a r  with such an impact 
a t t e n u a t i o n  system, maximum impact fo rce ,  
impact dura t ion  and t h e  shape of impact 
pulse a r e  e s s e n t i a l  f a c t o r s .  In  the  pre- 
ceding paperu '  , a s t r u c t u r e  whose load- 
displacement curve due t o  geometry change 
a f t e r  i n i t i a l  y i e l d  is expressed approxi- 
mately by a cubic curve is represented by 
a dynamically equ iva len t  model, and i ts 
dynamic response t o  t h e  impact of a moving 
mass is analyzed d i s regard ing  the  e f f e c t  
of s t r a i n - r a t e  s e n s i t i v i t y .  For some 
m a t e r i a l s  such a s  mild-steel ,  however, 
the re  is  a marked increase  i n  y i e l d  point  
with s t r a i n  r a t e .  

I n  t h i s  paper, a s t r u c t u r e  whose 
i d e a l i z e d  s t a t i c  load-displacement curve 
c o n s i s t s  of an e l a s t i c  range and u n r e s t r i -  
c t e d  p l a s t i c  flow is represented by an 
equiva len t  model which takes  i n t o  account 
t h e  e f f e c t  of  s t r a i n - r a t e  s e n s i t i v i t y  
toge ther  with e l a s t i c i t y ,  v i s c o s i t y  and 
p l a s t i c i t y ,  and i ts  response t o  the impact 
is analyzed. The t h e o r e t i c a l  r e s u l t s  a r e  
compared with the  r e s u l t s  of impact t e s t s  
on the simply supported bearcs of mild- 
s t e e l  and the  experimental  and t h e o r e t i c a l  
r e s u l t s  given by Parkes(21. 

* Received 16 th  A p r i l ,  1974. 
** Lecture r ,  Faculty of Engineering, 

Meij i Universi ty ,  Kawasaki. 

In the  f i e l d  of rheology, equ iva len t  
models have been used t o  descr ibe  the 
behaviour of mate r ia l s  and Bingham's model 
is wel l  known a s  the model of visco-  
e l a s t i c - p l a s t i c  substance.  In t h i s  r e p o r t ,  
an a n a l y s i s  is a l s o  made by regarding the 
equ iva len t  model of  the impact a t t e n u a t i o n  
system a s  Bingham's model, and t h e  r e s u l t s  
a r e  compared with the t h e o r e t i c a l  r e s u l t s  
by the  author's model and the experimental 
r e s u l t s .  

2 .  Dynamic a n a l y s i s  by 
a u t h o r ' s  model 

Consider a s t r u c t u r e  (an impact a t t e -  
nuat ion system) having t h e  i d e a l i z e d  load- 
displacement curve a s  shown i n  Fig. 1 and 
being impacted by a heavy s t r i k i n g  mass m.  
I t  is  wel l  known t o  descr ibe  the  behaviour 
of m a t e r i a l s  by s u i t a b l e  combinations of 
spr ings ,  dashpots and s l i d e r s .  I f  we 
apply such a model expression t o  a s t r u c t -  
ure  having the deformation c h a r a c t e r i s t i c  
shown i n  Fig. 1, i ts  equiva len t  system may 
be represented a s  Fig. 2. In  Fig. 2 ,  k 
is  t h e  s p r i n g  cons tan t  and Fp is Coulomb 

=P XM 
Displacement  x 

~ii .  1 S t a t i c  load-displacement curve I 

I Resecrc:~ Institute I 



f r i c t i o n  force ,  and they correspond t o  t h e  
va lues  i n  Fig. 1. Moreover, c is t h e  
equ iva len t  viscous damping c o e f f i c i e n t  and 
the  mass of t h e  s t r u c t u r e  is  ignored. 

2 . 1  F i r s t  s t a g e  ( E l a s t i c  s t a g e )  
Let t - 0  and x - 0  a t  the  moment'when a 

s t r i k i n g  mass impinges on the  po in t  S with 
speed v O .  We may cons ider  a f r e e  vibra-  
t i o n  system shown i n  Fig. 3 a s  long a s  the 
spr ing  f o r c e  kx is smal l  i n  comparison 
wi th  Fp. Assuming c < 2=, the  motion 
of the  s t r i k e r  and t h e  impact f o r c e  F' 
exer ted  on t h e  s t r i k e r  a r e  

v 
x =L e - a t  s i n  q t  

9 

where 

- 1  a - 1  2qa  
y = t a n  - rl = t a n  - 

9 ,  92-a* 

and t h e  s p r i n g  f o r c e  is  

f = k x  - k v , e - a t s i n  q t  
9 (3) 

When f = Fp, deformation e n t e r s  t h e  second 
s tage .  h e  condi t ion  t h a t  the  deformation 
should e n t e r  t h e  second s t a g e  is folax>Fp, 
i . e .  

I n  t h i s  case  t h e  time tp a t  t h e  moment 
when t h e  f i r s t  s t a g e , e n d s  is  obtained by 
t h e  fol lowing r e l a t i o n .  

e S a t p  s i n  q t p a  q ~ ~ / m v ~ ~ ~  ( 5 )  

Calcu la t ing  t from Eq. (5) f o r  a given 4 value of mvov /qF and s u b s t i t u t i n g  i t  
i n t o  Eq. (1) .  we o g t a i n  the  v e l o c i t y  of 

1 

Fig. 2 Equivalent system 
(Author's model) 

t h e  s t r i k e r  vp when t = tp. The displace-  
ment of t h e  s t r i k e r  xp and , t h e  impact 
fo rce  Fp' a t  t h i s  moment .are 

Fp' corresponds t o  the dynamic y i e l d  load  
and Fp'/F = l+cvp/Fp co inc ides  with the  
r a t i o  of tRe dynamic y i e l d  s t r e s s  a t o  
the  s t a t i c  y i e l d  s t r e s s  ay.  

2 . 2  S e c o n d  s t a g e  ( P l a s t i c  s t a g e )  
In  t h i s  s t a g e ,  we must consider  a 

system shown i n  Fig. 2. The equa t ion  of  
motion i s  

Considering t h e  i n i t i a l  condi t ions  ( i. e . ,  
f o r  t = t p ,  x a x p ,  i = v p  1, w e  o b t a i n  t h e  
s o l u t i o n  of Eq. (7) a s  

S e t t i n g  i of Eq. (8) equal  t o  zero y i e l d s  
t h e  time a t  which t h e  s t r i k e r  reaches its 
maximum p o s i t i o n .  

Hence, by Eq. (8) the  maximum displacement 
x, and t h e  impact f o r c e  FHO a t  t h i s  moment 
a r e  

2.3 R e b o u n d i n g  s t a g e  
A f t e r  t h e  s t r i k e r  reached t h e  maximum 

displacement, we may consider  t h e  system 
shown i n  Fig. 3 again s i n c e  t h e  s p r i n g  is 
about  t o  r e t u r n  t o  i t s  o r i g i n a l  l eng th  
while  t h e  p o i n t  T' w i l l  remain a t  r e s t .  
In  t h i s  case ,  however, t h e  equ i l ib r ium 
p o s i t i o n  of t h e  system is 

Applying t h e  i n i t i a l  condi t ions  t h a t  x =  x,, 
k = O  when t =  t ~ ,  we f i n d  t h e  motion of t h e  
s t r i k e r  and t h e  impact f o r c e  t o  be 

A t  t h e  moment when F'mO, the  s t r i k e r  
l eaves  the  s t r u c t u r e .  The time of t h i s  
moment is Fig. 3 



tR corresponds t o  t h e  impact dura t ion  and 
XA i n  Eq. (11) corresponds t o  t h e  permanent 
deformation of t h e  s t r u c t u r e  a t  the  po in t  
of a p p l i c a t i o n  of the  load.  

I f  the  s t r i k e r  is a f a l l i n g  weight,  
the  e f f e c t  of its own weight must be 
considered. I n  t h a t  case i t  i s  necessary 
t o  rep lace  the  equat ion of  motion a t  t h e  
f i r s t  s t a g e  by 

and t h e  equa t ion  of motion a t  t h e  second 
s t a g e  by 

and the  equ i l ib r ium p o s i t i o n  a t  the  
rebounding s t a g e  by 

3.  Determination of equivalent 
viscous damping coef f ic ien t  

We assume t h e  y i e l d  s t r e s s - s t r a i n - r a t e  
law t o  be of t h e  fol lowing form0' .  

n 
u y O = a y {  I+(+-) l = o y  { l t ( * )  1 

1 0 4 )  1 f o r  aluminum. n = 114, D 6500/s\  
( f o r  mild-ste;l, n = l / 5 ,  ~ = 4 0 / s )  J 

Hence, the  dashpot r e s i s t a n c e  i n  Fig. 2 is 
more c o r r e c t l y  expressed by a term propor- 
t i o n a l  t o  t h e  n t h  power of the  v e l o c i t y .  
Then, l e t  us  cons ider  t h e  equ iva len t  
viscous damping i n  t h a t  case. 

It w i l l  be seen from t h e  r e s u l t s  i n  
Chapter 2 t h a t  t h e  v e l o c i t y  change of the  
s t r i k e r  up t o  t h e  maximm p o s i t i o n  is 

expressed approximately by a cos ine  curve 
i n  t h e  e l a s t i c  s t a g e  and by an exponential  
func t ion  i n  the  p l a s t i c  s t a g e ,  a s  shown i n  
Fig.  4 by the  s o l i d  and dot-dash curve. 
For s i m p l i c i t y ,  however, l e t  us  regard the  
v e l o c i t y  change of  the s t r i k e r  up t o  the 
maximm p o s i t i o n  a s  l i n e a r ,  a s  shown i n  
Fig. 4 by the  s o l i d  l i n e .  Namely 

The energy d i s s i p a t e d  up t o  the  maximm 
displacement due t o  an equiva len t  viscous 
damping force  FD = c f  i s  

(16) 
When the  damping force i s  expressed by the 
equat ion Fp = cnin, i t  becomes 

( 1 7 )  
The equiva len t  viscous damping is  found by 
equat ing t h e  energy d i s s i p a t e d  up t o  the  
maximm displacement by the viscous damp- 
ing  t o  t h a t  of  the  a c t u a l  damping force .  
From Eqs. (16) and (17) 

ka an example, l e t  us cons ider  a 
simply supported beam s t r u c t  by a heavy 
mass rn a t  i ts  midpoint with i n i t i a l  
v e l o c i t y  v o ,  a s  shown i n  Fig. 5. The beam 
has a s o l i d  c i r c u l a r  cross-sect ion of 
diameter d. When a s t a t i c  load a c t s  on 
the  midpoint of t h e  beam and t h e  maximm 
bending moment ( Mmax= El14 ) reaches a 
f u l l y  p l a s t i c  moment of the s e c t i o n  of the 
beam ( M p =  d 3uy/6 ) , a p l a s t i c  hinge forms 
a t  t h e  midpoin't and c o l l a p s e  occurs .  The 
load a t  t h i s  moment corresponds t o  the 
s t a t i c  y i e l d  load and is given by 

F p  = 4 M p l t  = 2 d 3 a y / 3 t  (19) 

When the beam is s t r u c k  by a moving mass. 
the dynamic load i n  the p l a s t i c  s t a g e  is  
given by rep lac ing  ay i n  Eq. (19) with 
uyS of E q .  (14). 

Fig. 4 Veloci ty change of s t r i k e r  

--- __- 
4 b )  Plastic stale ( C  

Fig. 5 



Let us nex t  consider  t h e  c a s e  i n  which the  where k y  is t h e  s t r a i n  r a t e  a t  t h e  d i s t a -  
dashpot re? i s tance  i n  Fig. 2  is expressed nce y from t h e  n e u t r a l  a x i s  of t h e  hinge.  
by Fp = Cnxn. The impact fo rce  i n  t h e  Since E~ = y/p, 280 = H and a812 Lf X, iy 
p l a s t i c  s t a g e  is  and i a r e  r e l a t e d  approximately by 

Comparing Eq. (20) with Eq. (21) ,  we f i n d  S u b s t i t u t i n g  Eq. (27) i n t o  Eq. (26) and 

c n i n  = F ~ ( ~ / D ) ~  
us ing  t h e  r e l a t i o n s h i p s  y = (6 / 2 ) s i n  Q , 

(22) d A = d c o s  ( d y =  ( d 2 / 2 ) c o s 2 4 d $ ,  we have 
I t  is necessary t o  f i n d  o u t  t h e  r e l a t i o n -  
s h i p  between the  s t r a i n  r a t e  ; and the  d 

t ransverse  v e l o c i t y  i a t  t h e  midpoint of 
Dll H 

the  beam i n  order  t o  f i n d  ou t  t h e  va lue  of 
Cn from Eq. (22). Using the  r e l a t i o n s h i p  
between the maximum s t r a i n  r a t e  and t h e  
t ransverse  v e l o c i t y  i n  the e l a s t i c  range 

3 
x ~ l t "  2d ) n i n )  

4  ( n t 3 )  ' (TK (28) 
( i n  the  ou te r  f i b r e s  of the  midpoint,  6 
6 d i / i 2  ) , we obta in  i n  which 

n 
(23) 

n+ 2 cn  = F~ (s) 4 2 ~(2) 
r ( n )  = T/f s i n n + '  ( d ( = ~ . x  

For l a r g e  deformation, assuming t h e  shape (7) 
of the  d e f l e c t i o n  curve a s  s h o k  i n  F L ~ I  6 ,  L 

the  r e l a t i o n s h i p  between t h e  mean r a t e  of (29) 

s t r a i n  i n  t h e  o u t e r  f i b r e s  of the  hinge where r denotes a  gauuna funct ion.  The 
and the  t ransverse  v e l o c i t y  under t h e  load dynamic load i n  t h e  p l a s t i c  s t a g e  is given 
is represen ted  approximately i n  the  f o l l o -  by . . 

r i n g  form ( 4 '  : 3 n Fa = Fp{ lt - 2d ) n i n l  

b = 2 d i l l l ~  (24) 4 ( n t 3 )  ( n )  (m 
where H is  the  leng th  of the  p l a s t i c  hinge 

(30) 

,determined experimental ly .  Subs t i  t u t i n g  Hence, we have 
Eq. (24) i n t o  Eq. (22) ,  we o b t a i n  

3nC ( n )  2d n 
2d C n '  4 ( n t 3 )  F ~ ( ~ )  

(31) 

'n Fp (m) (25) 
For a  r e c t a n g u l a r  c ross -sec t ion  of width b 

S u b s t i t u t i n g  Eqs. (23) o r  (25) i n t o  Eq. 
(181, we o b t a i n  t h e  approximations of the  
e q u i v a l e n t  viscous damping c o e f f i c i e n t  c. 
In the  c a s e  of a  rec tangula r  c ross -sec t ion  
of width b and depth d ,  i t  is only necess- 
a ry  t o  p u t  ~ ~ * b d ~ a ~  /t i n  Eqs, (23) and (25). 

In  the  above d i scuss ion ,  t h e  va lue  of 
c was determined by assuming t h e  dynamic 
s t r e s s  d i s t r i b u t i o n  a t  the .  hinge a s  shown 
i n  Fig. 6 (b) .  However, i f  t h e  dynamic 
y i e l d  s t r e s s  is expressed by Eq. (14) ,  t h i s  
s t r e s s  d i s t r i b u t i o n  may be represen ted  a s  
shown i n  Fig. 6 ( c ) .  Therefore,  l e t  us  
consider  the  va lue  of c  f o r  the  s t r e s s  
d i s t r i b u t i o n  shown i n  Fig. 6 ( c ) .  Assuming 
the  conf igura t ion  of t h e  beam a f t e r  t h e  
hinge has formed is a s  shown i n  Fig. 5 ( b ) ,  
t h e  r e s i s t i n g  moment i n  t h e  h inge  is given 
by 

and depth d, -this becomes 

The va lues  of  c  c a l c u l a t e d  from Eqs. ( 2 3 1 ,  
(25) and (31) f o r  a  simply supported beam 
impacted by a  f r e e l y  f a l l i n g  s t r i k e r  of 
w =  25.5kg a r e  given i n  Table l. The beam 
is mfld-steel (ss41)  f o r  which ay 5 28kg/m2 
and which has  a s o l i d  c i r c u l a r  cross-  
s e c t i o n  of diameter  d =  6/8in( ,  and ll400cm. 
I n  these  c a l c u l a t i o n s ,  t h e  l eng th  of t h e  
hinge H was taken a s  t h e  average of t h e  
l e n g t h s  a t  t h e  o u t e r  s u r f a c e  and i ~ e r  
s u r f a c e  measured by means of  b r i t t l e  
l acquer  (TENS-LAC, 7L-500-60A). Table 1 
a l s o  shows the  experimental  v a l u e s  of c. 
These va lues  were c a l c u l a t e d  from t h e  
fol lowing r e l a t i o n :  

c *  ( F p 4 - F p )  l v p  (33) 

Table 1 Values of equ iva len t  v i scous  damping c o e f f i c i e n t  

* Calcu la ted  from v o =  ** ( ) :Calculated by assuming v p =  v,, 



where F,' i s  the  experimental  maximum 
impact f i r c e .  

In  c a l c u l a t i n g  vp i n  above equa t ion ,  
t h e  v a l u e  of c was c a l c u l a t e d  from Eq.(23). 
Furthermore, t h e  va lues  of c obtained by 
a s s m i n g  v = v O  a r e  given i n  t h e  parenth- 
e s e s  of  TabEe 1. ~t w i l l  be  seen from 
Table 1 t h a t  t h e  values of c obtained by 
use of Eq. (23) show good agreement wi th  
t h e  experimental  va lues  i n  a wide range of 
deformations, those by Eq. (31) being sli- 
gh t ly  g r e a t e r  and those  by Eq. (25) f a i r l y  
g r e a t e r  than t h e  experimental  values.  
Moreover, i t  is ev iden t  t h a t  t h e  l eng th  of 
the  p l a s t i c  hinge H changes depending on 
t h e  degree of impact,  a l though i t  was 
assumed t o  be cons tan t  i n  t h e  d e r i v a t i o n  
of Eqs. (25) and (31). 

4 .  Dynanic analys is  by 
Bingham type ~ d e l  

Next, l e t  us  consider  Bingham's model 
aa t h e  equ iva len t  model of t h e  s t r u c t u r e  
having t h e  s t a t i c  c h a r a c t e r i s t i c  shown i n  
Fig. 1. The equiva len t  system i s  shown 
i n  Fig. 7. 

4 . 1  First s tage  (E las t i c  s tage)  
Let t = 0  and x - 0  a t  t h e  moment when a 

s t r i k e r  impinges on t h e  po in t  S wi th  speed 
v,. A s  long a s  the s p r i n g  f o r c e  kx is 
small  i n  comparison with Fp, we may cons- 
i d e r  a system shown i n  Fig. 3 except  t h a t  
t h e r e  is no damping. Hence t h e  motion of 
t h e  s t r i k e r  and t h e  impact f o r c e  F' a r e  

v 
x -  2 s i n  v t ,  ; = V , C O S  v t  

v 

j; = - v o u s i n  v t  (v  =m) 
F* - - m x = k x = m v ~ v s i n  v t  

When mv,v/F >1, the  deformation e n t e r s  
t h e  second s!age, and t h e  time tp  and t h e  
v e l o c i t y  of t h e  s t r i k e r  vp  a t  t h a t  moment 
a r e  given by 

4 . 2  Second stage ( P l a s t i c  s tage)  
In  t h i s  s t a g e ,  we may consider  a 

system shown i n  Fig. 7. The equat ion of 
motion is 

> 
m;+k(x-u) = 0 

k (x-u)  = c;+Fp 

From the  f i r s t  of Eqs. (36) ,  we f i n d  

Fig. 7 Equivalent system 
(Bingham type model) 

u = j i / v 2 + x  (37) 

S u b s t i t u t i n g  Eq.  (37) i n t o  the  second of 
Eqs. (36), we o b t a i n  

where , 

J m k  = 9 (39) v = s  n 9 5 ,  x p  k 

I f  6 > 1, the genera l  s o l u t i o n  f o r  Eq. (38) 
is 

x = ~ , e x p { - v  (F+-l) ( t - t p )  1 
+ A ~ ~ X P I - V ( E - ~ ~ )  ( t - t p )  I 

+A3-2Svxp ( t - t p )  (40)  

; = -v [ A ,  ( [ + K l )  - 
x e x p ( - v  ( 6 + J t 2 - 1 )  ( t - t p ) )  

+A2 (5-@=i)exP{-v (5-  -1) 

S u b s t i t u t i n g  t h e  i n i t i a l  condi t ion  f o r  
t h i s  s t a g e  ( i .e . ,  f o r  t = t , 
i = -v2xp) i n t o  Eqs. (4O)n(43) ,X:exiint ;2* 
va lues  of A * ,  A2 and A 3  t o  be 

A1 = 
v x p i 2 5  ( 5 - m 1 ) - 1 1 + ~ ~  ( 5 - F l )  

v ( ~ - l + C l )  ( S + l + d E 2 - l )  

A 2  = 
v ( ( - 1 - F l )  ( ~ + l - T l )  

A, =xp-AI-A,  

(43) 
The maximum a c c e l e r a t i o n  ( the  maximum 
impact fo rce  ) occurs  a t  the  moment when 
d x l d t  = 0 and t h e  time of t h i s  moment tf i s  
given by 

(44) 
S u b s t i t u t i n g  Eq. (44) i n t o  Eq. (42), we 
ob ta in  t h e  maximum a c c e l e r a t i o n  a s  

" X f  ' V 2 K - 1 / 2 [ l t ( ~ / m ) l  

x{Al ( 5 + K 1 ) 2 + ~ 2  ( E - ~ ) ~ K }  1 
where I 

L 

(45) 
The time t,, a t  which the s t r i k e r  reaches 
i ts  maximm p o s i t i o n  is found by s e t t i n g  i-O. 

A ,  ( ~ + ( E 2 , 1 ) e x p ( - v  ((+-I) (t,,-tp) 1 
+ A 2  ( ~ - ~ l ) . x p ~ - v ( l - ~ )  ( t * - t p )  I 
+2Exp = 0  (46) 

I f  the k i n e t i c  energy of t h e  s t r i k e r  is  
l a r g e  (so t h a t  t -t is  l a r g e )  and 6 is 

H P- l a r g e ,  t h e  f i r s t  term of Eq. (46) is negl- 
i g i b l e  compared t o  the second and t h i r d  
terms. Hence 



(47) 
S u b s t i t u t i n g  Eq. (47)  i n t o  Eq. ( 4 0 ) ,  we 
o b t a i n  t h e  maximum displacement x ~ .  

4 . 3  Rebounding s tage  
A f t e r  t h e  s t r i k e r  has  reached t h e  

maxima displacement, we may consider  a 
system shown i n  Fig. 3 except  t h a t  t h e r e  
is  no damping again.  I n  t h i s  case ,  
however, t h e  equ i l ib r ium p o s i t i o n  of the  
system is 

Hence, the  motion of the  s t r i k e r  and t h e  
impact f o r c e  F' a r e  

x = x,-xpI 1 - c o s v  ( t - t , )  1 
2 - v x p s i n v ( t - t n )  

F' ( t - t n )  

1 
At t h e  moment when x = x l ,  the  s t r i k e r  
leaves t h e  s t r u c t u r e .  The time of  t h i s  
moment is  

t~ = t,+w/Zv (50) 

I f  the  s t r i k e r  is a f a l l i n g  weight,  i t  is  
necessary t o  rep lace  the  equa t ion  of 
motion a t  t h e  f i r s t  s t a g e  by 

mx+kx I mg 

Calculated as dy=28 k ~ / d  * 

and the  equa t ion  of motion, a t  t h e  second 
s t a g e  by 

mg+k ( x - u )  = mg, k ( x - u )  = C ; + F ~  

and t h e  equ i l ib r ium p o s i t i o n  a t  t h e  rebou- 
nding s t a g e  by 

XR = x ~ - x ~ + x ~ ~  ( x s t  = mg/k)  

5 .  Experimental examples 

In o r d e r  t o  determine whether the 
a n a l y s i s  could s a t i s f a c t o r i l y  p r e d i c t  t h e  
behaviour of t h e  s t r i k e r ,  drop t e s t s  on 
simply supported beams were c a r r i e d  o u t .  
The beans a r e  mi ld-s tee l  (ss41)  f o r  which 
a y  =28kg/mZ and which have a s o l i d  c i rcu-  
l a r  cross-sec t i o n  of d =6/8in$,  and 9. = 100 
cm. The s t a t i c  load-displacement curve 
of these  simply supported beams is shown 
i n  Fig. 8 and t h e  shock t e s t i n g  machine , 

used i n  these  t e s t s  i s  shown i n  Fig. 9.  
The a c c e l e r a t i o n  exer ted  on the  drop mass 
(w -25.5kg) was measured by a p i e z o e l e c t r i c  
accelerometer  a t t ached  t o  the  drop mass 
and an o s c i l l o s c o p e ,  and the  time-displac- 
ement r e l a t i o n  was measured by a high- 
speed camera. The maximm displacement 
was measured by two sl ide-wire d i sp lace-  
ment t ransducers  too. The s t r i k i n g  velo- 
c i t y  was c a l c u l a t e d  from v o  = &$ (h: 
he igh t  of f a l l ) ,  s i n c e  t h i s  v a l u e  agreed 1 
w e l l  w i t h  t h e  measured va lue  ( e r r o r  being 
1-21: w i t h i n  t h e  limits of t h i s  experiment).  
Comparisons of the  experimental  and theo- 'I 
r e t i c a l  r e s u l t s  on maximum displacement 
v a r i a t i o n  and maximum a c c e l e r a t i o n  v a r i a t -  , 
ion  with he igh t  of  f a l l  a r e  shown i n  Figs. 
10 and 11, respec t ive ly .  Figures  12 and 

0 2 4 6 8 10- 12 
Displacement z cm 

Fig. 8 S t a t i c  c h a r a c t e r i s t i c  of 
simply supported beam 

0 50 100 150 200 
Heilht of fall  h cm 

Fig. 10 Rela t ionsh ip  between he igh t  of 
f a l l  and maximum displacement 

Authw's model 

Ntthout lhrnp~nl ------------ I------------- 

Fig. 11 Relat ionship between height  of 
Fig. 9 Shock t e s t i n g  machine f a l l  and maximum a c c e l e r a t i o n  



1 3  s h w  comparisons of the experimental 
and t h e o r e t i c a l  displacement-time h i s t o r -  
i e s  and accelerat ion-t ime h i s t o r i e s  a t  
which h - 100cn1, respec t ive ly .  I n  these  
ca l cu l a t i ons ,  the  equiva len t  viscous damp- 
ing  c o e f f i c i e n t s  wre ca lcu la ted  from Eq. 
(23), and t h e  e f f e c t  of the  own weight of 
t he  drop mass was considered. 

It  w i l l  be seen from Figs. 10-13 t h a t  
the  t h e o r e t i c a l  r e s u l t s  using the author's 
model and a Bingham type model f a i r l y  w e l l  
agree wi th  the  expe'rimental r e s u l t s ,  s o  
t h a t  t he  impact system can be explained 
w e l l  by these equiva len t  models. Bingham 
type model, however, has the  fol lowing 
disadvantages: 

( I  ) The e f f e c t  of v i s cos i t y  i n  the  
e l a s t i c  s t a g e  is ignored. 

( il) Yield s t r e s s  has a cons tan t  value 
regard less  of s t r a i n  r a t e .  

(iil) It w i l l  be d i f f i c u l t  - t o  determine 
t he  equiva len t  viscous damping coe- 
f f i c i e n t  ana ly t i c a l l y .  

Therefore, the  author's model is super ior  

t o  the  Bingham type model a s  the equiva- 
l e n t  model of the impact a t tenua t ion  
systems u t i l i z i n g  p l a s t i c  deformations. 
For re fe rence ,  the deformed shapes of the 
beams and the  dynamic load-displacement 
curves a t  which h=100cm a r e  shown i n  Figs. 
14 and 15, respec t ive ly .  

6. Comparison of theore t i c a l  
and experimental  r e s u l t s  
by Parkes wi th  t h e o r e t i c a l  
r e s u l t s  using author 's  model 

The problem of the p l a s t i c  bending of  
beams under impulsive loading has been 
s t ud i ed  by many researchers .  A s  one of 
those s t ud i e s ,  l e t  us compare the theoret-  
i c a l  and experimental r e s u l t s  on a can t i -  
l eve r  by ~ a r k e s ( * )  with the  t heo re t i c a l  
r e s u l t s  using t he  author's model. 

Parkes has analyzed t he  permanent 
deformation of a can t i l eve r  s t r uck  trans-  
verse ly  a t  i ts  t i p  on the assumption t ha t  
the hinge po in t  moves and compared t he  

0 2 4 6 8 10 122 14 
Fig. 14 Deformed shapes of beames 

'lime t ~ 1 0 '  SK 

Fig. 12 Displacement-time h i s t o ry  I Author's model 

$ 0  2 4 B 8 10 1'2 I4 
Time t x l d l  sec 

Bin~han's model  

150 

1 I I I I # I  

0 5 10 15 20 
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Fig. 13  Acceleration-time h i s t o r y  Fig. 15 Dynamic load-displacement curve 

Table 2 Permanent de f l e c t i on  of c a n t i l e v e r  s t r uck  t ransverse ly  a t  i ts  t i p  

Cross- Weight of Height 
Length s ec t i on  s t r i k e r  of f a l l  

b x d l  w I h 
(in) 

2 

c 12 1 AT - I  n u 

* Calculated a s  uv = 44090 
** Calculated a s  E'= 30x106 

I n i t i a l  
ve loc i t )  

Permanent deflec-  

X~ 
( i n )  - 
0.19 

Theore t ica l  r e s u l t s  by 

xp ( i n )  

d 

*** Calculated from Eq.  (23) 

FP* 
( l b )  
97.0 
48.5 
24.3 
16.2 
97.0 
48.5 
24.3 
16.2 

Experiment 
0.22 
0.42 
0.93 
1.53 
0.43 
0.90 
2.15 
3.46 

t ion  bv Parkes 

- 
Theory 

0.21 
0.44 
0.93 
1.48 
0.42 
0.87 
1.85 
2.97 

au thor ' s  model 

k** 
( l b / i n )  

4284 
536 

67 
20 

4284 
536 

- 67 
20 

c*** 

( lbs / in :  
1.229 
0.466 
0.177 
0.100 
0.936 
0.355 
0.134 
0.076 



r e s u l t s  with the  experimental  r e s u l t s .  
A s  one of the extreme condi t ions  he discu- 
s sed  t h e  case of a heavy s t r i k e r ,  and a 
p a r t  of h i s  experimental  and c a l c u l a t e d  
r e s u l t s  is shown i n  Table 2. 

Using t h e  assumption of the  p l a s t i c -  
hinge theory,  t h e  load-deflect ion r e l a t i o n  
of the  t i p  of the c a n t i l e v e r  sub jec ted  t o  
a s t a t i c  load a t  i ts  t i p  becomes s i m i l a r  
t o  t h a t  shown i n  Fig. 1. In  t h e  case  of 
a rec tangula r  c ross -sec t ion  of  width b and 
depth d, the  va lues  of Fp, x p  and k i n  
Fig. 1 a r e  given by 

where f. is the  l e n g t h  of t h e  beam, E is , 

the  modulus of e l a s t i c i t y  and oy i s  t h e  
s t a t i c  y i e l d  s t r e s s  of the  mate r ia l .  He- 
nce the  dynamic response of a c a n t i l e v e r  
s t r u c k  t r a n s v e r s e l y  a t  i ts  t i p  by a heavy 
s t r i k e r  can be c a l c u l a t e d  by t h e  r e s u l t s  
shown i n  Chapter 2, and t h e  c a l c u l a t e d  
r e s u l t s  on the  permanent d e f l e c t i o n  of the  
t i p  a r e  given i n  t h e  f i n a l  column of Table 
2. F u r t h e r w r e ,  t h e s e  r e s u l t s  by Parkes 
and t h e  a u t o r  a r e  compared i n  Fig. 16. 
It w i l l  be seen  from Table 2 and Fig. 1 6  
t h a t  t h e  t h e o r e t i c a l  r e s u l t s  using the 

Fig. 17 S t a t i c  load-displacement curve 

author's model f a i r l y  w e l l  agree  wi ih  the  
t h e o r e t i c a l  and experimental  r e s u l t s  by 
Parkes. 

7. Example appl ied  f o r  impact 
a t t enua t ion  system u t i l i z i n g  
p l a s t i c  deformation 

In  o r d e r  t o  p r o t e c t  the  v e h i c l e  
occupants i n  c a r  c o l l i s i o n s ,  impact a t t e n -  
ua t ion  systems having l a r g e  capac i ty  f o r  
energy and b u f f e r  q u a l i t y  have been d e s i r -  
ed. For one-shock having l a r g e  k i n e t i c  
energy such a s  c a r  impact,  impact a t t enua-  
t i o n  systems u t i l i z i n g  p l a s t i c  deformation 
whose load-displacement curve i s  n e a r l y  
square a r e  most e f f e c t u a l .  From such a 
viewpoint,  the  au thor  e t a l .  have i n v e s t  i- 
gated s e v e r a l  impact a t t e n u a t i o n  systems 
u t i l i z i n g  p l a s t i c  deformations, and t h e  
pipe-r ing s t ruc ture ' s )  is a t y p i c a l  example 
of  such a n  impact a t t e n u a t i o n  system. 
Another t y p i c a l  example is a c y l i n d e r  with 
a hexagonal c ross -sec t ion  given by Fuse 
and Fukuda ( 6 ) . 

When these  s t r u c t u r e s  a r e  crushed 
between two r i g i d  p l a t e s ,  the  i d e a l i z e d  
load-displacement r e l a t i o n s  a r e  of the 
type c o n s i s t i n g  of  an e l a s t i c  range (OE), 
r e s t r i c t e d  p l a s t i c  flow (EP) and unres  tri- 
c t e d  p l a s t i c  flow (PM) a s  shown i n  Fig. 17. 
When the  deformations a r e  very l a r g e ,  i t  
w i l l  be r a t i o n a l  t o  assume t h a t  t h e  load- 
displacement r e l a t i o n s  f o r  t h e s e  s t r u c t u r -  
e s  a r e  OP'MR i n  Fig. 17. Using t h i s  
assumption, we may apply the  above r e s u l t s  
t o  these s t r u c t u r e s .  Let us  nex t  compare 
the  r e s u l t s  of drop t e s t s  Eor a pipe-r ing 
s t r u c t u r e  wi th  t h e  t h e o r e t i c a l  r e s u l t s  
using t h e  author 's  model. 

I t  is  wel l  known(7) t h a t  when a r i n g  
s t r u c t u r e  wi th  a s o l i d  c ross -sec t ion  i s  
crushed between r i g i d  p l a t e s ,  the  in f luen-  
ce of geometry change a f t e r  i n i t i a l  y i e l d  
r e s u l t s  i n  an increased  load-carrying 
capac i ty .  In t h e  c a s e  of t h e  r i n g  having 
a thin-walled c y l i n d r i c a l  c ross -sec t ion ,  
however, t h e  load  does no t  i n c r e a s e  a f t e r  
i n i t i a l  y i e l d  because of buckling f a i l u r e  
a t  t h e  s e c t i o n s  on the  h o r i z o n t a l  a x i s  of 
symmetry, and i t s  i d e a l i z e d  load-displace- 
ment r e l a t i o n  is of t h e  type shown i n  Fig. 
17  ( 5 ) .  In  t h i s  case t h e  c h a r a c t e r i s t i c  
va lues  i n  Fig. 17  a r e  given by 

'OoO Calculated as dy=30 kj lmm2 

u 

200 ' iSTK-31)  , 
a 

I , ,  I + 

0 2 4 6 8 1 0 1 2  
O~splacemcn t I em 

Fig. 1 8  S t a t i c  c h a r a c t e r i s t i c  
of pipe-r ing s t r u c t u r e  



where EI is the  f l e x u r a l  r i g i d i t y  of t h e  
cross-sect ion,  R is t h e  mean rad ius  of the 
r ing ,  and Mp i s  t h e  f u l l y  p l a s t i c  moment 
of the  cross-sect ion of  t h e  r i n g  

i n  which d is  t h e  o u t e r  diameter and t is 
t h e  thickness  of the  r i n g  and ay is t h e  
s t a t i c  y i e l d  s t r e s s  of the  mate r ia l .  Fig- 
ure 18 shows t h e  s t a t i c  load-displacement 
curve of  a r i n g  made of  a& STK-31 p ipe  
having d =  20m, t = 2mm, R= 200mm and ay - 

0 5 10 IS 20 25 
Time t x16'sec 

Fig. 19 Displacement-time h i s t o r y  

0 5 10 1s 20- 25 
Time t x10 ' sec 

. Fig. 20 Acceleration-time h i s t o r y  

30kg/mm2. Figures  19 and 20 show compar- 
i sons  of the  experimental and t h e o r e t i c a l  
displacement-time h i s t o r i e s  and ' acce le ra t -  
ion-time h i s t o r i e s  f o r  the case t h a t  t h e  
r i n g  is  s t r u c k  by dropping a 25.Skg weight 
from h =200cm, where t h e  c a l c u l a t e d  values .'. 
took account of the e f f e c t  of i t s  own 
weight and c a l c u l a t i n g  was made using the 
equ iva len t  viscous damping c o e f f i c i e n t  
obtained experimental ly  [ t h e  value s e t t i n g  
vp - v o  i n  Eq. (33) 1. I t  w i l l  be seen 
from Figs. 19 and 20 t h a t  t h e r e  is  f a i r l y  
good agreement be tween the  experimental 
and c a l c u l a t e d  va lues ,  and the  t h e o r e t i c a l  
r e s u l t s  using t h e  author 's  model a r e  appl- 
i c a b l e  f o r  s t r u c t u r e s  having the deformat- 
ion c h a r a c t e r i s t i c  a s  shown i n  Fig. 17. 

8. Conclusions 

In t h i s  paper ,  t h e  dynamic response 
of a s t r u c t u r e  whose s t a t i c  load-displace- 
ment curve c o n s i s t s  of  an e l a s t i c  range 
and u n r e s t r i c t e d  p l a s t i c  flow was analyzed 
by means of an equiva len t  model which 
takes i n t o  account e l a s  t i c i t y ,  v i s c o s i t y ,  
p l a s t i c i t y  and s t r a i n - r a t e  s e n s i t i v i t y  of  
the  s t r u c t u r e .  The t h e o r e t i c a l  r e s u l t s  
agreed f a i r l y  w e l l  with the experimental 
r e s u l t s  on simply supported beams, and the  
appropr ia teness  of the author 's  model was 
conf inned. 

In  c los ing ,  the  author  would l i k e  t o  
acknowledge t h e  guidance of Professor  
H. Fukuda. The au thor  a l s o  wishes t o  
express  h i s  thanks t o  t h e  personnel  of the  
Computer Centre  i n  Mei j i  Universi ty  f o r  
t h e i r  kind cooperat ion i n  connection with 
computation. 
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The action of single compressive pulses plastically straining specimens 
located between two anvil rods of a Hopkinson bar arrangement has also 
been employed to derive dynamic stress-strain curves for various 
materials. Transducers are mounted on sections of the anvil bars which 
remain elastic throughout the test cycle and which are of the same diameter 
as the test piece. In one series of experiments explosively generated pulses 
were measured by means of parallel and circumferential condenser micro- 
phones whose output was converted to stress-time and strain-time 

Figure 269. Dynamic Compressive Stress- Figure 270. Dynamic Compressive Stress- 
Strain Curves for Commercially Pure Strain Curves for 0.17% Carbon Steel, 
Copper, Annealed at 1 1  12" F, Subjected Annealed at 1634O F, Subjected to Two 
to Constant Applied Strain Rates at Constant Rates of Applied Strain at 
Various Test Temperatures a Various Test Temperatures a 

diagrams.= A remarkable difference was observed in the dynamic com- 
pressive behaviour of soft metals and plastics in that the latter exhibited 
virtually complete recovery immediately subsequent to unloading, while 
almost no recovery was noted in the case of the metals. 

In another group of tests stress waves were produced by dropping a 
weight from various heights on the curved end of one of the anvil bars, 
and strain histories were recorded by means of strain gauges mounted on 
both anvil rods near the interface of a steel specimen.60. For this case, 
the stress and particle velocity history at both faces of the specimen were 
calculated from the strain gauge records by means of the method of charac- 
teristics, using Eq. (5.60). A representative set of such curves for a 
+in x $-in mild steel specimen of 0.24% carbon content is shown in 
Figure 271 ; the close agreement between the stress histories at the upper 

and lower specimen surfaces indicate that the inertial effects of the speci- 
men are small. The average strain-rate history for the specimen, presented 
in Figure 272, is computed as the ratio of the difference of particle velocity 
at the upper and lower face and original length of the specimen, so that 

dr. 1 = (u,, - UL)/&,. Integration of Figure 272 and combination with 
dl m 

the data shown in Figure 271 provides the stress-strain curve exhibited in 
Figure 273, where the strain must be considered as an average value for the 
test bar at any time. The results of static tests on the original and pre- 
viously dynamically strained specimens are included for comparison. 
The results of similar tests on medium carbon steel (0.32% carbon) at 
several impact velocities and test temperatures are presented in Figures 
274 and 275. 

- 
1 

A 
Q 
vi 
=loo 
K 

ti 
W 
2 50 
U) U) 

W 
a 
a ' '0 2 0  40 60 80 100 120 2 t. TIME AFTER WAVE ARRIVAL 

ATSPECIYEN. M ICROSECOND 

0 20 4 0  6 0  80 100 120 
4 TIME AFTER WAVE ARRIVAL 
AT SPEClMEN,MICROSECOND 

Figure 271 Figure 272 

Figure 271. Stress and Particle Velocity Histories at the Upper and Lower Faces of a 
+in x +-in Mild Steel Specimen Containing 0.24% Carbon. Annealed at 1652- F, 
Due to a Compressive Impact '' 

Figure 272. Strain-rate Curve Corresponding to Figure 271 

It may be noted that the dynamic compressive yield stress of mild carbon 
steel is raised by a factor varying between 2 and 3 over the corresponding 
static yield stress, but that the ratio of these stresses decreases with in- 
creasing strain. The dynamic yield stress for a given material is increased 
both with impact velocity-and hence, strain rate-and a decrease in test 
temperature, exactly as in the case of tensile tests. A time delay before the 
initiation of plastic flow was observed in all dynamic tests, as may be seen 
from the numbers along the curves, which represent the time in micro- 
seconds to reach a given state. 

The data of Figure 273 indicate that the static strength of a dynamically 
shocked specimen is less than the strength of the corresponding annealed 
test bar. This conclusion was confirmed in similar experiments involving 
the determination of the static stress-strain curve of a 0-32 % carbon steel 
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THORAX 

1200 + 180 Nlcm (685 f 103 lb/in). This nonlinear overall load-deflecgion response can also 
be represented in a continuous manner by a loaddeflection relationship given by 

where FF=frontal load, and dF=frontai deflection. This is based on the mean nonlinear 
(deflection squared) spring from the curve-fitting of the Kroell response data (see Table 9). 

The static normal belbload/chestdeflection response a t  mid-sternum should 
approximate a linear stiffness of 676k101 Nlcm (386f 58 lb/i) for' deflection up to 
2.54 cm (1 in). The corresponding stiffness value for the upper lateral regions of the front 
of the chest, with clavicular structures in place, should be 948k 142 Nlcm (541f81 Ib/in), 
while the lower lateral regions of the front of the chest should exhibit a stiffness in the 
range of 400f 60 Nlcm (228f 34 lb/ii). The tests to determine these static responses to 
shoulder-belt loading should duplicate the techniques of L9AbbB et al. (1982). 

The static lateral force-deflection characteristics of the chest have not been studied. 
If the chest were a linear elastic structure, theoretical calculations for a ring-like structure 
with the dimensions of the AATD chest predict a slightly higher stiffness (on the order of 
1.24 times) for the lateral direction than the frontal, due to the more curved nature of the 
lateral aspects of the chest. Thus, the static lateral force-deflection response of the chest 
for loading by a 15.2-cm (6-in) diameter rigid disc should be similar to that for frontal 
loading but with 19% lower deflection for a given load. This would give an overall static 
load deflection relationship of the form 

where FL=lateral load (N), and DL=lateral deflection (cm). 

Dynamic Load-Deflection Response. The dynamic response of the chest to flat 
rigiddisc frontal impacts has been discussed extensively by Melvin et al. (1985). The 
summary response curves for apparent initial stiffness and plateau forces as functions of 
impactor velocity (Figures 3-2 and 3-3 of Task B report) can be represented by the 
following equations: 

and 

(V>3.73 ms) 

where: SAI = apparent initial stiffness, kN/cm 
Fp = plateau force, kN 
V = impactor velocity, mls 

The variations of the test subject mass from that of the AATD specifications must be 

accounted for through scaling of the data using the factor A1z3G.  For,the stiffness 
data (SAI)scaled=)L1(SAI)m, whereas for the force plateau data (Fp),=)Li(FP),. This 
scaling does not change the form of the above relationships, only the parameter values. 
The scaled relationships are 



THORAX 

The equations can be combined to d e h e  an equivalent deflection dPI at which the plateau 
would theoretically begin. This idealized response would be characterized by the equation: 

The maximum deflection of the chest occurs when the impactor velocity and the chest 
reach a common velocity. Thus, the force a t  maximum deflection is primarily a static 
response. Accordingly, the deflection a t  the end of the plateau region can be estimated by 
the combination of the plateau force a t  a given velocity and the associated static deflection 
needed to produce a static force level equal to the plateau force. This can be expressed by 
the equation 

where SE equals the coefficient of the nonlinear static elastic response of the chest and is 
equal to (48f 7) ~ l c m ~  for frontal loading. Figure 16 shows the resulting idealized 
response curves (with f 1 5 8  ranges) generated from the above equations for three 
impactor velocities: 4.3, 6,7, and 10 m/s (14, 22, and 32.8 ftJs). The first two velocities 
are those of the present Part 572 test procedure. The corresponding values for defining 
the curves are given in Table 10. The impactor mass should be 23.4 kg (51.5 lb). 

The results of the curve-fitting analysis of the Kroell data, Table 9, also yield 
characteristic values for velocity and acceleration coefficients that can be used, along with 
the nonlinear static spring coefficient, as guides to the nature of the parameters needed for 
a properly responding thorax design. The mean value of the linear velocity coefficient is 
4.85f 0.73 Ndcm (2.77k 0.42 lbslin), and the mean value of the linear acceleration 
coefficient is 0.30f 0.045 kg (0.67f 0.1 lb). 

There are limited data on the lateral impact response of the chest under loading 
conditions similar to those used in frontal testing. Stalnaker et al. (1973) reported on 
cadaver tests using the same test techniques. The test methods were quite different from 
those employing a moving-mass impactor of the type used in present ATD certification 
procedures. Consequently, Neathery (1974) concluded that the data were not strictly 
comparable to the traditional Kroell data. The' Stalnaker data can, however, be used to 
indicate general similarities and differences between frontal and lateral loading. In 
particular, Stalnaker found that, under identical input conditions, the apparent initial 
lateral stiffness of the chest was approximately 63% of the apparent initial frontal 
stiffness (SAI)F and that the plateau force levels were approximately the same. This 
implies that the linear velocity coefficient would be similar to the frontal coefficient but 
that the effective initial mass involved in the response may be lower than that for frontal 
loading due to the geometric differences between the front and the side of the thorax. This 
information along with the lateral static chest response relation can be applied by the 
previously described methods for defining the idealized thoracic frontal response to 
generate analogous lateral response specifications. Figure 17 shows the resulting idealized 
response curves (with f 15% ranges) generated from that analysis for the same three 
impactor velocities 4.3, 6.7, and 10 m/s (14, 22, and 32.8 ftis). The corresponding values 
for defining the curves are given in Table 11. 



THORAX 

0 2 4 6 8 I0  12 
TOTAL 'FRONTAL CHEST DEFLECTION, cm. 

FIGURE 16. AATD frontal thoracic impact response-loading only 
(15.2-cm rigid disc, 23.4-kg impact mass). 



THORAX 

2 4 6 8 
TOTAL LATERAL CHEST DEFLECTION, cm. 

FIGURE 17. AATD lateral thoracic impact response-loading only 
(1 5.2-cm rigid disc, 23.4-kg impact mass). 
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TABLE 10 

AATD IDEALIZED FRONTAL THORACIC IMPACT RESPONSE PARAMETERS 
(Rigid disc impactor, 15.2-cm diameter and 23.4-kg mass) 

TABLE 11 

AATD IDEALIZED LATERAL THORACIC IMPACT RESPONSE PARAMETERS 
(Rigid disc impactor, 15.2-cm diameter and 23.4-kg mass) 

Impactor Vel 
(mls) 

4.3 

6.7 

10.0 

Impactor Vel 
(kNlcm) (kN) 

 PI 
(cm) 

0.79 

0.97 

1.07 

The response of the thorax to frontal and lateral impact loads has been defined 
above for loading only. The unloading behavior of the thorax has been shown by Kroell et 
al. to dissipate the energy of deformation. In crash testing, the unloading response is not 
as critical as  the loading response, as long as  sufficient energy dissipation occurs. This 
may be specified in terms of a hysteresis ratio, which is the ratio of the area bounded by 
the loading and unloading portions of the force-deflection curve to the area under the 
loading portion of the curve. For sufficient response, this ratio should be more than 75% 
but less than 85%. 

d~~ 
(cm) 

6.0 ' 

8.6 

11.2 

S AI 
(kN/cm) 

2.185 0.33 

3.63f 0.54 

5.62f 0.84 

The response of the thorax to oblique impacts that are between the frontal and 
lateral directions has not been quantified by similar methods. Nusholtz et al. (1983b) 
reported on low-level (2-m/s) impacts in the frontal, lateral, and 45" oblique directions in 
terms of pointof-impact impedance. These non-injurious impacts produced similar 
mechanical impedance values in all three directions in the same test subject. Thus it is 
likely that the oblique response of the thorax is bounded by the frontal and lateral 
responses. 

FP 
(kN) 

1.72f 0.26 

3.52f 0.53 

6.00f 0.90 
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A NUMBER OF PERFORMANCE STANDARDS f o r  motorcycle 
helmets a r e  c u r r e n t l y  i n  use  i n  va r ious  coun- 
t r i e s  o r  have been proposed [ l l * .  Helmets so ld  
i n  t he  United S t a t e s  must meet Federa l  Motor 
Vehicle  Sa fe ty  Standards (FMVSS) 218 [ 2 ]  which, 
i n  t u rn ,  i s  based on A N S I  Z 90.1 [ 3 ] .  Other 
s tandards  inc lude  S n e l l  1975 [ 4 ] ,  CSA AD230 i n  
Canada, and BSI 200, i n  Great  B r i t a i n .  

A l l  of t he se  s tandards  r e q u i r e  t he  helmet 
provide some minimum l e v e l  of impact load a t t e n -  
ua t i on  t o  a dummy headform. The allowed impact 
l e v e l  i s  phrased e i t h e r  i n  terms of maximum 
fo rce  o r  of a c c e l e r a t i o n s  over  va r ious  time in-  
t e r v a l s .  Each of t he se  s tandards  gene ra l l y  in -  
c ludes  a helmet r e t e n t i o n  requirement a s  we l l  
a s  a requirement f o r  pene t r a t i on  and ab ra s ion  
r e s i s t a n c e .  Each code is q u i t e  s p e c i f i c  con- 
cern ing  method of impact load a p p l i c a t i o n  and 
cons t ruc t i on  of t he  headf orm on which t he  helmet 
w i l l  be mounted du r ing  t e s t i n g .  Most s t anda rds  
a r e  a l s o  d i f f e r e n t  from a l l  o t h e r  s tandards  i n  
the  above r e s p e c t s .  

Although performance s t anda rds  a r e  neces- 
s a ry ,  helmet manufacturers  q u i t e  n a t u r a l l y  tend 
t o  des ign  helmets t o  meet these  a r t i f i c i a l ,  a l -  
though very  s p e c i f i c ,  performance c r i t e r i a  r a th -  

e r  than t o  provide optimum p r o t e c t i o n  f o r  t he  
a c t u a l  human mo to rcyc l i s t .  

A p r a c t i c a l  way t o  determine t he  a c t u a l  
e f f e c t  of p r e sen t  motorcycle helmets i n  head 
impact a t t e n u a t i o n  would be t o  employ a mathe- 
ma t i ca l  model of t he  human head-torso s t r u c t u r e ,  
such a s  t he  HSRI MVMA 2-D [S] ,  combined w i th  a 
mathematical r e p r e s e n t a t i o n  of t he  helmet s t r u c -  
t u r e .  Such a t o o l ,  once developed, could a l s o  
be used t o  determine head impact response f o r  a 
range of impact v e l o c i t i e s  a s  we l l  a s  t o  de t e r -  
mine t he  e f f e c t  of s t r u c t u r a l  and m a t e r i a l  
changes on helmet e f f e c t i v e n e s s .  

To c a r r y  ou t  such a s tudy  i t  is  f i r s t  nec- 
e s s a r y  t o  determine t he  load-deformation char -  
a c t e r i s t i c s  of a c t u a l  helmets a t  loads  and de- 
formation r a t e s  comparable t o  those  encountered 
under s e r v i c e  condi t ions .  

This  paper r e p o r t s  on t he  r e s u l t s  of a t e s t  
program c a r r i e d  o u t  t o  determine t he se  d a t a  f o r  
a v a r i e t y  of helmet types. Use of t he  r e s u l t i n g  
load deformation d a t a  t o  determine head a c c e l -  

*Numbers i n  b r acke t s  r e f e r  t o  t he  l i s t  of 
r e f e r ences .  

ABSTRACT 

with polycarbonate  s h e l l s  was found t o  be more 
The load-displacement c h a r a c t e r i s t i c s  of uniform, both wi th  load ing  r a t e  and magnitude 

f i f t e e n  motorcycle helmets were determined a t  of load ,  than t h a t  of f i b e r g l a s s  s h e l l  helmets.  
displacement r a t e s  from q u a s i - s t a t i c  t o  5M/S. Use of t he se  d a t a  t o  p r e d i c t  helmeted 
Seven of these  helmets had polycarbonate  o u t e r  head f o r c e  and a c c e l e r a t i o n  a f t e r  impact wi th  
s h e l l s  while  t he  remaining s h e l l s  were of f i b e r -  a r i g i d  s u r f a c e  i s  i l l u s t r a t e d  us ing  a mathe- 
g l a s s  cons t ruc t i on .  The s t i f f n e s s  of helmets ma t i ca l  model. 
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e r a t i o n  response a t  impact i s  i l l u s t r a t e d  by 
means of a s imple dynamical model of the  torso-  
head-helmet system. 

EQUIPMENT AND PROCEDURE 
I n  t h i s  s e r i e s  of t e s t s ,  motorcycle helmets 

were mounted on a headform i n  a hydrau l ic  t e s t  
machine i n  o rde r  t o  i n v e s t i g a t e  t h e i r  load- 
deformation c h a r a c t e r i s t i c s  under q u a s i - s t a t i c  
and high r a t e  condi t ions .  

The f i f t e e n  helmets s tud ied  were designed 
t o  p r o t e c t  t h r e e  q u a r t e r s  of t he  head and f ace  
(Table 1 ) .  This  type of helmet is more popular 
among the  average motorcycle r i d e r  than t he  more 
expensive ful l -coverage type. The helmets a r e  
of t r i l a m i n a r  cons t ruc t i on  wi th  an i nne r  foam- 
backed c l o t h  l i n i n g  f o r  comfort and f i t ,  a 
middle s h e l l  of expanded bead polys tyrene  and 
an ou t e r  s h e l l  molded of e i t h e r  polycarbonate  
polymer o r  vary ing  numbers of l a y e r s  of  f i b e r -  
g l a s s .  The c o s t  of these  helmets ranges from 
$16 t o  $60. The l e s s  expensive helmets !lave 
polycarbonate  ou t e r  s h e l l s  while  t he  expensive 
ones a r e  cons t ruc ted  of f i b e r g l a s s  w i th  t he  c o s t  
being propor t iona te  t o  the  number of f i b e r g l a s s  
l a y e r s  incorpora ted .  The fou r  helmet brands 
used i n  t h i s  i n v e s t i g a t i o n  were chosen because 
of t h e i r  ready a v a i l a b i l i t y  i n  l o c a l  s t o r e s  and 
t h e i r  r ep re sen t a t i on  of t he  e n t i r e  p r i c e  spec- 
trum. According t o  t he  manufacturers  ' l a b e l s ,  
a l l  of t he se  helmets exceed t he  A.N.S.I. 2-90.1 
s tandard which is s i m i l a r  t o  Federa l  Motor Ve- 
h i c l e  Safe ty  Standard (FMVSS) 218. 

The t e s t  u n i t  employed i s  a la rge-d isp lace-  
ment, h igh-ve loc i ty ,  servo-hydraul ic  system 
manufactured by t he  I n s t r o n  Corpora t i o n  (Figure 
1 ) .  I n  c losed  loop c o n t r o l  t he  u n i t  is  capable 
of developing displacement r a t e s  of .85 M/s 
whi le  i n  open loop wi th  no load r a t e s  of 17 
M I S  can be achieved. Maximum p i s t o n  d isp lace-  
ment i s  40 cm and maximum p i s t o n  fo r ce  i n  ten- 
s i o n  o r  compression is  24.5 KN. Stroke ,  veloc-  
i t y ,  s t r a i n  and load c o n t r o l  is  accomplished 
through s i g n a l s  generated i n  t he  c o n t r o l  con- 
s o l e .  

The f o r c e  on t he  helmet was measured by a 
p i e z o e l e c t r i c  f o r c e  l i n k  mounted on t h e  upper 
crosshead of t he  load frame. A l i n e a r  vo l t age  
d i f f e r e n t i a l  t ransformer (LVDT) connected t o  
t he  p i s t o n  provided a record of p i s t o n  and he l -  
met displacement .  S igna l s  from the  f o r c e  l i n k  
and t he  LVDT were d i sp layed  on a dua l  channel  
d i g i t a l  reccrd ing  o sc i l l o scope  (500 NS per  
po in t  response t ime) .  This  arrangement allowed 
simultaneous monitor ing of helmet fo r ce  and 

displacement.  A permanent record of t he se  d a t a  
from which load displacement curves could be 
cons t ruc ted  was made by record ing  t he  t r a c e s  on 
an  x-y p l o t t e r .  

To provide a f l a t  loading su r f ace  f o r  t he  
helmet,  a 15  cm x 15  cm square of aluminum p l a t e  
was d r i l l e d  and tapped i n  t he  c e n t e r  and a t -  
tached t o  t he  f o r c e  l i n k  on t he  upper crosshead 
of t h e  load frame. 

c 

Table 1 - Helmet Brands Tested 

.. , Outer She l l  
Brand Manufacturer ' lIodel Mater ia l  

Norcon 
( N )  

Hondaline 
(HI 

Be l l  
(B) 

Elec t r o  
(E 1 

Norcon Mfg. Co. X-200 Polycarbonate 
Fo re s t  Lake, MN. 
American Honda S tag  F ibe rg l a s s  

Motor Co. 
Gardena, CA. 
Be l l  Helmets, R/T F ibe rg l a s s  

Inc .  
Long Beach, CA. 
Elec t r o f  i l m ,  PRO F ibe rg l a s s  

Inc .  
No. Hollywood, 

CA . 

Fig. 1 - Tes t  f a c i l i t y  
\ 

Helmets were t e s t e d  while  mounted on a 
r i g i d  magnesium headform conforming t o  FMVSS 218 
(Figure 2 ) .  Helmets of medium s i z e  provided the 
be s t  f i t  on t he  55 cm circumference headform. 

The o r i e n t a t i o n  of t he  headform and t h a t  of 
helmet was ad jus ted  i n  t he  machine so  t h a t  a 
tangent  drawn through the  top cen t e r  su r f ace  of 



the  helmet was p a r a l l e l  t o  t h e  h o r i z o n t a l  a lu-  
minum p l a t e  a t tached  t o  t he  load c e l l  (Figure 
2) .  Before each helmet was placed on t h e  t e s t  
machine t he  combined th ickness  of t he  poly- 
s t y r ene  and o u t e r  s h e l l  was measured w i th  a d i a l  
gage. The th ickness  was measured aga in  immedi- 
a t e l y  a f t e r  load ing  (Table 2 ) .  

Both q u a s i - s t a t i c  and high r a t e  dynamic 
t e s t s  were performed (Table 2) .  To c a r r y  o u t  
t he  q u a s i - s t a t i c  t e s t s ,  t h e  machine p i s t o n  was 
f i r s t  ad ju s t ed  u n t i l  t h e  helmet and f o r c e  p l a t e  
su r f ace s  j u s t  made con t ac t  a s  i nd i ca t ed  by load 
c e l l  reading.  The p i s t o n  was slowly r a i s e d  
(.065 cm/sec) and t he  f o r c e  and displacement 
s i g n a l s  recorded on t h e  o sc i l l o scope .  I n  o rde r  
no t  t o  exceed t h e  r a t e d  load l i m i t  of t h e  f o r c e  
l i n k  loading  was stopped a t  a f o r c e  of approxi- 
mately 24 KN. Eight  helmets were t e s t e d  i n  
t h i s  manner. 

Seven helmets were t e s t e d  dynamically. 
One helmet (119) was t e s t e d  a t  maximum v e l o c i t y  
c losed  loop whi le  t he  remainder were t e s t e d  a t  
maximum v e l o c i t y  open loop. I n  t h e  open loop 
dynamic t e s t s  t h e  p i s t o n  was allowed t o  acce l -  
e r a t e  over 12.5 cm of s t r o k e  t o  reach  a speed 
of 5m/s which is  comparable t o  t h e  impact speed 
of t he  FMVSS 218 t e s t .  Maximum f o r c e  i n  t h e  
open loop mode of ope ra t i on  was determined by 
t he  dynamic i n t e r a c t i o n  of t h e  helmet wi th  t he  
t e s t  system bu t  was gene ra l l y  i n  t h e  range 22 
KN t o  24 KN. 

TEST RESULTS 

Typica l  q u a s i - s t a t i c  t e s t  force-time and 
displacement-time t r a c e s  f o r  a polycarbonate  
s h e l l  helmet (helmet 112) a r e  shown i n  F igure  3 .  
Corresponding d a t a  f o r  a f i b e r g l a s s  helmet ( 1 3 )  
a r e  shown i n  F igure  4 .  A s  noted i n  t he  pre- 
ceding s e c t i o n ,  t h e  i n i t i a l  po in t  of t he  quasi-  
s t a t i c  displacement-time t r a c e s  r e p r e s e n t  t he  
p o s i t i o n  of t he  p i s t o n  where f i r s t  c o n t a c t  of 
helmet and f o r c e  p l a t e  su r f ace s  causes  t he  load 
s i g n a l  t o  begin .  I n  common wi th  a l l  low speed 
force-time t r a c e s ,  F igures  3 and 4  show a f o r c e  
r e l a x a t i o n  whi le  displacement  was held a t  i t s  
maximum va lue .  The impact v e l o c i t i e s  of t he  
seven dynamic t e s t s  a r e  l i s t e d  i n  Table 2 .  
These va lues  were c a l c u l a t e d  from t h e  r eg ions  of 
cons t an t  s l o p e  on t h e  displacement-time t r a c e s .  

Helmet 119 was t e s t e d  a t  maximum v e l o c i t y  
under c losed  loop c o n t r o l .  The r e s u l t i n g  load-  
ing  r a t e  was 20% of t h a t  obtained i n  t he  open 
loop t e s t .  The force-time and displacement-time 
t r a c e s  f o r  t h i s  helmet (F igure  5) resembles t h e  
t r a c e s  of t he  q u a s i - s t a t i c  t e s t s .  

F igure  6 shows t y p i c a l  force- t ime,  d i s -  
placement-time t r a c e s  f o r  a polycarbonate  helmet 
(1117) loaded a t  .maximum r a t e  under open loop 
c o n t r o l .  The peaks marked A and B a r e  t h e  i n i -  
t i a l  load ing  of t h e ~ h e l m e t  whi le  t h e  remaining 
o s c i l l a t i o n s  a r e  t h e  r e s u l t s  of dynamic mechan- 
i c a l  i n t e r a c t i o n  of t h e  helmet wi th  t h e  t e s t  
system. F igure  7 i s  an o sc i l l o scope  d i s p l a y  

F ig .  2 - Helmet on headform under load 

expansion of peaks A and B of F igure  6 .  The 
po r t i on  of the  force-time t r a c e  up t o  t h e  maxi- 
mum of peak B was used t o  p l o t  t he  load-dis-  
placement curves  f o r  each of t he  t e s t s .  Peak A 
i s  pos tu l a t ed  t o  be caused by t h e  i n i t i a l  s t r i k e  
and rebound of t he  helmet a c t i n g  a s  a r i g i d  body 
supported by t h e  f l e x i b l e  comfort l i n e r  a c t i n g  
a s  a sp r ing .  The headform then over takes  t h e  
rebounding helmet l e ad ing  t o  t he  t r u e  l oad ing  
peak (peak B). The subsequent h igh  r a t e  f o r c e  
time t r a c e s  were recorded a t  a r a t e  s u f f i c i e n t  
t o  cap tu re  on ly  t h e  i n i t i a l  helmet load ing  
(peaks A and B) . 

Figures  8, 9 and 10  show d a t a  c o l l e c t e d  
from h igh  r a t e  dynamic t e s t i n g  of f i b e r g l a s s  
helmets .  The d a t a  of t he se  f i g u r e s  r ep re sen t  
t h e  same segment of t he  load ing  event  a s  t h e  
expanded t r a c e  i n  F igure  7 .  The i r r e g u l a r i t i e s  
i n  t he  force-time t r a c e s  i n  t he se  f i g u r e s  a r e  a 
r e s u l t  of f a i l u r e  of t h e  f i b e r g l a s s  o u t e r  s h e l l .  
The helmets  represen ted  i n  F igures  8 and 10  ex- 
h i b i t  m u l t i p l e  f a i l u r e s  whi le  F igure  9 shows 
only one l a r g e  f a i l u r e .  I r r e g u l a r i t i e s  i n  t h e  
force- t ime t r a c e s  a s  noted above were no t  ob- 
served i n  t he  q u a s i - s t a t i c  t e s t s  on f i b e r g l a s s  



Table 2 

I n i t i a l  Maximum 
Helmet # Brand Tes t  

t - Thickness (cm) Force (KN) A t  (cm) ,. 

S t a t i c  
S t a t i c  
S t a t i c  
S t a t i c  
S t a t i c  
S t a t i c  
S t a t i c  
S t a t i c  

Dynamic (0.8 M/S) 
Dynamic (5 M/S) 
Dynamic (5.5 M/S) 
Dynamic (3.5 M/S) 
Dynamic (4 M/S) 
Dynamic (5 M/S) 
Dynamic (3 M/S) 

* S t a l l  load of t e s t  machine. 
+Decrease i n  l i n e r  th ickness .  

T i m e  l m  s e e )  

Fig. 3 - Displacement and f o r c e  t r a c e s  f o r  
helmet t 2  

helmets nor i n  any of t he  t e s t s  on t he  poly- 
carbonate  helmets.  This  sugges ts  a r a t e  depen- 
dent  mode of f a i l u r e  f o r  t he  f i b e r g l a s s  helmets.  

Each p a i r  of f o r c e  and displacement  t r a c e s  
were c ross -p lo t ted  t o  y i e l d  t he  force-deforma- 
t i o n  curves shown i n  F igures  11 through 14. 
These d a t a  were p l o t t e d  f o r  load ing  up t o  t he  
maximum fo r ce  i n d i c a t e d  on t h e  force-time t r a c e .  
The very  low i n i t i a l  s l o p e  i n  t he  i n i t i a l  5 t o  
10 mm displacement  of t he  q u a s i - s t a t i c  load- 
displacement curves was produced by compression 
of t he  s o f t  foam backed c l o t h  l i n i n g  t h e  i nne r  
su r f ace  of t h e  helmet. Its c o n t r i b u t i o n  t o  t he  

o v e r a l l  e f f e c t i v e n e s s  of t he  helmet f o r  head 
impact f o r c e  a t t e n u a t i o n  i s  n e g l i g i b l e .  

I n  order  t o  o b t a i n  a s i n g l e  valued force-  
displacement  curve from the  dynamic t e s t  da t a ,  
t he  curve lead ing  t o  t h e  second loading  peak 
(peak B) was ex t rapola ted  back t o  zero fo r ce  and 
peak A neglec ted .  This  was considered permissi- 
b l e  s i n c e  peak A is caused by t h e  helmet a s  a 
r i g i d  mass supported by t h e  s o f t  l i n e r  impacting 
wi th  t he  load c e l l .  Since t h a t  po r t i on  of the  
response curve corresponds t o  t he  very  low 
s t i f f n e s s  i n i t i a l  reg ion  of t he  quas i - s t a t i c  
load-displacement curve,  no important informa- 
t i o n  is l o s t .  Small i r r e g u l a r i t i e s  i n  t he  



Fig.  4 - Displacement and f o r c e  t r a c e s  f o r  
helmet #3 

T i m e  ( m  sac1  

Fig. 5 - Displacement and f o r c e  t r a c e s  f o r  
helmet t 9  

force-time d a t a ,  a s  p rev ious ly  d i scussed ,  were 
neglec ted  i n  t he  cons t ruc t i on  of t he  load-dis- 
placement curves .  

F i n a l l y ,  some helmets of each brand were 
r e t e s t e d  q u a s i - s t a t i c a l l y  and dynamically i n  
o rde r  t o  a s c e r t a i n  t h e  e f f e c t  of i n i t i a l  load- 
i ngs  on t h e  subsequent load-displacement curve .  
The r e s u l t i n g  load-displacement curves  a r e  pre- 
sented i n  F igures  15  and 16. 

The q u a s i - s t a t i c  force-displacement curves  
of F igures  11 through 14 show an i n i t i a l  r eg ion  
(-8 mm) of very  smal l  s l o p e  (-03 MN/M) cor re -  
sponding t o  t h e  deformation of t he  s o f t  "com- 
f o r t  l i n e r "  of t h e  helmets .  Th i s  r eg ion  of low 
modulus is absent  from the  h igh- ra te  curves be- 
cause of t h e  p r ev ious ly  d i scussed  procedure f o r  
cons t ruc t i ng  those t r a c e s .  S ince  t he  small 
s t i f f n e s s  r e g i o n . w i l 1  have l i t t l e  e f f e c t  on t he  
fo r ce  a t t e n u a t i o n  c h a r a c t e r i s t i c s  of t h e  helmet ,  
i t  is not  included i n  t he  b i l i n e a r  represen ta -  
t i o n  of helmet s t i f f n e s s  descr ibed  below. 

I n  order  t o  provide  a b a s i s  f o r  comparison 
of t h e  va r ious  helmet force-displacement curves  
a s  we l l  a s  a convenient  r e p r e s e n t a t i o n  of t h e s e  
d a t a  f o r  use  i n  mathematical  modeling of t h e  
helmet s t r u c t u r e ,  t he  t e s t  r e s u l t s  were f i t t e d  
to  a b i l i n e a r  r ep re sen t a t i on .  

Table 3 l ists t h e  va lues  f o r  t he  i n i t i a l  
s t i f f n e s s  (K21), t he  approximate p o i n t  of in -  
f l e c t i o n  (6) and t h e  second s l o p e  (K22)o The 
s t i f f n e s s e s  were c a l c u l a t e d  by pass ing  a 
s t r a i g h t  l i n e  through t h e  reg ion  of i n t e r e s t  and 
de te rmin ing  t he  s l o p e  of t h i s  l i n e .  K21 was 
computed over t h e  f i r s t  r eg ion  of app rec i ab l e  
s t i f f n e s s .  6 was c a l c u l a t e d  t o  be t h e  d i sp l ace -  
ment over  which KZI extended. K was taken a s  
t h e  s l o p e  of t he  curve followingZ$he i n f l e c t i o n  
po in t  up t o  a f o r c e  of 2 0 k ~ .  Table 4 lists t h e  
s t i f f n e s s e s  by helmet brand and type  of t e s t  and 
a l s o  i n d i c a t e s  t h e  average s t a t i c  and dynamic 
s t i f f n e s s e s  f o r  t h e  polycarbonate  and f i b e r g l a s s  
s h e l l  helmets .  
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Fig. 6 - Displacement and force traces for Fig. 7 - Expanded displacement and force 
helmet #17  traces for helmet K17 
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Fig. 8 - Displacement and force traces for 
helmet #I2 

MODEL STUDY OF IMPACT RESPONSE 

Mathematical models of varying complexity 
of the human head encased in a protective hel- 
met have been developed by a number of investi- 
gators including Lombard [61, Liu et a1 [ 71 ,  
and Berger [8]. Although these headhelmet 
models may be used in the study of attenuation 
of many types of head impacts, their utility 

for investigation of head impact after free fall 
is limited by their failure to account for the 
force exerted on the head by the impacted sur- 
face as the remainder of the body is brought to 
rest. 

A recent study by Mohan et a1 [ 9 ]  of head 
acceleration upon impact after free fall using 
a nine degree-of-freedom computer model (Bowman 
et a1 [ 5 ] )  indicates the torso contributes in 



Fig. 9 - Displacement and force traces for 
helmet 114 
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Fig. 10 - Displacement and force traces for 
helmet 116 

Fig. 11 - Load-deformation curves for poly- 
carbonate shell helmets 
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Fig. 12  - Load-deformation curves  f o r  brand B 
f i b e r g l a s s  s h e l l  helmets  

2 
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Fig.  14 - Load-deformation curves  f o r  brand H 
f i b e r g l a s s  s h e l l  helmets 

a most pronounced way t o  t he  t o t a l  head acce l -  
e r a t i o n  p a t t e r n .  

Mohan's r e s u l t s  show an e s s e n t i a l l y  two 
peak head d e c e l e r a t i o n  response curve con- 
s i s t i n g  of a f i r s t  peak cen te red  a t  3 m s  f o l -  
lowed, a f t e r  some i r r e g u l a r i t y ,  by a second 
peak a t  7 t o  10  ma. The magnitude of each of 
these  peaks a r e  from 400 G ' s  t o  800 G ' s .  I t  is  
pos tu l a t ed  t h a t  t h e  f i r s t  peak r e p r e s e n t s  t h e  
mass of t he  head impacting on t he  r i g i d  surface.  
Then, a s  t he  head s t a r t s  t o  recover  from i t s  
i n i t i a l  d e c e l e r a t i o n ,  t he  f u l l  mass of t he  
t o r s o  impinges upon t h e  head caus ing  f u r t h e r  
d e c e l e r a t i o n  of t he  c e n t e r  of t he  head. 

2 
Displacement ( m e t e r s  x 10 

Fig.  13  - Load-deformation curves f o r  brand E 
f i b e r g l a s s  s h e l l  helmets 

2 
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Fig.  15  - Second loading  load-deformation 
curves f o r  polycarbonate  s h e l l  helmets 

Given t he  pronounced two peak p a t t e r n s  t o  
t he  head d e c e l e r a t i o n  curve obtained from a 
gene ra l  degree-of-freedom computer model, i t  is  
reasonable  t o  expect  t h a t  a r e l a t i v e l y  s imple,  
two degree-of-freedom model should be a b l e  t o  
prcduce t he  e s s e n t i a l  r e s u l t s  obtained from t h e  
more complex one. By the  add i t i on  of a mathe- 
ma t i ca l  r ep re sen t a t i on  of a motorcycle helmet 
t o  t h i s  s imple model, t he  e f f e c t  of va r ious  
parameters of helmet des ign  may then be s tud ied  
e a s i l y  and r e l a t i v e l y  inexpensively.  

Two mathematical models were developed on 
t he  b a s i s  of t he  phys ica l  models shown i n  Figure 
17. The f i r s t  of these ,  c o n s i s t i n g  of two 
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Fig.  16 - Second loading  load-deformation 
curves f o r  f i b e r g l a s s  s h e l l  helmets 
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masses and two s t i f f n e s s  elements ( sp r ings )  , was 
used t o  o b t a i n  t he  e f f e c t i v e  t o r s o  mass ( ) and 

5 
% s t i f f n e s s  ( ) r equ i r ed  t o  reproduce t he  two 

peak c h a r a c t e r i s t i c s  determined by Mohan e t  a 1  
[9] .  I n  t h i s  model, a s  i n  a l l  o t h e r s ,  t he  head 
mass ( ) and s t i f f n e s s  (5) were taken from 
measure 3 values  r epo r t ed  i n  Mohan e t  a 1  [9]. 
The va lue  of head mass used was 4.5 kg and t he  
head s t i f f n e s s  was modeled a s  a  b i l i n e a r  sp r ing  
with i n i t i a l  s p r i n g  cons t an t  of 2.8 MN/M and 
second cons t an t  of 1 .4  MN/M w i th  i n f l e c t i o n  a t  
1.1 mm. 

The second model was used t o  r ep re sen t  t he  
torso-head-helmet system. I n  t h i s  model, t he  
helmet is represen ted  a s  a  b i l i n e a r  s p r i n g  (K ) 

2 w i th  a r b i t r a r y  i n f l e c t i o n  po in t  ( 6  ) i n  s e r i e s  
2  wi th  t h e  b i l i n e a r  head sp r ing  (KH). 

Typica l  head a c c e l e r a t i o n  and deformation 
curves c a l c u l a t e d  us ing  t he  two degree-of- 
freedom model of t h e  head and t o r s o  a r e  shown 
i n  F igures  1 8  and 19. For t he se  c a l c u l a t i o n s  
the  i n i t i a l  v e l o c i t y  of t he  torso-head system 
i s  10 MIS. It was found t h a t  s e v e r a l  combina- 
t i ons  of MT and y i e l d  a  double-peaked de- 
c e l e r a t i o n  curve s i m i l a r  i n  magnitude and dura- 
t i o n  t o  those  c a l c u l a t e d  by t he  more complex 
model and t h a t  t he  r e l a t i v e  magnitudes of t h e  
two maxima coyld e a s i l y  be va r i ed .  I n  subse- 
quent c a l c u l a t i o n s  us ing  t h e  model conta in ing  
r ep re sen t a t i on  of , the helmet s t i f f n e s s ,  % 
and Lh a r e  taken t o  be 5 kg and 2.5 MN/M re -  
spec t  vely.  .. 

F i g u r e s , l ~  through 22 show the  ca l cu l a t ed  
response of t he  head and helmet when t h e  helmet 

Table 3  - S t i f f n e s s ,  From Figures  1 3  Through 16 

Helmet f i  Brand 

Table O - First and Second Stiffness by 
Hanufacturer and Type (Prom Table 3 )  

arand ( t ~ s t ~  "11-t 6 

H (.t.tIc) 1 U.67 
N (static) 2 0.69 
N ( m l w  dynamic) 9 0.25 15 
H (dynulc) 13 0.96 11 
N (dynamic) I5 0.75 
N (dynamic) 17 0.68 
B (at~tlc) 1 .87 12.5 
a (.t.ti~) 6 1.09 10.0 
S (dyrudc) 14 1.55 6.0 
C (etatic1 I 1.06 6.0 
e (ltatic) 5 .91 9.5 
E (dynamic) 16 7 5.0 
H (statle) 7 1.18 13 
H (static1 8 1.70 8 
H (dyrumlc) 12 9 4 
rv.r.8. polyc~rbonste 0 .68  

(ntrtic) 
averape polyc*rbonatc 0.65 

(dynamic) 
lverl&e P.G. i.lL 

(atatlel 
a v e r a l e  P.G. L 4 2  

(dynamii) 

Fig.  17 - Two mass models wi th  b i l i n e a r  head 
s t i f f n e s s  ( l e f t )  and with b i l i n e a r  head and 
helmet s t i f f n e s s  ( r i g h t )  



Fig.  18 - Head d e c e l e r a t i o n  a f t e r  impact Fig. 19 - Head deformation a f t e r  impact 
without  helmet (Vo = 10M/S) without  helmet (Vo = 10M/S) 

Fig. 20 - Head d e c e l e r a t i o n  a f t e r  impact 
wi th  helmet (Vo = 10M/S) 

i s  assumed t o  have an i n i t i a l  reg ion  (-8mm) of 
very  low s t i f f n e s s  (-0.03 MN/M) corresponding 
t o  deformation of t he  s o f t  "comfort l i n e r "  
m a t e r l ~ l  followed by a second reg ion  of much 
g r e a t e r  s l o p e  (0.71 MN/M). It i s  seen  t h a t  t h e  
low s t i f f n e s s  po r t i on  of t he  helmet l i n e r  has 
n e g l i g i b l e  e f f e c t  on head a c c e l e r a t i o n  o r  de- 
formation.  

F igures  23 through 25 show the  response 
when the  helmet f o r c e  deformation curve is  
represen ted  a s  a b i l i n e a r  s p r i n g  w i th  i n i t i a l  
modulus of 1 .0 MN/M and f i n a l  modulus of 0.71 
MN/M based on t he  measured d a t a .  I t  is  seen 
t h a t  t h e  response curve of F igures  23 a r e  very  
similar t o  those  of F igures  20 when the  i n i t i a l  
low a c c e l e r a t i o n  reg ion  of t he  l a t t e r  i s  ne- 
g lec ted .  

Fig.  21 - Head deformation a f t e r  impact 
wi th  helmet (Vo = 1 0 ~ 1 s )  

The e f f e c t  of t he  helmet can be determined 
by comparing F igures  20 through 25 wi th  F igure  
18. 

With t he  helmet i n  p l ace  (on t he  model), 
maximum head a c c e l e r a t i o n  i s  decreased from 
500 G ' s  t o  300 G's. I n  t h e  10  ms fol lowing i m -  
p ac t ,  t o t a l  du ra t i on  above t h e  200 G l e v e l  is  
decreased from 4.5 m s  t o  3 m s  and t he  time above 
150 G's from 7 m s  t o  5 m s .  The helmet has  t h e  
e f f e c t  of lowering but  lengthening t he  i n i t i a l  
a c c e l e r a t i o n  response t r ace .  

Maximum head deformation i s  decreased by 
t he  presence of t he  helmet from 15  nun t o  10  mm. 
The helmet deformation is about 3cm which i s  
s l i g h t l y  more than t he  permanent helmet shown 
i n  Table 1. 



KZL 0.03 W 4  
OELTW = 10.00 m 
K22 - 0.7i W*c \ 

7--.- --I-----7 1 1 

Fig. 22 - Helmet deformation a f t e r  impact 
with helmet (Vo = 10M/S) 

Fig.  23 - Head d e c e l e r a t i o n  a f t e r  impact 
with helmet (Vo = 10M/S) 

Fig.  24  - Head deformation a f t e r  impact 
wi th  helmet (Vo = 10M/S) 

CONCLUSIONS 

I t  is  seen  from Table 4 t h a t  t h e  f i r s t  and 
second s t i f f n e s s e s  of t h e  polycarbonate  helmets 
a r e  very  s i m i l a r  a s  a r e  t h e  s t a t i c  and dynamic 
s t i f f n e s s e s .  From these  t a b l e s ,  a s  we l l  a s  
from examination of t he  load-deformation and 
load-time t r a c e s ,  helmets wi th  polycarbonate  
s h e l l s  tend t o  behave uniformly and cons i s t en t -  
l y  wi th  both r a t e  and magnitude of load ing .  

As a group, t he  f i b e r g l a s s  s h e l l  helmets 
a r e  s i g n i f i c a n t l y  more r i g i d  than those  with 
po lycarbonate . she l1s .  The i r  s t i f f n e s s  i s  a l s o  
much more load,and r a t e  dependent. The dynamic 
response t o  load of f i b e r g l a s s  helmet /I16 was 

Fig.  25 - Helmet deformation a f t e r  impact 
wi th  helmet (Vo = 10M/S) 

p a r t i c u l a r l y  d i f f e r e n t  from i t s  q u a s i - s t a t i c  
c h a r a c t e r .  Although the  average s lof ies ,  from 
beginning t o  end of t he  curves ,  a r e  comparable, 
t he  dynamic curve has a much g r e a t e r  s l ope  
i n i t i a l l y  followed by a very i r r e g u l a r  reg ion  
of sma l l  average s lope .  The h igh  i n i t i a l  
s t i f f n e s s e s  of both helmets /I16 and #12 might 
adverse ly  a f f e c t  t h e  d e c e l e r a t i o n  response of 
t he  encased head a t  impact. 

Table 3 shows K 2A > Kfi2 f o r  e leven  he l -  
mets ,  K = K f o r  t r e e  e lmets  and K < K22 
f o r  one2helme$? Therefore,  w i th in  t h e  %ad 
range employed, most of t he  helmets appear  t o  
behave a s  t h e  s k u l l  does;  wi th  a l a r g e r  i n i t i a l  
s t i f f n e s s  followed by a sma l l e r  secondary . 



s t i f f n e s s .  C e r t a i n l y  i t  i s  t o  be expec ted  t h a t  
a t  h i g h e r  l o a d s  t h e  he lmets  w i l l  become i n -  
c r e a s i n g l y  more r i g i d .  The complete  d e f i n i t i o n  
o f  t h e  fo rce -de fo rmat ion  c u r v e s  w i l l  b e  t h e  
s u b j e c t  o f  f u t u r e  work. 

From F i g u r e s  1 5  and 1 6  i t  is  de te rmined  
t h a t  t h e  s l o p e  o f  t h e  load-displacement  c u r v e s  
f o r  a l l  he lmets  became s t e e p e r  when t h e  he lmets  
were loaded  f o r  a second t ime .  T h i s  i n c r e a s e  
i n  s t i f f n e s s  (20%-400%), which i s  due  t o  perma- 
n e n t  compress ion of t h e  p o l y s t y r e n e  l i n e r  caused 
by t h e  i n i t i a l  l o a d i n g ,  emphasizes  t h e  impor- 
t a n c e  o f  helmet  r ep lacement  a f t e r  a s e v e r e  
impact  . 

Comparison of F i g u r e  1 8  w i t h  F i g u r e s  20 and 
23 r e v e a l s  t h e  e f f e c t  of t h e  helmet  on head 
a c c e l e r a t i o n  a t  impac t  i s  t o  d e c r e a s e  t h e  mag- 
n i t u d e  of t h e  peak d e c e l e r a t i o n  w h i l e  i n c r e a s i n g  
t h e  d u r a t i o n  of t h e  d e c e l e r a t i o n  p e r i o d .  The 
c o r r e s p o n d i n g  dec reased  i n  f o r c e  a c t i n g  on t h e  
head is i n d i c a t e d  by t h e  magnitude of liead 
de fo rmat ions  o f  F i g u r e s  19 ,  21  and 24. 

I t  i s  c l e a r  from t h e s e  r e s u l t s  t h a t  a 
major  f u n c t i o n  of t h e  helmet  i s  t o  a c t  a s  a n  
ene rgy  s t o r a g e  e lement  i n t e r p o s e d  between t h e  
head and t h e  impacted s u r f a c e .  Con t ra ry  t o  
many s t a t e m e n t s  i n  t h e  l i t e r a t u r e ,  t h e  r o l e  of 
t h e  helmet  a s  a n  ene rgy  d i s s i p a t i o n  d e v i c e  i s  
p robab ly  n o t  of major  s i g n i f i c a n c e .  
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SUMMARY 

Selection of materials for energy-absorbent performance i s  an important 

consideration for automobile interior padding, which must provide the greatest occupant 

protection for the least padding thickness possible. Rational selection requires an 

understanding of which material properties, as measured in standard laboratory tests, 

correlate well with impact performance in crash situations. Such understanding can be 

gained by characterizing a material in the laboratory, constructing a performance model 

from the laboratory test results, applying the model to predict the response of the 

material to impact conditions, and then verifying the prediction by test. This report 

summarizes the results of the first link in the chain of understanding. 
' 

A program of laboratory experiments was undertaken to characterize the dynamic 

mechanical properties of Uniroyal Ensolite AAC foam rubber. This material i s  a typical 

padding product, and has been used by the National Highway Traffic Safety 

Administration in other experimental investigations of injury mitigation concepts for 

automobile occupants. 

The present test program was designed to evaluate a hypothesis that standard 

laboratory test methods could be used to measure the properties which correlate with 

impact performance. The test program thus emphasized the material properties 

associated with uniform compression of small samples. Additional tests were performed, 

however, to investigate the material under more complex loading conditions in order to 

evaluate the potential usefulness of the uniform-compression model. 

The results of this research program are as follows: 

o Sufficient standard data have been gathered to provide the basics required 

for modelling the dynamic behavior of Ensolite AAC foam rubber in uniform 

comparison. 

o It appears that useful predictions of impact response should be possible, based 

on a uniform-compression material model. 

o Sufficient nonstandard test data have been gathered to provide for 

understanding of prediction errors, i.e. to identify any significant material 

properties not included in  the uniform-compression model. 

o An experimental protocol applicable to the characterization of other crash 

padding materials has been established. 



I. INTRODUCTION 

Automobile interior crash padding is used to protect vehicle occupants against 

serious injury during collisions, when parts of the occupant's body may strike parts of the 

vehicle's interior structure, The padding should ideally provide high energy absorption at 

low force levels, but practically its performance is limited for general ride comfort. 

Material selection for energy-absorbent performance thus becomes an important 

consideration. 

Since an occupant-to-vehicle impact typically consumes only 20 to 50 milliseconds 

(ms), the dynamic properties of the material at short times (or equivalently, high strain 

rates) determine its energy-absorption characteristics. Candidate padding materials are 

typically viscoelastic, i.e. they relax under load, their moduli are time-dependent, and 

their dynamic properties are strongly dependent on strain rate. 

The behavior of real materials is also considerably more complex than the 

descriptions afforded by simplified hypothesis such as linear viscoelastic models. Hence, 

standard rheological test methods must be applied to experimentally characterize the 

behavior of a real material, but the tests must be made at or near strain rates 

corresponding to typical occupant-to-vehicle impacts. Only after data has been obtained 

from such tests is it possible to construct a good empirical model of the material 

behavior. 

The present work started with a laboratory experiment program on Uniroyal Ensolite 

AAC, a recoverable closed-cell foam rubber material which has been used in previous 

NHTSA investigations of injury-reduction concepts for automobile passenger 

compartments. This report summarizes the experimental methods which were used to 

characterize Ensolite foam and the results of the tests. 

Experimental data is to be used to define several parameters of an empirical 

equation representing the time-dependent relaxation, loading, and unloading behavior of 

the foam. Therefore, to effectively model the impact-rate collision of unrestrained 

occupants with padded structures, test data should cover peak strains of at least 0.8, 

strain rate as high as 2000 per second, and relaxation times down to 0.1 ms. The 

experimental objective is to characterize the compressive response of the material. 

Specifically, the type of data sought include stress relaxation curves for at least three 

different strains, and ful l  stress-strain loading and unloading curves at various strain rates 

from which cafi be derived stress versus strain rate, percent residual strain versus strain 

rate, and asymptotic (fully relaxed) stress-strain curves. 



.. . 
Initial attempts to directly measure the material performance could not reach 

impact rates without introducing spurious test fixture vibrations into the data. Therefore, 

tests were ultimately conducted at somewhat lower strain rates but also at lower 

temperatures, and the time-temperature superposition principle was used to extrapolate 

the data. Unless otherwise noted, the test speciments were cut 1.38 inches in diameter 

from 0.14 inch thick Ensolite sheets. The tests were performed on both 

electromechanical (EM) and servohydraulic (SH) machines. 

Sections 2 and 3 describe the procedures used and the results obtained in two types 

of standard materials tests: the stress-relaxation test and the stress-strain test. These 

results provide the data necessary for fitt ing a one-dimensional (uniform compression) 

constitutive equation model to the material. The extent to which such a model i s  useful 

for predicting behavior when the material is subjected to nonuniform impact conditions 

depends upon other properties. Section 4 describes some additional experiments which 

were performed to address this question. 



3.1 EXPERIMENTAL PROCEDURE 

Stress-strain curves were obtained using the same test apparatus as that described 

for stress relaxation tests. Specifically, the SH machine performed those tests with strain 

rates between 1.2 and 73 per second, while the EM machine performed the lower strain- 

rate tests (down to .0012 per second) including low temperature tests for time- 

temperature superposition. The strain-rate magnitude was kept constant during each test 

by using a triangle-shaped displacement-controlled loading and unloading function to a 

maximum strain between 0.75 and 0.85. No delay was allowed between the loading and 

unloading stages apart from unavoidable rounding of the triangular shape at the maximum 

point at the higher displacement rates. 

Some stress-strain-time points were also obtained with an impact rig, which allowed 

specimens to be loaded by a hand-swung hammer to an adjustable maximum strain. A 

peizoelectric load cell directly below the specimen produced a force-time curve on the 

digital oscilloscope, from which the force and time at the point of peak strain could be 

read. The rate of applied strain was assumed to be constant and was calculated as 

strainitime at the peak point. 

3.2 TEST RESULTS 

The first series of tests measured low strain-rate EM loading-unloading curves at 

several cold temperatures for the purpose of constructing master curves, as done with the 

stress-relaxation data. Stacks of four thin foam specimens were subjected to the 

triangular displacement at strain rates on the order of 0.12 per second. Figure 3-1 

illustrates the stress-strain curves obtained from these tests. The strong temperature- 

dependence of the hysteresis property evident in this plot implies an equivalent 

dependence on strain rate at fixed temperature. 

In order to apply the time-temperature superposition principle to the construction of 

stress-strain master curves, it i s  more convenient to plot stress versus strain rate for 

several different values of strain, i.e. following the format suggested by Equation 4. The 

loading portions of the three highest temperature stress-strain curves in Figure 3-1 were 

thus cross-plotted to produce the data points shown in Figure 3-2. These data points 

correspond to strains of 0.33, 0.50, and 0.75, i.e. the same values used to plot stress- 

relaxation data, and they have already been time-temperature shifted. Also shown in 

Figure 3-2 are the master curves which were constructed from the data. 



FIGURE 3-1. TYPICAL STRESS-STRAIN CURVES AT LOW STRAIN RATE 



TABLE 4-1. EFFECT OF SPECIMEN DIAMETER ON STRESS-STRAIN CURVE* 

4.2 PERFORMANCE AT HIGH STRAIN AND LOW TEMPERATURE 

The shifting anomaly observed for  the  long-time tails of stress-relaxation t es t s  at 

0.75 strain was studied further. After  equilibrating a t  -20°C for 30 minutes, small 

rectangular thin-foam specimens were subjected t o  clamping at 0.75 or  larger strain 

across half their length, with the other half lef t  undeformed. Specimens were held 

clamped at -20°C for 20 t o  30 minutes, released, and immediately sliced lengthwise with 

a razor to  expose a cross-section containing both deformed and undeformed material. The 

surfaces of the  deformed half appeared rough and pitted. Observation of t h e  cross section 

under a low-power microscope revealed cell-wall crushing (Figure 4-1). The deformed 

cells were  flat tened and rough-edged compared t o  the  round bubble shape of normal cells 

(Figure 4-2). The deformed half of the  specimen remained collapsed for a long time. 

Even a f t e r  two days strains of 0.15 t o  0.25 were still evident. Within a week, however, 

the  two halves were indistinguishable. 

- 

STRAIN RATE (SEC-1) 

------- . 

7 3 

30 

3.0 

1.2 

( *Compression tes ts  a t  .- - . - . - - - 

Dia (in.) 

2.0 
1.38 
1.0 

3,9 
2.0 
1.38 
1.0 

3.9 
2.0 
1.38 
1.0 
0.5 

2.0 
1.38 
1.0 

250C; 0.14-inch 

STRESS (psi) 

Strain 
=0.75 

85.1 
70.1 
68.5 

63.9 
72,7 
71.9 
59.8 

62.0 
50.9 
56.9 
54.9 
42.4 

63.0 
70.3 
56.0 

Strain 
=0.3 

18.5 
19.8 
19.7 

21.1 
17.1 
16.1 
17.8 

10.4 
10.4 
11.1 
11.4 
11.4 

10.2 
10.6 
10.7 

thick 
b 

Strain 
=0.5 

30.2 
29.8 
29.9 

30.2 
25.8 
26.2 
25.8 

19.9 
18.2 
19.6 
19.6 
17.7 

19.0 
19.5 
18.9 

specimen. 



5 .  CONCLUSIONS 

The research reported herein comprises an investigation of the dynamic properties 

of Uniroyal Ensolite AAC foam rubber. The research objective was to obtain the minimum 

data required as a basis for a constitutive equation model which could be used to predict 

the material response during typical occupant-to-vehicle impacts which may occur in 

automobile collisions. 

Sufficient data has been gathered to provide the basis for one-dimensional (uniform 

uniaxial) dynamic compression models of Ensolite AAC. The required data has been 

tabulated in Appendices A and B. The following conclusions can be drawn from the results 

of the research: 

o Ensolite AAC foam is a nonlinear viscoelastic material with dynamic 

characteristics which depend strongly on strain rate. The strain-rate effect also 

appears as a time effect, i.e. dynamic response at short times after a loading 

event is equivalent to dynamic response at high strain rates. 

o Both stress-relaxation tests and stress-strain tests at constant strain rate are 

required to characterize the material in one dimension. The need for both types 

of test arises from the material nonlinearity. 

o It is essential to assess stress-relaxation performance at short times (of the 

order of 0.1 to 10 milliseconds) and stress-strain curve performance at high 

strain rates (of the order of 2000 per second) to provide the basis for simulating 

typical impacts. These performance characteristics cannot be arbitrarily 

extrapolated from long-time or low-rate data. Some extrapolation is necessary, 

however, to cover impact rates which cannot be directly tested. 

o The time-temperature superposition principle can be used to make the necessary 

extrapolations, if the principle is carefully applied. Careful application requires 

auxiliary tests to assess potential deviations. 



o The dynamic properties of Ensolite foam are generally time-temperature 

shiftable, i.e. low-rate or long-time response at low temperature is equivalent to 

high-rate or short-time response at service temperature. Thus, it is possible to 

construct master curves for dynamic performance at service temperature. 

There are, however, two exceptions to this conclusion. 

o The first exception involves stress-relaxation performance at times exceeding 

100 seconds. At these very long times, Ensolite foam appears to have a decay 

characteristic different from the short-time characteristic. It is necessary, 

therefore, to focus on the short-time data in order to estimate asymptotic 

response parameters that will be useful in models of impact phenomena. 

o The second exception involves performance at high strain (strain equal to or 

greater than 0.75). At these strain levels, Ensolite foam experiences a cell-wall 

crushing mode at low temperature, but the crushing mode is apparently absent 

under conditions of high strain rate at service temperature. Auxiliary tests were 

required to identify the crushing mode. 

o Auxiliary tests were also required to show that the material does not possess any 

other non-shiftable characteristics, such as air-flow effects on stiffness. The 

presence or absence of such effects can be confirmed by varying the specimen 

diameter. 

o Other auxiliary tests for Poisson's ratio and for different indenter geometries are 

useful for assessing some of the three-dimensional characteristics of foam- 

rubber materials. 

o Ensolite foam appears to behave like a transversely isotropic material, but does 

not fully satisfy the static conditions of transverse isotropy. Further study of 

the viscoelastic effects on this property would be needed to provide the basis for 

a three-dimensional constitutive equation model. 



o Under nonuniform one-dimensional loading, the apparent stiffness of Ensolite 

foam is increased by shear effects at strains up to 0.8 and by hydrostatic effects 

a t  strains exceeding 0.8. However, neither effect appears to influence the 

characteristic relaxation time. 

o It appears that a one-dimensional constitutive equation for Ensolite foam, based 

on the uniform compression test results, will be useful for predicting occupant- 

to-vehicle impact responses. 

o The sequence of basic and auxiliary tests reported herein form an experimental 

protocol which can be usefully applied to the characterization of other crash 

padding materials. 



TABLE B-5. SERVOHYDRAULIC STRESS-STRAIN DATA (25%) -- -. .-. . - - . 
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SUMMARY 

Selection of materials for energy-absorbent performance is an important 

consideration for automobile interior padding, which must provide the greatest occupant 

protection for the least padding thickness possible. Rational selection requires an 

understanding of which material properties, as measured in standard laboratory tests, 

correlate well with impact performance in crash situations. Such understanding can be 

gained by characterizing a material in the laboratory, constructing a performance model 

from the laboratory test results, applying the model to predict the response of the 

material to impact conditions, and then verifying the prediction by test. 

Volume I of this series of reports summarized the first link in the chain of 

understanding: results of laboratory tests to determine the dynamic properties of Uniroyal 

Ensolite AAC foam rubber, a typical crash padding product which the National Highway 

Traffic Safety Administration has used in other investigations .of injury mitigation 

concepts for automobile occupants. 

This report is Volume I1 of the series, and summarizes the results of the second link. 

Earlier methods for constructing material performance models were reviewed and were 

found to be inadequate for representing the impact response characteristics of materials 

like Ensolite foam rubber. Criteria were then formulated for the more complex type of 

model required, and two such models were developed. The model developments included 

organization of curve-fitting procedures which take advantage of all of the relevant 

materials test data. 

When the two models were applied to the Ensolite test data, one was found to 

accurately represent the material over only a limited range of performance, but the 

second was found to represent the material well over the entire range of interest. Both 
models may still be useful for predicting the impact response of Ensolite AAC, and both 

models can be applied to other materials. 



1. INTRODUCTION 

The first volume of this report summarized the results of laboratory tests to 

determine the compressive mechanical properties of Uniroyal Ensolite AAC foam rubber, 

a recoverable closed-cell crash padding material. The principal results were for stress as 

a function of time after imposition of a fixed strain (stress relaxation) and for stress as a 

function of strain applied a t  a fixed rate. The second group of results included 

measurements of the llresidualll strain present a t  the instant the material had unloaded to 

zero stress. Both groups of results were extrapolated to typical impact times (0.001 

second) and strain rates (2,000 per second) by means of the time-temperature 

superposition principle, which was used to construct master curves for material behavior 

a t  250C from results of tests a t  'lower temperatures. 

The body of data in Volume I characterizes the material response to two specific 

types of loading. This characterization of material properties must be generalized, 

however, to provide a useful basis for predicting the dynamic responses of objects which 

collide with padded structure. What is sought is an equation of state, or constitutive 

equation, which describes the possible relationships between current states and 

incremental changes of stress and strain in the material. 

In the typical impact situation, the colliding mass imposes a known initial strain rate 

on the crash padding material. The mass is decelerated and the strain rate decreases, 

how eve^, as the padding builds up stress to resist the motion of the mass. The 

deceleration eventually bpings the mass to momentary rest with respect to the padding, 

the relative motion is then reversed, and finally there occurs an instant when the padding 

stress has returned to zero. At this last instant, contact between the mass and padding is 
lost, and the impact event is complete. 

To be useful for predicting impact response, a constitutive equation must be able to 

follow all of the foregoing phases of the motion. This imposes the following three 

requirements on the properties of the equation itself. First, as a minimum, it must relate 

the instantaneous rate of change of stress to the instantaneous values of stress, strain, 

and strain rate. Second, it must embody an unambiguous relationship between loading and 

unloading, including transitions between these states at  zero strain rate. Third, it must 
account for the presence of residual strain rate in the padding a t  the end of contact. 



In addition to satisfying the foregoing requirements, the constitutive equation must 

also be consistent with the laboratory test data and should have as simple a form as 

possible. This volume summarizes the development of such constitutive equation models 

for the one-dimensional (uniform compression) behavior of Ensolite foam rubber. Section 

2 reviews several earlier models which were investigated, but which were. found to have 

various significant limitations. As a consequence of these initial studies, some general 

mathematical criteria were formulated to govern the construction of multi-parameter 

empirical models, and two such models were derived. Section 3 discusses these 

developments, including the analysis procedures used to fit the models to laboratory test 

data. Section 4 describes the numerical results obtained by applying the curve-fitting 

procedures to the Volume I test data for Ensolite foam and illustrates the degree of 

consistency obtained. 
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SUMMARY 

Selection of materials for energy-absorben t performance is an important 

consideration for automobile interior padding, which must provide the greatest occupant 

protection for the least padding thickness possible. Padding material dynamic properties, 

including energy absorption, can be determined by laboratory tests on small specimens. 

Such tests were performed on Uniroyal Ensolite AAC foam rubber padding, and 

constitutive equations embodying the energy-absorption characteristics of this material 

were developed. The results of these phases of the work were reported in Volume I and 

Volume 11, respectively. 

The present volume summarizes the application of the laboratory material model to 

the predicton of impact behavior. For this purpose, the material model has been 

embedded in a simplified dynamic simulation of the occupant-vehicle impact. The 

simulation is a computer program which predicts force, acceleration, etc., versus time, 

based on fundamental inputs of the occupant's initial speed, mass, and geometry, the 

automobilels metal structure stiffness, and the laboratory model of the padding. 

The computer simulation has been validated for impact scenarios involving metal 

structure similar to the automobile dashboard. The validation was accomplished by 

comparing the simulation predictions with impact test results. 



1. INTRODUCTION 

The first two volumes of this report summarized the characterization of Uniroyal 

Ensolite AAC foam rubber, a recoverable closed-cell crash padding material. The first 

volume dealt with the results of laboratory tests to determine the one-dimensional 

(uniform compression) material dynamic properties. The second volume dealt with the 

development of constitutive equations to model the observed uniform compression 

properties. Two empirical models were developed, one with 9 parameters and one with 21 

parameters. These models were applied to the Ensolite test data, with the result that the 

21-parameter model fit the data well over the entire range of interest, while the 9- 

parameter model provided a reasonable fit only over a limited range. 

This volume summarizes the application of the empirical models to the problem of 

predicting impact responses. The type of impact problem to be considered involves the 

collision of an unrestrained vehicle occupant with padded components of an automobile's 

interior structure during a crash. 

The occupant-to-vehicle impact problem can be defined as follows: Let MI and M 2  

be the effective masses of the occupant and vehicle, respectively; let Vl' and V2' be their 

post-impact velocities. The impact can be assumed to have a short duration, i.e. short 

enough so that external forces do not substantially change the vehicle velocity during the 

event. 

The impact involves exchange of momentum and kinetic energy between the two 

bodies and absorption of some kinetic energy by their deformable parts. If the energy 

absorption is characterized by a coefficient of restitution, C, then the momentum and 

energy conservation laws can be used to derive the following expressions for the post- 

impact velocities: 



If the occupant's effective mass is small compared to the vehicle Inass, and if the 

irnpact is described i -  coordinates at rest with respect to the vehicle, then Eqs. 1 and 2 

reduce to V'1 - - V l  and V'2 = V 2  = 0. The quantity I-C is, by definition, the 

fraction of available kinetic energy that is absorbed by deformations: 

where 
+ 

Impact analysis of crash pads has two objectives. The first is to estimate the 

coefficient of restitution or the equivalent post-impact velocities. These results can be 

used as inputs to computer programs such as the NHTSA Crash Victim ~imulator[11 , 
which predicts the path of an unrestrained occupant engagirg in multiple impacts with 

different parts of the automobile's passenger cornpartment. The second objective is to 

estimate the force-time history of the pad's reaction on the occupant. Such force-time 

histories can be used as inputs to biomechanical models [ 2 1  from which injury severity 

indices are calculated. 

Either objective requires analysis of both the loading and unloading phases, although 

the requirements for model accuracy are more stringent for the second objective than for 

the first. The loading phase encompasses the instant of contact to the point at which the 

pad reaches maximum compression. The unloading phase begins at the maximum- 

compression point and ends when the rebounding occupant loses contact with the pad. 

The analysis is performed by coupling the occupant's equations of motion with the 

constitutive equation of the padding material. The equations of motion supply the strain 

and strain-rate fields imposed on the pad, while the constitutive equation supplies the 

reaction stress field and the net force on the occupant. In general, the part of the 

occupant's body involved in the impact is a flexible curved surface, and the resulting 

interaction is more complex than the one-dimensional uniform compression tests used to 

determine padding inaterial properties. Section 2 sulnmarizes the development of impact 

analysis procedures. The development emphasizes a simplified case in which the occupant 

is replaced by a rigid sphere, although other cases have been discussed elsewhere [3 I .  



The rigid-sphere approximation is a useful device in two important ways. First, it is 

reasonable to treat the occupant as a rigid body in some cases, for example, impacts that 

involve the occupanrs head. In such cases, the skull and its thin covering of skin are much 

less flexible than, say, the padding which covers the dashboard. Second, solid metal 

projectiles with spherical surfaces can be used in validation experiments to check the 

analysis method. Section 3 summarizes the procedures and results of a series of such 

validation experiments. Section 4 compares the test results with predictions made by the 

impact analysis method. 









F l N A l  REPORT 
Project No. 510m002-0411 

TEST CRITERIA FOR AIRCRAFT SEATS 

OCTOBER 1969 

Re~oduced by th 
C L E A R I N G H O U S E  
F.dr8l Scientific & TrthnicrJ 

I?fOfmtion Springfirid VI ,  22151 

DEPARTMENT OF TRANSPORTATlON 
Ff D l R A L  AVIATION ADMlNlSTRATlON 

National Aviation Facilities Experimental Center 
Atlantic City, New Jersey 08405 



Purpose 

rhe purposes of t h e  p ro j ec t  repor ted  he re in  were (1) t o  e s t a b l i e h  
background f o r  dynamic t e s t  c r i t e r i a  f o r  t h e  type  c e r t i f i c a t i o n  of a i r c r a f t  
r e a t r  and r e s t r a i n t  deviceB, (2 )  t o  determine t e s t  methode which demonstrate 
compliance with t h e  dynamic c r i t e r i a ,  ( 3 )  t o  express  the  p re sen t  s t a t i c  
t e s t  load requirements f o r  a i r c r a f t  s e a t s  and r e s t r a i n t  devices  s p e c i f i e d  
i n  t h e  Federal  Aviat ion Regulations (FAR) i n  terms of the dynamic c r i t e r i a ,  
and ( 4 )  t o  r e l a t e  t h e  s t a t i c  t e a t  load requirement8 t o  an a c t u a l  craoh 
environment u t  i l i z i n g  t h e  dynamic c r i t e r i a .  , 

Background 

FAR' 8 25,561 and 25.785, and Technical S t  andards Orders (TSO) C-22 
and C-39 spec i fy  de r ign  loads f o r  a i r c r a f t  m a t 8  and r e s t r a i n t  devices  
f o r  which t h e  a i r c r a f t  occupant IB t o  be r e e t r a i n e d  and p ro t ec t ed  even 
though p a r t r  of t h e  a i r c r a f t  would be damaged. There derign load# a r e  

I* expressed i n  a t a t i c  i n e r t i a  forces"  based on t h e  combined weight of 
the s e a t  and occupant,  with t he  occupant weight taken as  170 pounds. 
The s p e c i f i e d  i n e r t i a  fo rce r  have remained unchanged e ince  1957, and 
t h e i r  va lue r  a r e  i n d i c a t e d  in  t h e  t e s t  e p e c i f i c a t i o n s  a# 9 g ' a  forward, 
6 g a s  downward, 2 g ' r  upward, and 1.5 g ' o  rldeward. 

Although a e a t s  and r e s t r a i n t  devices  a r e  deaigned t o  wi thr tand  t h e r e  
i n e r t i a  f o r c e r ,  t h e r e  is no way t o  r e l a t e  t h e  fo rces  with t h e  c rash  
environments t h a t  would produce them. The dynamic t e a t  c r i t e r i a  e e t a b l i s h  
a relationship between i n e r t i a  f o r c e s  and c r a s h  e n v t r o m e n t s  by spec i fy ing  
t e s t s  i n  t e r n s  of c r a sh  environment i npu t s ,  aPlowing the  i n e r t i a  forcer  
t o  develop a s  ahor t -dura t ion  rerponre pul rea  a8 they would i n  an ac tua l  
c rash ,  U t i l i z a t i o n  of t h e  dynamic t e r t  c r i t e r i a ,  then,  enab le r  t h e  i n e r t i a  
force8  as t h e  eeat/occupant combination and t h e  a e a t ' s  c a p a b i l i t y  of 
r e r t r a indng  the  occupant t o  be exprer red  i n  tennr  of the  caaah phenmenon, 
r e s u l t i n g  i n  r more r e a l i r t i c  c e r t i f i c a t i o n  procedure. 

The dynamic t e a t  e ~ i t e r i e r  preren ted  he re in  can a l s o  e a t i a f y  t h e - p r e s e n t  
need f o r  a t anda rd iza t ion  i n  t h e  a i r c r a f t  i ndus t ry  i n  view of t h e  f a c t  t h a t  
r e v e r a l  a i r l i n e r  have f o r  some time requi red  dynamic t e a t i n g  f o r  acceptance 
of a i r c r a f t  #ea t# ,  with t he  t e s t a  being conducted by the r e a t  manufacturers ,  
The t e s t  a p e c i f i c a t i o n a  have d i f f e r e d  between a i r l i n e r ,  and t h e  t e r t  methods 
have d i f f e r e d  between manufacturerr.  

To meet t h e  o b j e c t i v e r  of t h e  p r o j e c t ,  it was first necessary t o  
s a t a b l i s h  a t h e o r e t i c a l  basia f o r  t he  dynamic test c r i t e r i a .  The s e a t  
typea t o  be t e a t e d  were then determined along with t h e  tert  methods which 
would y i e l d  r e a t  reaponse c h a r a c t e r i a t i c a  i n  a form ccmpatihle with the  
dynamic t e a t  theory.  F ina l ly ,  i t  war necessary t o  u t i l i z e  e x i r t i n g  c raeh  
environment da t a  t o  r e l a t e  t h e  r e s u l t s  of t h e  dynamic t e a t 6  with ac tua l  
craoh s e v e r i t y .  



Descr ip t ion  of Theory f o r  Dynamic Tes t  C r i t e r i a :  In  a r t a t i c  
t e r t  of a r e a t ,  t h e  r p e c i f i e d  i n e r t i a  f o r c e  f o r  t h e  s e a t / o c c u p m t  
combination provide t h e  input  t o  t h e  meat and a r e  appl ied  a t  t h e  
c e n t e r  of g r a v i t y  of t h e  reat /occupant  combination, The v e r t i c a l  
r e a t  leg r eac t ion r  a r e  a nsearure of t h e  re rponre  of t h e  r e a t  and 
a r e  direct ly  p ropor t i ona l  t o  t h e  input ,  o r  i n e r t i a  f o r c e ,  froan which 
they can  be c a l c u l r t e d ,  

I n  a dynamic t e r t ,  t h e  input  i r  t h e  acce le ra t ion- t ime pu l r e  
of t h e  s l e d  on which t h e  r e a t  with occupant (dummy) i r  mounted, An 
a c t u a l  c ro rh  environment i n  s imulated where t h e  input  is t h e  acce l e r a t i on -  
time p u l r e  of t h e  a i r c r a f t  f l o o r  i n  the  v i c i n i t y  of t h e  Beat,  and t h e  
reat /occupant  combination i r  f r e e  t o  respond 8s a rpringcmarr ryrtem 
(Figure  1). The v e r t i c a l  s e a t  l e g  reac t ion8  a r e  a mea8ure of t h e  rerponse 
a8 they were i n  t h e  s t a t i c  test. Likewise, the  e f f e c t i v e  i n e r t i a  fo rce  
remains propor t iona l  t o  t h e  r e a c t i o n r ,  but i n  t h e  dynamic t e e t  becaner 
p o r t  of t h e  response and can be ca l cu l a t ed  from t h e  measured reac t ione .  
The d i r e c t  p r o p o r t i o n a l i t y  between t h e  r eac t ion8  and t h e  input  hold# 
f o r  t h e  dynamic t e r t ,  a8 i t  d i d  f o r  t he  r t a t i c  test ,  provided t h e  input  
i r  of long du ra t i on  (F igure  281, I f  t h e  input  i r  of r h o r t  du ra t i on ,  
a8 i t  i r  f o r  t y p i c a l  c r a rh  environmentr, t h e  r eac t ion8  w i l l  lag t h e  
input  and have perk va luer  lower than t h o r e  i nd i ca t ed  by t h e  long-term 
p r o p o r t i o n a l i t y  (F igu re  2b). 

S t a t i c  ter t r  can be r e l a t e d  t o  dynamic t e r t r  by u t i l i z i n g  
t h e  responre  l e v e l  ( v e r t i c a l  8ea t  l e g  r e a c t i o n  l e v e l )  or a pa run r t e r ,  
For a g iven  r e a t ,  l a p  b e l t ,  occupant ve ight ,  i npu t  d i r e c t i o n ,  and peak 
e e a t  leg r e a c t i o n  l e v e l ,  t h e r e  e x i r t r  one s t a t i c  input  ( i n e r t i a  fo rce )  
and an i n f i n i t e  number of dynamic input r  (acce le ra t ion- t ime p u l r e r )  
which w i l l  induce t h e  given peak s e a t  l eg  r e a c t i o n  l e v e l ,  Sincm t h e r e  
a r e  an i n f i n i t e  number of d y a m i c  i npu t r ,  they can be exprersed  a8 a 
curve,  c a l l e d  a r e n r i t i v i t y  curve,  provided ur empir ica l  r e l a t i o n r h i p  
can be e r t a b l i n h e d  between t h e  dynamic input8 and t h e  peak r e a t  l eg  
r e a c t i o n  l e v e l  and provided t h e  dynamic input8  can be exp re r r ed  i n  
termr of two v a r i a b l e r ,  ruch a8 v e l o c i t y  change and average acce l e r a t i on ,  

F igure  3 rhowr a v u l i e t y  of input  acce le ra t ion- t ime pu l se r  
and t h e i r  correrponding rerponre curvee f o r  a g iven  r e a t ,  l a p  b e l t ,  
occupant weight and input  d i r e c t i o n ,  These re rponre  curvee can be 
obta ined  empi r i ca l l y  during t h e  type  c e r t i f i c a t i o n  t e r t i n g  of t h e  
meat and are t h e  mean8 by which t h e  dynamic i n p u t r  m d  t h e  peak 
v e r t i c a l  s e a t  l e g  r e a c t i o n  l e v e l  can be r e l a t e d ,  Each r e a t  t e s t  
produces one po in t  on the  curve. Other po in t8  a r e  ob ta ined  by t e r t i n g  
t h e  s e a t  with i npu t  pu lses  of d i f f e r e n t  magnituder. The rerponre 
f a c t o r  C ,  f o r  each t e a t ,  c r n  be ca l cu t a t ed  a# followr: 
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Where ge is t h e  e f f e c t i v e  peak i n e r t i a  f o r c e  on t h e  seat/ 
occupant  combinat ion c a l c u l a t e d  from t h e  measured peak v e r t i c a l  s e a t  
l e g  r e a c t i o n s ,  and 6 i r  t h e  average  a c c e l e r a t i o n  of t h e  i n p u t  a c c e l e r a t i o n -  
t ime p u l s e  c a l c u l a t e d  from t h e  measured p u l s e  a s  fo l lows:  

Where g is  t h e  g r a v i t a t i o n a l  c o n s t a n t ,  tn is t h e  mearured p u l s e  
d u r a t i o n ,  and f l V  is  t h e  v e l o c i t y  change of t h e  measured p u l s e  o b t a i n e d  
by c a l c u l a t i n g  t h e  a r e a  under t h e  p u l s e  shape:  

The v a r i a b l e s  v e l o c i t y  change and average  a c c e l e r a t i o n  
( L ~ V  and 5 )  d e s c r i b e  an i n p u t  a c c e l e r a t i o n - t i m e  pu lae  and c a n  be  used 
t o  g e n e r a t e  s e n s i t i v i t y  c u r v e s  t h a t  d e f i n e  an i n f i n i t e  v a r i e t y  of i n p u t  
a c c e l e r a t i o n - t i m e  p u l s e s  which induce ,  o r  a r e  s e n r i t i v e  to, a g i v e n  peak 
response  l e v e l  i n  t h e  s e a t  ( v e r t i c a l  s e a t  l e g  r e a c t i o n  l e v e l )  ( F i g u r e s  4 
and 5) .  P o i n t s  on s e n s i t i v i t y  c u r v e s  can be c a l c u l a t e d  from response  
c u r v e s  by assuming a c o n s t a n t  v a l u e  f o r  ge, Equa t ion  (11,  which correspond8 
t o  t h e  d e s i r e d  peak response  l e v e l  i n  t h e  s e a t ,  and c a ~ c u l a t i n g  t h e  
cor respond ing  v a l u e s  of C and a v , Equa t ions  (1) and (21 ,  f o r  each 
assumed v a l u e  of  tn.  I f  t h e  peak response  l e v e l  s e l e c t e d  cor responds  
t o  t h e  s e a t  l e g  r e a c t i o n  i n t e n s i t i e s  induced by t h e  s t a n d a r d  s t a t i c  t e a t  
p r e s c r i b e d  i n  t h e  FAR'S, any p o i n t  on t h e  r e s u l t i n g  s e n s i t i v i t y  c u r v e  
d e f i n e s  an i n p u t  a c c e l e r a t i o n - t i m e  p u l s e  which c o n v e r t s  t h e  p r e o e n t  r t a t i c  
t e s t  i n t o  a dynamic test. The d e r i v a t i o n ,  ~ p p l i c a t i o n ,  and l i m i t a t i o n s  
of t h e  s e n s i t i v i t y  c u r v e  t e c h n i q u e  a r e  g i v e n  i n  Reference8 1 and 2 and 
w i l l  n o t  be d i e c u s s e d  i n  t h i s  r e p o r t ,  

I t  can  be s e e n  from F i g u r e  3 t h a t  t h e  response  c u r v e  is a 
f u n c t i o n  of t h e  ohape of t h e  i n p u t  a c c e l e r a t i o n - t i m e  pu l se8  t h a t  produce 
i t .  I f ,  i n  a g i v e n  i n v e s t i g a t i o n ,  t h e  i n p u t  p u l a e s  a r e  of t h e  same 
g e n e r a l  shape,  a8 was o b t a i n e d  i n  t h i r  i n v e s t i g a t i o n  i n c l u d i n g  t h e  r e s u l t s  
i n  Refe rence  3, one response  c u r v e  w i l l  s u f f i c i e n t l y  d e f i n e  t h e  r e l a t i o n s h i p  
between t h e  i n p u t  p u l s e s  and t h e  peak response  l e v e l  f o r  each s e a t  and 
l o a d i n g  d i r e c t i o n ,  t h u s  c o n s i d e r a b l y  r i m p l i f y i n g  t h e  dynamic method, 

To use  t h i s  t echn ique  t o  e x p r e s s  t h e  p r e s e n t  Federa l  Avia t ion  
A d m i n i s t r a t i o n  (FAA) s t a t i c  t e s t  l o a d  requ i rements  i n  t e n n s  of dynamic 
c r i t e r i a ,  i t  was n e c e s s a r y  t o  de te rmine  t h e  response  c h a r a c t e r i s t i c s  of 
a r e p r e s e n t a t i v e  number of a i r c r a f t  s e a t / o c c u p a n t  rystems t o  both  
s t a t i c a l l y  and dynamical ly  a p p l i e d  l o a d s ,  
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Three d i f f e r e n t  type8 of e e a t e ,  designated as A, 0 ,  and C ,  
ware r e l e c t e d  t o  r ep re sen t  t h e  major i ty  of equipment being uaed by t h e  
a i r l i n e r ,  A l l  of t he  r e r t r  were three-place t o u r i s t  c l aua ,  but d i f f e r e d  
i n  cons t ruc t ion .  S e r t  A war of t ubu la r  con r t ruc t ion ,  floor-mounted; 
Sea t  B war of ahee t  metal c o n r t r u c t i o n ,  floor-mounted; and S e r t  C war 
of t ubu la r  c o n r t r u c t i o n ,  i l oo r / s idewa l l  mounted (Figuree 6,  7, and 8). 

The r e a t a  were inr t rumented t o  measure t h e  da t a  necerrary t o  
e s t a b l i s h  dynamic r e a t  ter t  c r i t e r i a  comparable t o  the  precent FAA r t a t i c  
t e s t  load requirementr.  I t  should be noted t h a t  t h e s e  t e r t a  were not  
conducted f o r  t h e  purpose of c e r t i f y i n g  any p a r t i c u l a r  a i r c r a f t  s e a t  
o r  t o  compare s t a t i c  t e s t i n g  with dynamic t e a t i n g  pe r  se .  The r e a t  
i n s t a l l a t i o n r  on t h e  t e s t  f a c i l i t i e e  s im~!lated,  a6 near  a8 p r a c t i c a l ,  
the s e a t  i n a t a l l a t i o n  i n  an a i r c r a f t ,  but  no at tempt  wae made t o  
s imula te  t h e  a i r c r a f t  f l o o r  r t r u c t u r e  becaure of t h e  d i f f e r ence  i n  t h e  
f l o o r  cons t ruc t ion  f r a n  a i r c r a f t  t o  a i r c r a f t ,  The s e a t  t e o t r  were l i n l t e d  
t o  t he  forward and downward d i r e c t i o n r  only,  because of the  coa t  of t h e  
t e s t  specimen6 and because t h e r e  a r e  t h e  most common r e a t  loading 
condi t ions  which occur i n  an a i r p l a n e  c rash .  T h i r ,  however, d i d  not  
l i m i t  t h e  technique t o  t h e s e  p a r t i c u l a r  caree ,  

Test Methods and Procedures: The r t a t i c  t e r t e  were conducted i n  
accordance with t h e  p re sen t  FAA r egu la t ions  a t  t h e  National Aviat ion 
F a c i l i t i e s  Experimental Center  (NAFEC) , These t e a t 8  were conducted t o  
provide load  and f a i l u r e  d a t a  t h a t  could  be canpared with r i m i l a r  d a t a  
obta ined  from t h e  dynamic nea t  t e r t u ,  S i r n i l a r i t i e r  and d i f f e rence r  
between t h e  two mean8 of t e r t i n g  were thue noted, The aeo t r  were 
a t t ached  t o  r t e a t  8 t m d  ur ing  inr t rumented attachment f i t t i n g r .  Body 
blockr ,  weighing 170 pound#, were poeat ioned and recured i n  each r e a t i n g  
p l ace  with e tandard  a i r l i n e  r e s t  beltm. Loade as s p e c i f i e d  i n  TSO C-39 
were app l i ed  t o  each body block aimultaneouely by meanr of hydraul ic  
cy l inde r s ,  An e l e c t r i c a l l y  dr iven  pump eupplied t h e  prereure  t o  t h e  
hydrau l i c  c y l i n d e r r ,  and t h e  load wae r egu la t ed  by a con t ro l  va lve  
housed i n  a conrole ,  Typ ica l  r e t u p  p o e i t i o n r  a r e  rhorn i n  F igurer  9 
and 10, 

The inpu t  l o r d  eupplied by t h e  hydrau l i c  cy l inde r r ,  t h e  r e a t  
b e l t  t e n r i o n ,  and t h e  r e a c t i o n  f o r c e s  of t h e  s e a t  a t tachmrnts  were 
recorded by two oac i l l og raphr ,  Motion p i c t u r e  cameras were p o r i t i o n e d  
t o  photograph t h e  tert f r a u  var ious  anglee. Time c o r r e l a t i o n  between 
t h e  cameroa and t h e  o r c i l l o g r r p h  wee used. A cunp le t e  inatrunrentation 
d s a c r i p t i o n  of t h e  r t a t i c  t e a t 8  i n  conta ined  i n  Appendix 11, 

The h o r i r o n t r l  and v e r t i c r l  dynamic t a a t r  were conducted under 
an agreement with t h e  Aerorpace C r e w  Equipment Department (ACED) l oca t ed  
a t  t h e  Naval Ai r  Development Center ,  Ph i l ade lph ia ,  Pmnnrylvania, Under 
t h i s  rg?mement, the rertr were rubJected t o  aeve ra l  nonder t ruc t ive  dynamic 
t e r t a  where t h e  v e l o a i t y  o h q e  w u  he ld  cons t an t  while  t h e  average 
a c c e l e r a t i o n  w u  varied, The #ea t8  were again t e a t e d  holding t h e  





average acceleration constant and varying t h e  velocity change. Finally 
each reat w u  teeted, increoring ei ther  the velocity change or average 
accaleration, until the reat war dmagod. 

The horisontal t e r t r  of Seatr A, B, and C and vertical t e r t r  
of Seat A ware conducted ool the ACED Horizontal Linear Accelerator. Thir 
faci l i ty i r  r hydraulically controlled, pneumatically driven catapult 
device incorporating a teat rled and 386 feet of track. The reatr ,  
facing opporite to  the direction of acceleration, were mounted t o  the 
sled by memo of inrtrumented attachment f i t t ings ,  Instrumented 
anthropomorphic dummies, each weighing 170  pound^, were recured in each 
seating place wi th  rtrndard a i r l ine  reat belte. Typical teet errmgementr 
are S ~ O M  in Figurer 11 and 3-3. 

The rlad war accelerated by a pioton which receiver i t 8  energy 
from the sxpanrion of a fixed a i r  masr entrapped in an accumulator, The 
eled, reat ,  and dummy acceleratima, reat belt tenrion, and the reaction 
forcer of the reat/floor attachments were tranemitted by direct l ine  
from the sled and recorded by two orcillographs during the acceleration 
stroke. Motion picture caaerrr were positioned on and uound the eled 
to photqtraph the t e r t r  from various angler. A complete inrtrumentation 
deecription of thsae dynamic testa 18 contained in Appondix 11, 

The vertical dpumic tes ta  for Seatr B and C were conducted on 
the ACED 150-Foot Vertical Drop Tower (Figure 12). Thir fac i l i ty  i r  r 
150-foot tower incorporating a 10- by 10-foot teet car which can be 
dropped from any height up t o  112 feet  and i r  ulrerted by metal rtrapr. 
Mounting technique8 rimilar to thoae used on the catapult were incoporrted 
for tha inrtal lat ion of the reatr on the drop tower tar t  car, Again, 
anthropomorphic dumier were recured i n  each seating place with standard 

' 

air l ine reat belts. 

The car w u  raired to the desired height then dropped and 
arreoted by the cmtrolled bending of the metal rtrapr. The mled, reat, 
md dummy rcaelerationr, meat belt  tenoion, and the reaction foraem of 
the eeat a t t ruhen t r  were tranrmitted by telemetry t o  a ground atr t ion 
and recorded on m8gnetic tape. The feet8 were photographed from vuiour 
angler by motion picture crmerar mounted on and wound the toat faci l i ty.  
Refar t o  Appendix I1 for inrtrumentation detai ls  of there ter t r .  

Selection of the Acceptable Dynamic Test Wethodr: To determine method8 
of temting aircraft  reatr and occupant reetraint device8 to rhow complianca 
with  dynmic reat t e r t  cr i ter ia ,  a study w a n  made of exirting eeat teat 
f ac i l i t i e r ,  both r t a t i c  and dynamic, &Since seat testing i r  p r i m a r i l y  
conducted by the manufacturer, conrideration had to  be given t o  the 
mount, canplexity, and cost of the t e r t  equipment and fac i l i t i e r  
requind t o  aertify an aircraft reat under dynamic conditionr, 



V i s i t 8  were mode to  airlines, seat manufacturers, airframe 
moaufacturerr, and government t a r t  f ac i l i t i e s  t o  r tudy  the exirting 
s ta t i c  and dynamic rent tea t  requireaentr and procedurer. A vu ie ty  
of teat reports and documents ru obtained and reviewed, and is 
contained in the Bibliography, 

Seat Strength Verrw Crash Loadr: The mearure of on aircraft  
sea tvr  capability t o  restrain its occupmt i r  the maximum load the 
reat can withrtand without failing, Prerently, the c r u h  load 
requirement rpecifier the rtrength of a rert  in term8 of r tat ical ly 
applied inert ia  loadr, Unfortunately, an r i rp lme crash ir  a dynenic 
phenomenon with a variety of loading conditions which cannot be 
exactly defined or reproduced by r t a t i c  loading, 

By exprerring the prerent FAA craah load requirement8 in 
terms of dynamic cr i ter ia ,  a camparison can be made between actual 
aircraft  cranh input6 and the present seat rtrength requirements. Th i s  
was acco~lplished by calculating and plotting the sensitivity curve8 
for  each meat type and input direction bessd on the r t a t i c  tes t  load 
reaponoe level and plotting, on the same graph, acceleration-time 
inpu t s  of the aircraft floor produced in  an actual aircraft craoh, If 
a11 of the data point6 plotted f r a  the aircraft c r u h  teat l i e  t o  the 
lef t  and below the senri t ivi ty curve of a par t i cu lu  seat, the prerent 
crash load requirement would be adequate for that pu t icu la r  seat i n  
the given c r ~ h .  However, i f  any of the point8 l i e  t o  the right and 
above the senritivity c u n e  for a particular neat, the present c r u h  
load requirement would not be adequate, rince the exirting lords 
required to  certify the seat would have been exceeded (Figure 13). 
Thir aesurnas, of courre, that a l l  of the dynreicallj applied inputr 
used from the actual aircraft crash t e r t  were belor thare that would 
cause the hrrman tolerance of the reat occupant reatrained by a lap 
belt only t o  be exceeded. 

DISCUSS f OW AWD RESULTS 

Static and Dynamic Teats 

Seventy-four dynamic teato and nine s ta t i c  t e r t s  were conducted 
t o  eotablieh dynamic rent teat  cr i ter ia ,  

To use the eenoitivity curve approach, it w r s  i i r r t  necessary to  
define the rerponae characteristics of each reat/occupaat, springan88 
system in both the longitudinal and vertical directiunr, Knowing the 
reaponoe characterirticr for each syrterr, a aensitivity curre w u  
established (for each direction) tha? represented the rpplied dynamic 
i n p u t s  that produced the rime peak seat leg reaction level 88 did the 
FAA-roqulred s ta t ic  teat  load, 
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The rpring rerponre characterirticr of each seat were defined i n  
terms of the effective peak inert ia  force on the reat/occupant combination, 
ge, and the average acceleration of the input acceleration-time pulre, C, 
and were expreaeed an rerponse factor C. Dynamic response curver were 
plotted for each reat/occupant ayrten i n  temr of the rerponre factor, C, 
versur the input acceleration-time pulre duration, tn, whereu i n  
Equation (11, Page 2: 

C Effective Peak Inertia Force w t  x ge ge 
- = -  

Effective Weight* X W t  x 6 C 

and where the effective pe8k inert ia  force war calculated from the 
recorded reaction loadr. Examination of there rerponre curver, rhown 
i n  Figures 14 through 19, indicate8 that each reat ha6 different rpring 
characterietics and that the spring characteristicr cm change w i t h  
loading history; l ee . ,  rerponre level. Thir war moat evident i n  the 
vertical dynamic teat8 of Seat A where the onthropmorphic dutnmy 
bottomed out on the aft r t rer r  tube (Figurer 15 md 20). seat C,  
becaure of i t a  unique energy-abrorbing derign, ertablirhed two 
longitudinal rerponre curver a8 rhown in Figure 18. 

To derive the renaitivity curves for each reat camparable to the 
present r t a t i c  load requirementr, the valuer of C and A V  were 
calculated for  a specified statically applied load; i.e., 9 g'a forward, 
uring the respective rerponre curver for each oeat to  determine the. 
appropriate responre factor C. 

TO calculate 6, Equation (1) w u  expnrred as: 

where C i r  determined drom the reaponre curve for an arbitrari ly relected 
pulee duration, tn. The velocity change correrponding to  the rome 
duration, tn, am then determined from Equation (31,  Page 6: 

* Effective weight i s  the weight of the reat plum that weight of the 
anthropmorphic dunmire on the reat. In aome carer, the dumier' 
leg8 were partially rupported by the floor, md the effective weight 
War correspondingly reduced. 
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The renritivity curve8 derived for each seat dercribe the inpu t  
acceleration-time pulrer which induce the rame peak reat leg naction 
level ra the applied r t r t i c  lordr rpecified i n  the FISR'r, Inrpection 
of Figurer 21, 22, md 23 show clearly that reatr certified for the 
rune applied r t a t i c  lordr mrponded quite differently t o  the r u e  
dynamic inputr, Thir 18 wident mince the rpring chrracterirticr of 
each reat differ  a8 previourly mentioned. 

Figurer 24 and 25 are examplea of the data collected from the 
dynamic t e r t r  and demonstrate the value of the renritivity curve, 
Note that 6 for Terta 39 and 40 ore nearly equal; however, the reat 
failed during the la t ter  teat.  Thir demonrtrater how the velocity 
change aifectr the loading on the reat, A l l  of the data wed i n  th i r  
reported are contained i n  Appendix 111, Data Sumrry .  

Acceptable Dynamic Terting Methoda 

.. Dynamic teat method8 and inrtrrrmentation need not be elrborrte. 
The baric t o r t  facility would only requiro r mean8 of rccelerating 
the teat a r t i c le  to the rpecified velocity, 8 moan8 of decelerating 
i t  to obtain the rpecified rcceleration pulre rhape md acceleratim 
average, and r mean8 of recording the necerrary input and rerponre 
variable8 . 

The method8 of obtaining the derired velocity lo? the fo r rud  and 
sideward reat testa could range fran the ure of a rinple pendulum or 
m inclined plane, to the more complex crtrpultr and rocket rledr 
(Figurea 26, 27, and 28). The downward t e r t r ,  for the beat rerultr ,  
were found t o  be limited t o  the ure of a drop tower, Adequate deceleration 
can be obtained by the w e  of rhock abrorberr, arrertin# erbler, or my 
energy-rbrorbing technique which w i l l  prwidm the derired average 
accelerrtion and rccelerrtion pulre rhrpe, 

Iderlly, the inrtrmentation of the input would be r cantinuow 
acceleration-time trace throughout the deceleration or impact cyale, 
Thir can be achieved by utilizing one accelermeter, mounted on the teat 
rled, and recording on an orcillcgraph w i t h  timing, The pulre rhape 
can readily be determined, and the three i n p u t  vuiabler ,  velocity 
change, average acceleration, and pulre duration can readily be crlculated, 
Squationr (2) and ( 3 ) .  Once confidence can be ertablirhed in the 
repeatability of the inpu t  pulre rhape, the inrtrumntrtion cm be 
further rimplified to any mean8 of accurately obtaining any two of the 
three input  variabler. For example, the velocity change could be reduced 
to  rmo mean8 of obtainfng the velocity jurt prior to  impact, Thir 
velocity would reprerent the velocity ahrnge i f  the r e a t / ~ ~ c u p m t  ryrtom 
cmer to re r t  r t  the end of the impact cycle. 
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FIG, 22 SENSITIVITY CURVE - SEAT B 



FIG. 23 SENSITIVITY CURVE - SEAT C 



Ina t runenta t ion  f o r  t h e  reaponae of t h e  aeat/occupurt system 
involver  t he  recording of on ly  t h e  peak a e a t  leg  re rc t iona .  Continuwa 
t r a c e r  of t he  reac t iona  throughout t h e  dece l e ra t ion  cyc le  a r e  not 
required. Peak reac t iona  are requ i r ed  f o r  a l l  four  lega i n  t h e  down- 
ward and u p r u d  t e a t a ,  For t h e  forward and a idewud t e a t r ,  peak 
r e rc t iona  a r e  requi red  f o r  only t h e  two lega aubjected t o  t en r ion .  
The tenaion l egs  ore  a e l e c t e d  t o  minimize t h e  r a n d a  e f f e c t  t h a t  
occupant rebound may have on t h e  rerponee c h a r a c t e r i a t i c s  of t h e  
r e r t / occupmt  aystem. Occupant rebound is otherwiaa important i n  
t he  eva lua t ion  of human r u r v i v a b i l i t y ,  u l t ima te  damage t o  t h e  meat, 
and the  rertr.int c a p a b i l i t i e r  of t h e  s e a t .  The tension lega  o re  t h e  
two a f t  leg6 f o r  t h e  forward t e s t a ,  md t h e  a f t  leg and forward l eg  
on t h e  r i d e  oppoai te  t o  t h e  d i r e c t i o n  of t h e  i n e r t i a  f o r c e  f o r  t h e  
a i d e r u d  t ea t a .  

An acceptable  method of record ing  irrput da t a  would be t h e  uae of 
high-@peed photography. T h i s  technique would probably be more dea i r ab le  
t o  t h e  s e a t  manufacturer mince it would provide him with a v i r u r l  account 
of t he  t e a t ,  along with t h e  r equ i r ed  d a t a ,  using a minimum amount of 
equipment. For t h i a  method t o  be acceptab le ,  time and t h e  requi red  
d ia tancer  muat be recorded on t h e  f i lm.  

In  conducting a dynra ic  t e a t ,  t h e  t e a t  ae tup  rhould be  a i m i l u  
t o  t h a t  uaed i n  t h e  t e a t  p o r t i o n  of t h i s  p r o j e c t  with t h e  except ion  of 
t he  e l abo ra t e  inatruraentat ion.  The s e a t  ahould be mounted t o  a r i g i d  
t e a t  bed using t h e  asme t i e d o m a  ( t r a c k  and f l o o r  fittings) planned 
f o r  t h e  r e a t  i n r t a l l r t i o n  i n  ope ra t iona l  a i r c r a f t .  A r i g i d  t e s t  bed 
i a  recommended i n  l i e u  of t h e  r i n u l a t e d  a i r c r a f t  f l o o r  structure f o r  
aeveral  reaaona: 

1. Even though i t  would be d e s i r a b l e ,  i t  i e  doubt fu l  whether 
o r  not t he  a t r u c t u r a l  raeponae of an a i r c r a f t  f l o o r  could be r imulated 
r ince  auch a rmal l  po r t ion  l a  r equ i r ed  f o r  t h e  r e a t  t e a t  i n 8 t a l l a t i o n .  

2. The floor reaponae c h a r a c t e r i a t i c s  rill vary from a i r c r a f t  
t o  a i r c r a f t  m d  from a e r t  l o c a t i o n  t o  r e a t  loca t ion  i n  any g iven  
a i r c r a f t .  For example, t h e  t r m e v e r a e  bema which support  t h e  r e a t  
t rack8  i n  one a i r c r a f t  have a apacing of 20 inches, The r e a t  #pacing 
uaed by m o r t  a i r l i n e r  ir  34 incheo. S ince  20 l a  not a m u l t i p l e  of 34, 
i t  i a  obvious t h a t  a m e  s e a t a  rill be mounted d i r r c t l y  w e r  t h e  
t r m r v e r r e  b e m s  providing a comparatively more r i g i d  i n r t a l l r t i o n  th8n 
thoae a e r t a  a t r a d d l i n g  t h e  beama. 

3. A r i g i d  f l o o r  s t r u c t u r e  w i l l  ueual ly c r e a t e  t h e  mort revere  
t e a t  condi t ion f o r  r nea t  and rill i n s u r e  t e a t  coa r i r t ency  f o r  b e t t e r  
r e a t  evaluat ion.  

The we of mthropomorphic dummies war found t o  provide a o r e  
r e a l i s t i c  t e a t  r e r u l t r  because t h e i r  reaponre and r e a t  pan imprearion 
were aore  representative of t h a t  of a human than t h e  body blocka 
prercr ibed i n  t h e  p re ren t  FAA requirement8 (TSO-C-39). The mort 
repreeenta t ive  human reaponre a imula t ion  ava i l ab l e  is neceoaary t o  



a c c u r a t e l y  e v a l u a t e  a e e a t .  I t  was found d u r i n g  t h e  many dynamic t e s t s  
conducted i n  t h i s  p r o j e c t  t h a t  many of t h e  f o r c e s  exper ienced  by t h e  
s e a t s  were n o t  c o n s i d e r e d  i n  t h e  i n i t i a l  e e a t  des ign .  For example, a 
forward a e a t  l e g  a t tachment  came l o o s e  from t h e  f l o o r  t r a c k  due t o  t h e  
dummies' rebound from t h e  i n i t i a l  a c c e l e r a t i o n  induc ing  a t e n r i o n  f o r c e  
on t h e  a t tachment  ( F i g u r e  29). S i n c e  a l l  t h e  t e s t  c o n d i t i o n s  f o r  forward 
f a c i n g  s e a t s  p r e r c r i b e d  i n  t h e  PAR, w i t h  t h e  e x c e p t i o n  of t h e  s ideward 
and upward loads  which a r e  compara t ive ly  low, p l a c e s  t h e  f r o n t  l e g s  i n  
canprese ion ,  i t  1s l o g i c a l ,  t h e r e f o r e ,  t h a t  any s i z e a b l e  t e n s i o n  load  
i n  t h e  forward l e g  cou ld  be  over looked.  

Another c o n d i t i o n  which can b e s t  be  e v a l u a t e d  by use of an 
t ' 

anthropomorphic dummy is  t h e  p o s e i b i l i t y  of t h e  s e a t  occupant bottoming 
ou t"  on t h e  e e a t ' e  b a s i c  frame. Many back i n j u r i e s  have been exper ienced  
i n  a i r c r a f t  a c c i d e n t s  i n  which h igh  s i n k  r a t e s  o r  v e r t i c a l  d e c e l e r a t i o n s  
have caused  t h e  e e a t  occupant t o  bottom ou t  on t h e  r e a t  s t r u c t u r e ,  T h i r  
i e  e e p e c i a l l y  t r u e  of crew members whore s e a t s  were mounted on a p e d e s t a l .  
The anthropanorpl l ic  dummy prov ides  a more r e a l i r t i c  s e a t  pan impreasion 
and p r o v i d e s  more a c c u r a t e  s e a t  l o a d  d i s t r i b u t i o n .  The body block8 
p r e s e n t l y  s p e c i f i e d  have a l a r g e  e e a t  impr in t .  Examination of Pigurea  20 
and 30 shows t h e  d i f f e r e n c e  between t h e  r e r u l t e  o f  tertr  u r i n g  d w n i e r  
and t h o e e  us ing  body b locks ,  

S e a t  S e n s i t i v i t y  Versus Crarh Loads 

Having e a t a b l i r h e d  s e n s i t i v i t y  c u r v e s  f o r  S e a t s  A, B, and C 
comparable t o  t h e  p r e s e n t  FAA s t a t i c  c r a s h  l o a d  requ i rements ,  a comparison 
of t h e s e  requirements  war made wi th  a c t u a l  a i r p l a n e  c r a s h  inpu t8  and 
t h e  r e a l i s m  of t h e  p r e s e n t  e e a t  s t r e n g t h  requirements  determined. 

The a c t u a l  c r a s h  i n p u t e  used f o r  t h e  comparieon were t h o s e  taken 
from the c r a s h  t e e t  of a Lockheed 1649A a i r c r a f t .  The d a t a  and a 
d e t a i l e d  d e s c r i p t i o n  of t h e  test a r e  r e p o r t e d  on i n  Reference 3. The 
d a t a  used i n  t h i e  r e p o r t  were t h o r e  l o n g i t u d i n a l  and v e r t i c a l  a c c e l e r a t i o n -  
t ime h i s t o r i e e  mearured a t  F u e l a g e  S t a t i o n e  (FS) 195 and 685 when t h e  
a i r c r a f t  impacted a 6' and 20' r l o p e  ( F i g u r e s  31 and 32). 

The most s e v e r e  l o n g i t u d i n a l  a c c e l e r a t i o n - t i m e  p u l s e  f o r  each impact 
was reduced t o  terms of v e l o c i t y  change and average a c c e l e r a t i o n .  These 
q u a n t i t i e s  were t h e n  p l o t t e d  on a c a n p o a i t e  of each s e a t ' r  s e n r i t i v i t y  
curve  co~nparab le  t o  a 9-0 forward s ta t ic  load.  I n a p e c t i o n  of t h e  c a n p o e i t e  
p l o t  which 16 ahown i n  F igure  33 i n d i c a t e s  t h a t  t h e  p r e s e n t  c r a a h  l o a d  
t e s t  requirement  was no t  adequa te  i n  t h i n  c r a s h  f o r  mort t y p e - c e r t i f i e d  
s e a t s  had they been mounted i n  t h e  crew c m p a r t m e n t  a r e a ,  FS 195. However, 
t h e  reqrr i renent  war d e f i n i t e l y  adequa to  f o r  such s e a t s  mounted a t  t h e  
o i r c r a f t ' a  c e n t e r  of g r a v i t y ,  FS 685, and a f t  d u r i n g  t h e  impact wi th  both  
the GO aild 20° sloperr. Although t h e  h o r i z o n t a l  f l o o r  a c c e l e r a t i o n  o b t a i n e d  
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a t  FS 460 was not analyzed,  the f a c t  t h a t  a Sent A c o r ~ f i g u r a t i o n  containing 
dummy passengers and l o c a t e d  a t  FS 417 d id  no(' f a i l  h o r i z o n t a l l y  ind ica ted  
t h a t  t he  p re ren t  requirement was probably adequate f o r  t ype -ce r t i f i ed  s e a t s  
had they been mounted anywhere a few f e e t  a f t  of FS 380 where a complete 
fu re l age  break occurred. I t  should be noted t h a t  t he  ve loc i ty  change and 
average acce l e ra t ion  determined from t h e  accelerat ion-t ime h i s t o r y ,  mearured 
on t h e  crew cmpartment  f l o o r ,  FS 195, during the a i r c r a f t ' s  impact w i t h  
t h e  6' r l o p e ,  f e l l  below the  s e n r i t f v i t y  curves ( s a f e  region)  f o r  Sea t s  A 
and C ,  but above and t o  t h e  r i g h t  of t h e  r e n r i t i v i t y  curve ( f a i l u r e  region)  
f o r  Sea t  0. Thir  denonr t r a t e r  t h e  inadequacy of t h e  p r s r e n t  s t a t i c  craah 
load  t e s t  requirementr t o  de f ine  a c o n r i s t e n t  l eve l  of ga i e ty  f o r  t he  c r a r h  
environment, s ince  a l l  of t he  s e a t s  used i n  the p r o j e c t  e i t h e r  met o r  
exceed the  t e s t  requirements f o r  c e r t i f i c a t i o n ,  

S i m i l a r l y ,  a compoeite war made of ve loc i ty  change8 and average 
a c c e l e r a t i o n s ,  determined fran the  v e r t i c a l  accelerat ion-t ime h i s t o r i e s  
recorded during t h e  a i r c r a f t ' s  impact with the  6' and 20' r l o p e r ,  and 
each s e a t ' s  s e n e i t i v t t y  curve caaparable  t o  a 6% downward s t a t i c  load 
(F igure  34) .  Inspec t ion  of t h i s  c a p o r i t e  rhowe t h a t  t h e  p re ren t  c rash  
load t e s t  requirement f o r  t h i a  cond i t i on  war only adequate f o r  Sea t  A, 
mounted a t  t h e  a i r c r o f t ' a  c e n t e r  of g r a v i t y  and a f t  during t h e  a i r c r a f t ' s  
impact v i t h  t h e  20' s lope .  The inadequacy of t he  p re sen t  c r a r h  load 
t e a t  requirement i n  de f in ing  a c o n r i a t e n t  l eve l  of r a f e t y  f o r  an a i r c r a f t  
c r a r h  w a s  again demonrtrated, r i n c e  t h e  ve loc i ty  change and average 
a c c e l e r a t i o n  determined froin t h e  accelerat ion-t ime h i r t o r y  measured a t  
t h e  c e n t e r  of g rav i ty  during t h e  a i r c r a f t ' e  impact wi th  the  20' r lope  
wao i n  t he  s a f e  region f o r  Seat  A, but i n  the  f a i l u r e  region f o r  Sea t r  0 
and C. 

C e r t i f i c a t i o n  Procedure U t i l i ~ i n g  Dynamic Testa  

The dynamic t e a t  methods ehould provide t h e  responre c h a r a c t e r i r t i c s  
of ta s e a t  and r e r e r a i n %  device i n  te rn8  of t he  response curver ,  and, i n  
t h e  abrence of s u f f i c i e n t  human s u r v i v a b i l i t y  da ta ,  t h e  preeent  r t a t i c  
i n e r t i a  f o r c e  requirements ehoufd be s e l e c t e d  a s  t h e  peak rerponre l eve l  
parametera with which the  e e n r i t i v i t y  curves can be a n a l y t i c a l l y  generated Ir 
from t h e  re rponre  curves.  The r e n s i t i v i t y  curve8 w i l l  d e f ine  the  m u i m u n r  
c r a sh  s e v e r i t y  l e v e l  f o r  each input  d i r e c t i o n  a t  which the  occupant can 0 - 
be s u c c e s s f u l ~ y  r e s t r a ined .  A t  l e a r t  one t e a t  ahould be perfonred in  : 0 

each d i r e c t i o n  f o r  which the  s e a t  and r e s t r a i n t  device  a r e  rubjec ted  t o  P 
t he  maximum crash  s e v e r i t y  l eve l .  The occupant should be an 

! 
antliropomorphic dummy equal  i n  weight t o  the  present  occupant weight 
requirement f o r  t he  e t a t i c  t e s t a  (170 pounds). i 

The t e s t  methods should be  such t h a t  the  response curves r e f l e c t  4 
t he  e f f e c t  of the  parameters;  input  pulse shape and reeponre l e v e l ,  
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Pulse shapes approximating those encountered i n  actual crarh environ- 
sentr,  Reference 3, rhould be ured, end teats producing responre levele 
clore to the peak rerponre level requirements should ultimately determine 
the rerponre curves. 

In order to embody the above recoaupendatione, the certification 
teat procedure for each seat/lap belt combination for each i n p u t  
direction rhould be as follows: 

1. Utilising one reat and l a p  bel t ,  obtain a rerponre curve 
uring inputr which induce peak rerponre levels w i t h i n  the e lar t ic  range 
of the raat/lap belt ryrtrsrr, About five t e r t r  are required (Figure 358). 
The reat and lap belt can be utilized for additional terting. 

2. Generate an approximate eenritivity curve for the peak 
rerponre level requirement (Figure 35b). Select two inputr each at 

v * one of the arymptote" location8 on the eenritivity curve (Figure 3 5 ~ 1 ,  
and, uring two different reatr md lap belts,  perform two more te r t r ,  

3. Permanent deionation characterirticr or the reat/lrp 
belt ryrtem w i l l  probably be noted cauring the two additional pointr to 
f a l l  off the previour Py determined rerponse curve (Figure 35d). 

4, Mjurt the nrpoare curve moving the upper portiar parallel 
t o  i t se l f  80 that tho two pointr ore now on the curve (Figure 35d). 

5. Generate r final corrected renri t ivi ty curve from the 
rdjurted rerponre curve for the peak reeponre level requirement 
(Figure 3501. 

6. If  the reat lag reaction data froa the l a r t  two ter t r  
indicate that the peak rerponre level requirement had not been reached 
or exceeded, retort one of the reatr at one of the uyaptote location8 
on the corrected renritivbty curve (Figure 351). If ruccerrtul 
rertraint  of the occupant cannot be obtained, perform the teat on a 
new md previourly unterted reat and lap belt. Succersful restraint 
of the occupant during the f inal  to r t  together w i t h  a documentation 
of the rerponre md renritivity curve8 rill cert ify the rent. 
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CONCLUS IONS 

Based on an evalurtion of the metbode,  c r i t e r i a ,  8nd r e ru l t r  of 
both r t a t i c  md d y n ~ i c  t e r t s  of a i rc raf t  pasconger reat8, i t  i n  
concluded t h r t :  

1. S ta t i c  ter t ing for  the type cer t i f ica t ion  of a i rc raf t  
s e r t r  and re r t ra in t  devices, a8 rpecified in the Federal Aviation 
Regulrtionr md tho Technical Standards Orders, c m o t  of i t r e l f  be 
related t o  c r u h  enviromentr, md, consequently, r t a t i c  t e r t  
requirementr do not correrpond t o  a consirtent level of c r u h  severity. 

2, Dynamic test ing fo r  the type cer t i f icat ion of a i rc raf t  
reats  and restraint  devices, 88 governed by the dynamic t e r t  c r i t e r i a  
established in t h i n  report ,  can be related to  c r u h  environments; 
therefore, d y n ~ i c  tes t  requiremento can be rpecified i n  term8 of 
crarh reverity. 

3,  Dynamic t e r t  methodr which demonrtrate ctnIpli8nco w i t h  
dynamic c r i t e r i a  provide a more defini t ive rimulation of the mechmical 
behavior 0% the rert/occuprurt rystem when subjected to the cralh 
environaent, Acceferrtion-time pulres a t  the level of the reat  leg 
rt tachrentr provide the c r r rh  environment input# 8Ploring the ror t /  
occupant ryr t tn  (,reat-anthropomorphic dummy) t o  rerpond am r rpriag- 
moss system, with the dumay capable of contributing recondrry rerponrer 
such as the bottoming out of the occupant on the seat rtructure and 
the reverring of ine r t i a  load8 due t o  occupant rebound. 

4 ,  Dynamic t e r t  aethodo can be kept relatively aimple 
requiring only b u i c  t ea t  f a c i l i t i e e ,  equipment, m d  inatrummatation, 
The i n a t r ~ e n t a t i o a  should provide the seat leg reaction peak8 (peak 
response level) md any two of the three input variabler: velocity 
c h q e ,  average rccelerrt ion and pulse duration, 
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Influence of inertia in structural crashworthiness 
S R REID, BSc, MA, PhD, CEng, FlMechE and C D AUSTIN, MSc 
Department of Engineering, University of Aberdeen 

SYNOPSIS The e f f e c t s  of  i n e r t i a  on t h e  modes of c o l l a p s e  o f  two c l a s s e s  o f  s t r u c t u r e  a r e  d e s c r i b e d  
and d i s c u s s e d .  Systems o f  s t r u c t u r a l  e lements  which have a  monoton ica l ly  i n c r e a s i n g  l o a d - d e f l e c t i o n  
curve deform under t h e  i n f l u e n c e  of  s t r u c t u r a l  waves when s u b j e c t e d  t o  impact  l o a d i n g .  The behaviour  
of tubula r  columns is  dominated by t h e  e f f e c t s  of  i n s t a b i l i t y  which a r e  a l s o  s t r o n g l y  i n f l u e n c e d  by 
the i n e r t i a  of t h e  s t r u c t u r e .  

1  INTRODUCTION 

As a f i r s t  s t e p  i n  a s s e s s i n g  t h e  hehaviour  of the 
whole o r  p a r t  of a  v e h i c l e  s t r u c t u r e  under impact 
loading c o n d i t i o n s ,  t h e  quas i - s  t a t i c  load  def  l ec -  
tion c h a r a c t e r i s t i c s  of  t h e  s t r u c t u r e  a r e  of t e n  
examined (1)  . I n  a  few c a s e s  s i m p l e  p l a s t i c  
methods of a n a l y s i s  can be  used t o  e s t i m a t e  c o l -  
lapse loads and t o  c a l c u l a t e  l o a d - d e f l e c t i o n  
r e l a t i o n s h i p s .  For  t h e  r e s t ,  t h e  d a t a  a r e  
acquired from programmes of  c r u s h i n g  t e s t s .  

Q u a s i - s t a t i c  c h a r a c t e r i s t i c s  a r e  obvious ly  
easier  t o  a c q u i r e  than  t h e  e q u i v a l e n t  dynamic 
ones. This  i s  e s p e c i a l l y  s o  i f  one is  i n t e r -  
ested i n  such  d e t a i l s  a s  t r a n s i e n t  l o a d s  and 
geometry which can only be  c a p t u r e d  u s i n g  s o p h i s -  
t icated i n s t r u m e n t a t i o n  when t h e  load ing  i s  of 
the type encounte red  d u r i n g  impact .  D e s p i t e  t h e  
d i f f e r e n t  c o n d i t i o n s  which a p p l y ,  t h e  p rocedure  
o f  using q u a s i - s t a t i c  d a t a  p r o v i d e s  a good 
i n i t i a l  e s t i m a t e  of t h e  energy absorb ing  capac- 
i t y  of t h e  c r i t i c a l  components e s p e c i a l l y  when 
some al lowance i s  made t o  account  f o r  t h e  
enhancement of t h e  y i e l d  s t r e s s  of t h e  m a t e r i a l  
stemming from t h e  h i g h e r  s t r a i n  r a t e s  whicll 
occur dur ing  i ~ n p a c  t .  

The opproxi ina t io~l  Ls p a r t i c ~ l ~ l r l y  u s c f ~ l l  
when embodied i n t o  computer codes which t a k e  
into account t h e  p resence  and d i s t r i b u t i o n  of 
s i g n i f i c a n t  c o n c e n t r a t e d  masses i n  t h e  v e h i c l e  
s t r u c t u r e  such  a s  t h e  eng ine  ( 2 ) .  The i n e r t i a  
of such ' r i g i d '  components af  f e c t s  s i g n i f i c a n t l y  
the d i s t r i b u t i o n  of  deformat ion  w i t h i n  t h e  
crushed s t r u c t u r e  a s  w e l l  a s  t h e  l o a d s  t r a n s -  
mitted t o  t h e  occupants .  The main e f f e c t s  of 
i n e r t i a  w i l l  b e  modelled by such  codes w i t h  
reasonable accuracy  j r o v i d e d  t h a t  t h e  masses of 
the ' r i g i d '  components a r e  l a r g e  compared w i t h  
those of t h e  deformable components s i n c e  t h e  
l a t t e r  a r e  u s u a l l y  r e p r e s e n t e d  a s  m a s s l e s s ,  non- 
l inear  s p r i n g s .  However i t  should  b e  no ted  t h a t  
treatments such  a s  t h a t  d e s c r i b e d  i n  ( 2 )  o f t e n  
use dynamic enhancement f a c t o r s  t o  s c a l e  t h e  
s t a t i c  non- l inear  s p r i n g  c h a r a c t e r i s t i c s  a t t r i -  
buted t o  t h e  deformable e lements .  The s o u r c e  of 
these f a c t o r s  is sometimes u n c l e a r .  

Notwi ths tand ing  t h e  e x t e n s i v e  u s e  of q u a s i -  
s t a t i c  c h a r a c t e r i s t i c s ,  i t  is c l e a r  from a  number 
o f  s t u d i e s  t h a t  t h e  i n e r t i a  o f  t h e  deformable  
s t r u c t u r e  i t s e l f  can have a  s i g n i f i c a n t  e f f e c t  
d u r i n g  impact .  However, depending upon t h e  
n a t u r e  of t h e  s t r u c t u r e ,  i n e r t i a  i n f l u e n c e s  i ts  
t r a n s i e n t  behaviour  i n  d i f f e r e n t  ways. Because 
of t h e  complexi ty of t h e  problem, a  g e n e r a l  
c l a s s i f i c a t i o n  of t h e  behaviour  o f  s t r u c t u r e s  
under impact  load  is  d i f f i c u l t .  Some p r o g r e s s  
can be  made by c o n s i d e r i n g  s e p a r a t e l y  t h o s e  
s t r u c t u r e s  whose q u a s i - s t a t i c  l o a d - d e f l e c t i o n  
curves  i n c r e a s e  monotonically a s  shown i n  F i g .  1 
(Type I )  and t h o s e  f o r  which t h e  l o a d  reduces  
a f t e r  r e a c h i n g  some c r i t i c a l  v a l u e  (Type 11) as 
shown i n  Fig.2.  Such a  c l a s s i f i c a t i o n  h a s  been  
s u g g e s t e d  r e c e n t l y  by C a l l a d i n e  and E n g l i s h  (3)  
when d i s c u s s i n g  two p a r t i c u l a r  components. The 
work of  C a l l a d i n e  and E n g l i s h  a d d r e s s e s  t h e  
i m p o r t a n t  problem of d e r i v i n g  u s e f u l  d a t a  from 
s m a l l - s c a l e  models of energy-absorb ing  s t r u c t u r e s  
apd show why Type 11 s t r u c t u r e s  a r e  more s e n s i -  
t i v e  t o  t h e  e f f e c t  of impact  speed  t h a n  Type I 
s t r u c t u r e s  . 

Wltf 1s t a d o p t i n g  a  s i m i l a r  c l a s s i f i c a t i o n  i n  
t h i s  paper ,  we wish  t o  draw a t t e n t i o n  t o  phenom- 
ena wl~lcl l  a r c  son~ewhut d i f f e r e n t  from t h o s e  
d f s c u s s e d  i n  ( 3 ) .  A t t e n t i o n  w i l l  be d i r e c t e d  t o  
a s s e m b l i e s  of  Type I s t r u c t u r e s  i n  which t h e  
shape  of  t h e  l o a d - d e f l e c t i o n  curve  l e a d s  t o  t h e  
hypot t i es i s  t h a t  d e f o r m a t i o n  r e s u l t s  from t h e  
i n i t i a t i o n ,  p r o p a g a t i o n  and r e f l e c t i o n  of a 
s t r u c t u r a l  shock wave ( 4 ) ,  a h y p o t h e s i s  which is  
s u p p o r t e d  by t h e  ev idence  of  h i g h  speed  f i l m s  
(5,6,7). Type I1 s t r u c t u r e s  i n c l u d e  t h o s e  whose 
behaviour  is  dominated by an i n i t i a l  b u c k l i n g  
p r o c e s s .  These have been c o n s i d e r e d  e x t e n s i v e l y  
i n  t h e  c o n t e x t  of v e h i c l e  s t r u c t u r e s  and p a r t i c -  
u l a r  a t t e n t i o n  h a s  been  d i r e c t e d  t o  th in-wal led  
t u b u l a r  components (1 ,8 ,11)  . With r e g a r d  t o  t h e  
use  of  t h i s  type  of  s t r u c t u r e  a s  a n  energy- 
a b s o r b e r ,  a n  o v e r r i d i n g  c o n s i d e r a  t i o n  is whether  
o r  n o t  t h e  s t r u c t u r a l  r e s p o n s e  is s t a b l e .  T h i s  
term needs t o  b e  c l a r i f i e d  when used  i n  t h e  
c o n t e x t  of  impact  energy a b s o r p t i o n  s i n c e  i t  h a s  
s l i g h t l y  d i f f e r e n t  c o n n o t a t i o n s  from i t s  s tand-  
a rd  use  i n  s t r u c t u r a l  mechanics. A s  f a r  a s  
Type 11 s t r u c t u r e s  a r e  concerned t h e y  a r e  a l l  
u n s t a b l e  i n  t h e  s e n s e  t h a t  t h e  load  c a r r y i n g  
c a p a c i t y  reduces  a f t e r  t h e  f i r s t  peak l o a d  is  



reached.  However t h i s  does n o t  n e c e s s a r i l y  mean 
t h a t  t h e  s t r u c t u r e  is  i n e f f e c t i v e  a s  a n  energy- 
a b s o r b e r .  The performance of  a  c i r c u l a r  meta l  
tube  shown i n  F ig .2  is a n  example of a  buckl ing  
s t r u c t u r e  t h a t  i n  g l o b a l  terms is s t a b l e  i n  t h e  
s e n s e  t h a t  i t s  l o a d - d e f l e c t i o n  c u r v e  o s c i l l a t e s  
a b o u t  a  w e l l - d e f i n e d  mean. It is a p a r t i c u l a r l y  
e f f i c i e n t  energy a b s o r b e r  and has  l e d  t o  a  l o t  
o f  work on t h e  w e  of  th in-wal led  t u b u l a r  com- 
ponents  o f  d i f f e r e n t  c r o s s - s e c t i o n a l  shapes  
( s t r u c t u r a l  columns) a s  energy a b s o r b e r s .  

Thornton e t  a 1  (11) have d i s c u s s e d  t h e  
q u e s t i o n  of t h e  s t a b i l i t y  of  s t r u c t u r a l  columns. 
I n  t h e i r  terminology,  i n s t a b i l i t y  means a  change 
ftom a n  a x i a l  c r u s h i n g  mode, which i s  g l o b a l l y  
s t a b l e  i n  t h e  s e n s e  d e s c r i b e d  above, t o  a n  E u l e r  
buckl ing  mode i n  which t h e  column bends a b o u t  a  
c e r t a i n  c r o s s - s e c t i o n  and t h e  l o a d  c a r r y i n g  cap- 
a c i t y  f a l l s  away r a p i d l y  ( s e e  F ig .2) .  The l a t t e r  
mode o f  deformat ion  r e p r e s e n t s  poor  energy 
management i n  terms of  t h e  energy absorbed p e r  
u n i t  mass of t h e  component. The a n a l y s i s  of  
q u a s i - s t a t i c  colunm s t a b i l i t y  i s  complex, a s  
shown i n  ( 1 1 ) .  However i t  is a l s o  c l e a r  t l t a t  
l a t e r a l  i n e r t i a  p l a y s  a n  i m p o r t a n t  r o l e  when t h e  
a x i a l  l o a d  is a p p l i e d  dynamical.ly ( 3 , 8 , 9 , 1 2 ) .  
Its e f f e c t  w i l l  b e  t o  modify t h e  geometry of t h e  
mode o f  s t a b l e  c o l l a p s e  a s  well a s  t h e  con- 
d i t i o n s  under  which i n s t a b i l i t y  occurs .  

Another  a s p e c t  of  i n s t a b i l i t y  i s  t h e  f a c t  
t h a t  s t r u c t u r a l  columns a r e  s e n s i t i v e  t o  t h e  
a x i a l l i t y  o f  t h e  l o a d .  I n s t a b i l i t y  ( i . e .  l o c a l  
bending  f a i l u r e  a s  opposed t o  p r o g r e s s i v e  
c o l l a p s e )  is more l i k e l y  t o  occur  when t h e  column 
is  loaded  o b l i q u e l y .  C l e a r l y  one would wish t o  
e x p l o r e  p o s s i b l e  ways i n  which a  p r o g r e s s i v e  
mode o f  deformat ion  could  b e  g e n e r a t e d  f o r  a  
column under o b l i q u e  l o a d i n g  i n  o r d e r  t o  improve 
i t s  energy a b s o r b i n g  c a p a c i t y .  S e l e c t i v e  weaken- 
i n g  o f  t h e  column and foam f i l l i n g  a r e  two pos- 
s i b i l i t i e s  which a r e  d e s c r i b e d  below. 

I n  t h e  n e x t  s e c t i o n  t h e  behaviour  o f  assem- 
b l i e s  o f  Type I s t r u c t u r e s  is d e s c r i b e d  w i t h  
r e f e r e n c e  t o  t h e  o c c u r r e n c e  of  s t r u c t u r a l  wave 
propaga t ion .  T h i s  is  fol lowed by a  s e c t i o n  
d e a l i n g  w i t h  c e r t a i n  a s p e c t s  of t h e  deformat ion  
of s t r u c t u r a l  columns. I n  bo th  c a s e s  emphasis is  
p l a c e d  upon t h e  phenomenology of  t h e  impact  
behaviour  r a t h e r  t h a n  t h e o r e t i c a l  models, 
r e f e r e n c e  be ing  made t o  t h e  l a t t e r  where appro- 
p r i a t e .  

2 STRUCTURAL WAVE PROPAGATION 

Consider  a  c i r c u l a r  m e t a l  t u b e  o r  r i n g  under 
l a t e r a l  l o a d i n g  a s  a n  example of  a Type I 
s t r u c t u r e .  The behaviour  of t h i s  component and 
a  number of  v a r i a n t s  of  i t  h a s  been d e s c r i b e d  a t  
l e n g t h  i n  ( 7 ) .  F i g . 1  shows a t y p i c a l  load- 
d e f l e c t i o n  curve  f o r  a  tube  crushed between f l a t  
p l a t e s .  P l a s t i c  c o l l a p s e  occurs  a t  a  l o a d  P 
and t h i s  is  fo l lowed by a  phase i n  which theo  
l o a d  i n c r e a s e s  a t  a n  e v e r  i n c r e a s i n g  r a t e  
( c u r v e  is  convex t o  t h e  d e f l e c t i o n  a x i s )  a s  a  
r e s u l t  of  changes i n  geometry and t h e  e f f e c t s  of 
s t r a i n  harden ing .  

Fig. 3 ( a )  shcws a  s l e d g e  a p p a r a t u s  used f o r  
h i g h  speed c r u s h i n g  o f  r i n g  sys tems  (5) .  F ig .  
3 (b)  shows t h e  e f f e c t  o f  c r u s h i n g  t h r e e  d i f f e r -  
e n t  systems of r i n g s  by a  s l e d g e  moving a t  a  

speed of approximately 34 m/e. Each s y s  tem was 
suppor ted  a t  t h e  l e f t  hand end by a  r i g i d  s u r -  
f a c e  w h i l s t  impact  occur red  a t  t h e  o t h e r  
(gmximal) end. I t  is  shown i n  ( 4 )  and (5)  t h a t  
t h e  deformat ion  occurs  a s  t h e  r e s u l t  of t h e  
p ropaga t ion  of  a  p l a s t i c  s t r u c t u r a l  sh0c.k wave 
which p a s s e s  from r i n g  t o  r i n g  pr,oc&ediog from 
t h e  proximal  end t o  t h e  s u p p o r t ' w h e r e  i t  under- 
goes r e f l e c t i o n  and t r a v e l s  p a r t  way back along 
t h e  s y s  tem u n t i l  t h e  s l e d g e  i s  brought  t o  r e s t .  
The speed of p ropaga t ion  of t h e  shock and 
tlle d e f n i m n t i a n  i n  each r i n g  a r e  governed by the 
mass o f  t h e  r i n g  and the  shape  of load-deflec-  
t i o n  curve .  I n  ( 4 )  a  theory  is  es tab l i . shed  
based upon a n  analogy w i t h  shock wave proagat ion 
i n  meta l  rods which shows good agreement wi th  
t h e  e x p e r i m e n t a l  d a t a .  The agreement is 
improved by t h e  i n c l u s i o n  of  e l a s t i c  e f f e c t s  a s  
d i s c u s s e d  i n  a  r e c e n t  paper  (13) .  The s i g n i f i -  
cance of  t h e  work is t h a t  t h e  r i n g  i n e r t i a  plays 
a  l e a d i n g  r o l e  i n  e s t a b l i s h i n g  t h e  p a t t e r n  of 
deformat ion  i n  t h e  system a s  w e l l  a s  t h e  l ~ e l  of 
t h e  load p u l s e  t r a n s m i t t e d  through t h e  s y s  rem. 
Tlte s t r u c  t u r a l  waves t r a v e l  a t  speeds  w l ~ i c l ~  a r e  
of t h e  o r d e r  of t h e  impact  speed  w h i c t ~  is two 
o r d e r s  of magnitude l e s s  than  t y p i c a l  wave 
speeds  i n  m e t a l s .  The deformat ion  does no t  
occur  uniformly throughout  t h e  s y s  t e n .  Rather  
t h e  deformat ion  occurs  element  by element  which 
can l e a d  t o  unusual  p a t t e r n s  o f  deformat ion  a s  
can b e  s e e n  i n  t h e  top  system i n  F i g . 3 ( b )  where 
a wrap-around mode has  o c c u r r e d .  S i m i l a r l y  when 
p l a t e s  a r e  i n s e r t e d  i n  t h e  sys tem t h e  speed of 
p ropaga t ion  is a l t e r e d  s o  t h a t ,  comparing t h e  
lower two systems i n  F i g .  3 ( b ) ,  t h e  d i s t r i b u t i o n  
o f  deformat ion  is a l t e r e d .  When t h e  wave i s  
slowed down, more of  t h e  deformat ion  i s  focussed 
a t  t h e  impact  end,  t h e  d e f o n n a t i o n  t ime is  
lengthened and consequent ly  (from o v e r a l l  
momentum c o n s i d e r a t i o n s )  t h e  mean f o r c e  e x e r t e d  
on t h e  s u p p o r t  is reduced.  

Wave e f f e c t s  i n  t h e  more complex system 
shown i n  F i g . 4  (a model of a  modular c r a s h  
cush ion  ( 6 ) )  Ilave proved b e n e f i c i a l  from t h e  
p o i n t  of view of  d i r e c t i o n a l  s e n s i t i v i t y .  
F i g . 4 ( a )  shows t h e  q u a s i - s t a t i c  response  of a  
t r i a n g u l a r  a r r a y  of r i n g s  t o  a  c r u s h i n g  load  
i n c l i n e d  a t  15' t o  t h e  a x i s  whereas F i g . 4 ( b )  
shows t h e  dynamic response  a t  an e q u i v a l e n t  
l e v e l  o f  deformat ion .  Because of  t h e  r e l a t i v e l y  
low speed of p ropaga t ion  of  s t r u c t u r a l  wave 
through t h e  sys tem,  t h e  d i s t r i b u t i o n  of  deforma- 
t i o n  is  s i g n i f i c a n t l y  d i f f e r e n t .  Under quas i -  
s t a t i c  load ing  t h e r e  appears  t o  be a  30% 
r e d u c t i o n  i n  energy absorb ing  c a p a c i t y  when t h e  
load  i s  a p p l i e d  o b l i q u e l y  t o  tile system. When 
t h e  system i s  c r u s l ~ e d  dynamical ly t h i s  r e d u c t i o n  
is  n o t  a p p a r e n t .  The d i f f e r e n t  mode of deforma- 
t i o n  l e a d s  t o  more e x t e n s i v e  deformat ion  of 
t h o s e  elements  c l o s e  t o  t h e  p o i n t  of  impact  and, 
because t h e  load-def 1.ection curve  is non- l inear ,  
t o  a g r e a t e r  amount o f  energy a b s o r p t i o n  hy 
t l ~ e s e  el.ements con~pnred w i t h  t h e i r  c o n t r i b u t i o n  
i n  t h e  q u a s i - s t a t i c  c a s e .  The i n e r t i a  e f f e c t s  
t h e r e f o r e  compensate For t h e  a p p a r e n t  d i r e c t i o n -  
a l  s e n s i t i v i t y ,  a  r e s u l t  which has  been con- 
f i rmed i n  f u l l - s c a l e  t e s t i n g  of t h e s e  sys tems .  

With regard  t o  v e h i c l e  s t r u c t u r e s  a s  
opposed t o  v e h i c l e  a r r e s t i n g  sys tems ,  t h e  
t u b u l a r  r i n g  energy a b s o r b e r  shown i n  F ig .5  i s  
i n t e r e s t i n g  s i n c e  i t  s l~ows a  s i m i l a r  p a t t e r n  of 
deformat ion  to t h a t  of t h e  top sys tem ip 
Fig .  3 ( b ) .  T t  c o ~ t s i s t s  of s i x  l a y e r s  each of 
which i s  madc I I ~ P  o f  f o u r  s e c t i o n s  of  m e t a l  tubes 



welded t o g e t h e r  t o  form a  s q u a r e  ( s e e  F i g . 5 ( c ) ) .  
Under l a t e r a l  compress io~r  t h e  tube  s e c t i o n s  
crush bu t  p rov ide  mutual  c o n s t r a i n t  which l e a d s  
to  h igher  c o l l a p s e  l o a d s  and g r e a t e r  energy 
absorpt ion c a p a c i t y  than  a  s i n g l e  tube o f  e q u a l  
length. The s t a t i c  l o a d - d e f l e c t i o n  curve  f o r  a  
s ing le  tube i s  shown i n  Fig.6 ( a ) .  The deforma- 
t ion of t h e  sys tem shown i n  F i g . 5 ( b )  fol lowed 
impact by a  82kg mass t r a v e l l i n g  a t  10.5 m/s 
which l e d  t o  a  25% r e d u c t i o n  i n  t h e  h e i g h t  of 
the system. On t h e  assumpt ion  t h a t  t h e  r e s p o n s e  
i s  q u a s i - s t a t i c  a n  i n c r e a s e  i n  load  of 33% over  
the i n i t i a l  c o l l a p s e  load  would b e  a n t i c i p a t e d  
whereas t h e  load  t r a c e  shown i n  F i g . 6  (b) shows a  
f a i r l y  uniform l o a d  t r a n s m i t t e d  t o  t h e  b a s e  on 
which t h e  sys tem is  mounted. T h i s  i s  c l e a r l y  a  
function of t h e  mode of  deformat ion .  A form of  
wrap-around i s  e v i d e n t  i n  t h i s  system and l e a d s  
to  non-uniform deformat ion  from l a y e r  t o  l a y e r .  
I t  should be  noted t h a t  a n  i n i t i a l  t r a n s m i t t e d  
load of 60 kN i s  a t t a i n e d  compared w i t h  a quas i -  
s t a t i c  c o l l a p s e  Load of  33 kN. This  is  p r i n c i -  
pally due t o  die e f f e c t  of  s t r a i n  r a t e  on t h e  
yield s t r e s s  of t h e  m a t e r i a l .  

These examples demons t ra te  t h a t  t h e  
in te rna l  exchange o f  momentum w i t h i n  t h e  system 
which leads  t o  t h e s e  wave-l ike responses  can 
have s i g n i f i c a n t  e f f e c t s  on t h e  t r a n s m i t t e d  
forces as  w e l l  a s  t h e  o v e r a l l  energy absorb ing  
capabi l i ty  of  t h e  sys tem.  

3 AXIAL AND OFF-HXIAL LOAlIING OF TUBULAR 
COLUMNS 

, The e f f e c t  of l o a d i n g  r a t e  on t h e  response  of 
some simple Type I1 s t r u c t u r e s  has been i n v e s t -  

, igated both e x p e r i m e n t a l l y  and t t l e o r e t i c a l l  y .  
The more complete t r e a t m e n t s  have been  g i v e n  
for simple s t r u t s  ( i n c l u d i n g  edge Loaded p l ' i t e s )  

. (3,8,12) and c i r c u l a r  meta l  c y l i ~ t d e r s  under 4 axial loading ( 9 )  ( s e e  a l s o  (1)  ) .  

A s  f a r  a s  n o n - c i r c u l a r  t u b u l a r  columns a r e  
concerned, P o s t l e t h w a i t e  and Mills ( 9 )  make 
some i n t e r e s t i n g  comments about  tubes  of rec-  
tangular c r o s s - s e c t i o n  under  a x i a l  impact .  A t  
high impact v e l o c i t i e s  s h o r t  wavelengtlrcrump- 
ling occurs a t  t h e  proximal  end fol lowed by 

: longer wavelengtll buclcles whereas under s t a t i c  
(. loading s i m i l a r  tubes  f a i l e d  i n  an E u l e r  buclc- 
4 ,  ling mode. The a u t h o r s  have o b t a i n e d  s i m i l a r  
r resul ts  r e c e n t l y ,  t h e  o n s e t  of bending i n s t a b i l -  
i l  i t y  being de layed  by t h e  e f f e c t  of l a t e r a l  
$ ine r t i a  ( s e e  F ig .  7  (a )  and ( b ) )  . 
b 
fi 

a\. Thornton e t  a 1  (11) g i v e  a  d e t a i l e d  account  
'; of the behaviour  o f  t u b u l a r  columns under q u a s i -  
? s t a t i c  loading and draw a t t e n t i o n  t o  t l ~ e  
* question of i n s t a b i l i t y  a s  d e f i n e d  i n  t h e  
!. Introduction. Whils t  t h i s  is  a  major  cons idera -  
b'- tion from t h e  p o i n t  of view of producing a 
"' re l i ab le  des ign ,  i t  is c l e a r  t h a t  s t a b i l i t y  f. 

uader a x i a l  l o a d i n g  is  improved when t h e  l o a d s  
+e appl ied  dynamica l ly .  A t t e n t i o n  is  drawn t o  ' this f a c t  i n  (11) and r e f e r e n c e  is made t o  a  
%. 4.. paper by Thornton and Dharan (14)  i n  which t h e  

change of c o l l a p s e  mode under dynamic l o a d i n g  i s  
:; discussed. > - 
$ 

;: 
One way o i  improving t h e  s t a b i l i t y  of  r e c -  

tangular t u b u l a r  columns is  t o  u s e  foam f i l l i n g  
I ' m  can b e  s e e n  i n  F i g . 7 ( c ) .  The presence  of  p the polyurethane foam produces a  s u b s t a n t i a l  

i n c r e a s e  i n  t h e  mean co l . l apse  load  a s  w e l l  a s  a  
s t a b l e  mode of c r u s h i n g .  A f u l l  account  of t h e  
response  of t u b u l a r  columns t o  a x i a l  impact w i l l  
be d e s c r i b e d  i n  a  f u t u r e  p a p e r .  

F i n a l l y  t h e  q u e s t i o n  of o f f - a x i a l  o r  
o b l i q u e  impact  of t u b u l a r  columns is  b r i e f l y  
c o n s i d e r e d .  With r e g a r d  t o  c a r  f r o n t  s t r u c t u r e s  
a  l o t  of  emphasis has  been p laced  on t h e  u s e  of 
t u b u l a r  columns t o  p rov ide  t h e  prime means of  
impact  energy a b s o r p t i o n .  Provided t h a t  t h e  
impact  i s  head-on, l o n g i t u d i n a l  t u b u l a r  columns 
respond w e l l .  However i f  t h e  impact  occurs  a t  
an a n g l e  t o  t h e  a x i s  of  t h e  v e h i c l e ,  e .g .  a  
c o r n e r  impact  on t h e  f r o n t  o f  t h e  c a r ,  t h e n  
much of t h e  energy absorb ing  c a p a c i t y  may n o t  b e  
r e a l i s e d .  A l o n g i t u d i n a l  column w i l l  f o l d  i n  a n  
Eule r - type  i s o l a t e d  h inge  mode which i s  
i n e f f i c i e n t  i n  terms of  t o t a l  energy a b s o r p t i o n .  

Recent ly  t h e  a u t h o r s  have explored  t h e  
p o s s i b i l i t y  oE g e n e r a t i n g  p r o g r e s s i v e  modes of 
c o l l a p s e  i n  tubes  by i n t r o d u c i n g  s l o t s  i n  t h e  
t u b e  on t h e  s i d e  c l o s e s t  t o  t h e  impact  b a r r i e r  
a s  shown i n  F ig .8 .  Once more i n e r t i a  c o n t r o l s  
t h e  p r o p a g a t i o n  of a  bending wave a long  t h e  t u b e .  
I n  model impact t e s t s  performed u s i n g  t h e  s l e d g e  
a p p a r a t u s  shown i n  F i g . 3 ( a ) ,  s l o t t e d  aluminium 
tubes  f i x e d  a t  a n  a n g l e  i n t o  s l e d g e s  were  f i r e d  
a t  a  r i g i d  b a r r i e r  o v e r  a  r a n g e  of v e l o c i t i e s -  
On impact  t h e  t i p  of t h e  tube  bends inwards 
towards t h e  b a r r i e r  w h i l s t  t h e  suppor ted  end 
remains undeformed. P r o g r e s s i v e  bending occurs  
down t h e  t u b e  d u r i n g  which a  s u b s t a n t i a l  f r a c t i o n  
of t h e  k i n e t i c  energy is  absorbed b e f o r e  r o o t  
r o t a t i o n  f i n a l l y  o c c u r s .  I t  s h o u l d  b e  noted 
t h a t  e q u i v a l e n t  s t a t i c  t e s t s  r e s u l t  i n  s imple  
bending about  tlre suppor ted  end, i n e r t i a  is an 
e s s e n t i a l  f e a t u r e  o f  t h e  dynamic mode of  deform- 
a t i o n .  For comparison, t h e  response  of a n  un- 
s l o t t e d  tube  is  sl~own i n  F i g . 8 ( b ) .  Whi l s t  a  
d e g r e e  of  deformat ion  occurs  a t  t h e  impact  end 
due t o  t h e  e f f e c t  o f  f r i c t i o n ,  t h i s  i s  minimal. 
The proximal  end s l i d e s  a l o n g  t h e  b a r r i e r  and 
r o o t  r o t a t i o n  o c c u r s .  I t  should  b e  no ted  t h a t  
a x i a l  impact  of  s l o t t e d  tubes  r e s u l t s  i n  a  
s i m i l a r  mode o f  c o l l a p s e  t o  t h a t  shown i n  
F i g e 8 ( a )  and t h e  a v a i l a b l e  energy i s  absorbed i n  
a  s t a b l e  and s a t i s f a c t o r y  manner. 

The use  o f  s e l e c t i v e  weakening of t h e  s o r t  
d o s c r i b e d  above wou1.d appear  t o  b e  a n  e f f e c t i v e  
way t o  cope w i t h  o f f - a x i a l  l o a d i n g  of  t u b u l a r  
columns because of t h e  e f f e c t s  o f  i n e r t i a  i n  
c o n t r o l l i n g  the  a x i a l  t r a n s m i s s i o n  of bending 
deformat ion .  

4 1)ISCUSSION AND CONCLUSIONS 

Sone of  t l ~ e  e f f e c t s  of i n e r t i a  i n  t h e  c r u s h i n g  
of two ma,jor types  of s t r u c t u r e  have been des-  
c r i b e d .  I t  should  be  no ted  t h a t  t h e  dynamic 
n a t u r e  of t h e  l o a d s  on t h e  s t r u c t u r e s  w i l l  a l s o  
produce y i e l d  s t r e s s  enhancement due t o  t h e  
s t r a i n  r a t e  s e n s i t i v i t y  of t h e  m a t e r i a l .  A 
comparison of t h e  r e l a t i v e  impor tance  of i n e r t i a  
and s t r a i n  r a t e  e f f e c t s  i s  complex even f o r  
r e l a t i v e l y  s i m p l e  s t r u c t u r e s .  Such cons idera -  
t i o n s  have been made f o r  a  Type I s t r u c t u r e  by 
Reid and B e l l  (13) and f o r  a  Type I1 s t r u c t u r e  
by C a l l a d i n e  and E n g l i s h  ( 3 ) .  

The examples g i v e n  above i l l u s t r a t e  some of  
t h e  s i g n i f i c a n t  e f f e c t s  t h a t  i n e r t i a  has  on t h e  



g r o s s  deformat ion  of m e t a l  s t r u c t u r e s .  For 
Type I s t r u c t u r e s  t h e  f i n i t e  t ime i t  t a k e s  f o r  
deformat ion  t o  p ropaga te  througlr suclr s t r u c t u r e s  
p l a y s  a key r o l e  i n  d e t e r m i n i n g  t h e  n a t u r e  o f  
t h e  deformat ion  mode a s  w e l l  a s  tlre ampl i tude  
and d u r a t i o n  of t h e  t r a n s m i t t e d  f o r c e  p u l s e .  
Tire c o n t r o l  of  t h e  deformatior l  by tlre itrserti .olr 
of d i s c r e t e  masses p r o v i d e s  oue way of t u r ~ i r ~ g  
t h e  sys tem t o  g l v e  a p r e f e r r e d  motle of 
c o l l a p s e ,  

Tubular  col.um~ls p a r t i c u l a r l y  of rrct;lugill  n r  
s e c t i o n  a r e  commonly used i n  v e h i c l e  s t r u c t u r e s .  
Tile problem of i n s t a b i l i t y  o f t e n  l e a d s  t o  t h e  
use o f  r e l a t i v e l y  th ick-wal led  components. I t  
is  c l e a r l y  of i n t e r e s t  t o  e s t a b l i s h  t h e  ways i n  
which t h e  combinat ion of i n e r t i a  e f f e c t s ,  
s e l e c t i v e  weakening and perhaps  foam f i l l i n g  
i n f l u e n c e  t h e  behaviour  over  a range  of l o a d i n g  
c o n d i t i o n s  i n  t h e  s e a r c h  f o r  e f f i c i e n t  energy 
absorb ing  s t r u c t u r e s  especial.1.y f o r  smal.1. c a r s .  
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Fig 2 Type I I  structures -- initial buckling followed by 

stable post-1)uckling (axial buckling of circular tube) 
or unstat~le (Euler column) behaviour 



Fig 3(a) Sledge apparatus for high speed compression tests 
(see (5))  



Fig 5 Six-layer tubular ring system 
(a) Before impact 
(b) After impact 

Single tubular ring before and after ring impact 



time Imsl 

Fig 6(b) Load-pulse transmitted to load-cell in base of 
system shown in Fig 5(a) 

Fig 6(a) Quasi-static load-deflection curve for tubular ring 
(50.8mm diameter tube) 

Fig 7 Rectangular cross section thin-walled sheet metal 
tubes,under axial loading (section 101.6 mm x 
50.8 mm, 1 $m wall thickness) 
(a) Quasi-static mode of collapse 
(b) Still from high-speed film of axial impact test 
(c) Final state of foam-filled tube (foam'density = 

188 kg/m3 (c)  



Fig 8 Oblique impa 
(a) slotted 
(b) plain tub1 

ct of aluminium tubes 
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THE APPLICATION OF COMPUTER SIMULATIONS IN VEHICLE SAFETY 

W. C. EMMERSON 
Manager, Engineering Development 
J.  E. FOWLER 
Project Leader 
British Leyland Motor Corporation Limited 

In the development of a new vehicle numerous experimental tests have to be carried out to ensure 
acceptable performance in all respects, and this requires the production of' many expensive prototype 
vehicles. Fortunately much of the performance testing i s  non-destructive and therefore a particular 
prototype can be used for a number of different purposes. However, in the case of safety requirements 
many of the tests are destructive in nature, and each new requirement can seriously effect the 
development lead time and cost. I t  was therefore decided that there was a need to develop techniques 
which were basically non-destructive, so that assessments could be made of various design schemes to 
ensure that new models would comply with future safety requirements. 

The approach adopted at British Leyland in 1968 was to develop computer systems which simulate the 
various safety performance requirements. These systems would enable an assessment to be made of the 
survival criteria for pedestrians, vehicle occupants and the vehicle structure. Some of the computer 
programs developed have been used in the joint work undertaken with the Transport and Road Research 
Laboratory (T.R.R.L.), and reference is  made to this work in the paper to be presented by P M Finch 
(Ref. 1) .  The present paper elaborates on the various simulation models which have been developed, and 
illuotratez their application to the safety projects undertaken with T.R.R.L. 

A11 the computer programmes for assessing the structural performance of the vehicle have been developed 
in British Leyland and include the analysis of Front, Rear and Side impacts. Using the various vehicle 
simulation models, assessments can also be made of vehicle to vehicle impacts under any combination of 
these three impact conditions. In the analysis of occupant and pedestrian survival criteria i t  has been 
found that the Calspan program (Refs. 2 and 3) is suitable, and in the case ot occupant analysls the 
input information used is the output from the vehicle impact simulation programmes in terms of 
deceleration/time characteristics. 

The project work undertaken jointly between T.R.R.L. and British Leyland, which is described in (Ref. 
1 I was a l l  based on developments of the Morris Marina. The simulation models and results presented in 
this paper are also based on this vehicle, although other vehicles have been analysed in a similar way. 

FRONTAL BARRIER IMPACTS I 
I 

\ 
L / 

b 

Figure 1 .  Frontal Barriur Test. Simulation model o f  standard Morris iMarina 

The mass distribution of the Marina was analysed and divided into a number of well defined and where 
possible discrete masses. These masses were considered to be connected by non-linear, plastically 
deforming "spring" elements representing parts of the structure. The idealized model of the standard 
Marina is  shown in Figure 1. (The notation used is  described in the Appendix). For this model the 
equations of motion, on which the simulation programme is based, are as follows:- 



The forces in the equatioris (1) to (5) represent the dynamic forces produced instantaneously during the 
impact, and are functions of the relative displacement between the masses (i.e. relative crush) and the 
rate of crush. The following empirical relationship is used to relate the dynamic forces to the static crush 
characteristics: - 

Fdynamic ' Fstatic "o] where 1 i s  

the "dynamic magnifier", i i s  the rate of element deformation and Vo is the reference velocity at which 
h has been determined. The value of A varies for different types of construction and for different parts 
of the structure. The actual values used are usually based on previous comparisons between theory and 
experiment. 

In the case of the standard base line Marina the static stiffness of the "spring" elements were determined 
experimentally by slow crushing in a specially designed crush rig (Ref. 1 1. Figure 2 shows a typical 
stiffness characteristic which in this case i s  for the Marina front end forward of the front wheel centre 
line. 
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Figurn 2 Stiffness Characteristic of ~Worris ~Warine Front Half of Front End 

This graph clearly shows the inherent non-linearity of the structure, which is the main reason why 
normal analytical techniques are not adequate, and why a mathematical model of the system must be 
made for use in a computer simulation. 

A flow diagram for the complete programme is shown in Figure 3. The most critical part of the 
programme, and the part that largely determines its success, i s  in the calculation of the dynamic forces. 
The measured static characteristics are input to the computer in a tabular form. The instantaneous static 
force is  then calculated from the relative displacement and modified according to the rate of crush. The 
rebound characteristic i s  equally important and i t s  position varies according to the maximum 
displacement reached. The rebound point is detected by the point at which the vehicle velocity is zero. 
Each component force is  determined in a subroutine (Macro). A series of these routines have been 
written to cover most of the different types of structural elements that could be encountered. These 
were developed independently to the main programme. Furthermore, these subroutines can be used for 
any type of vehicle impact simulation and are not restricted to frontal impacts. 



Figure 3. Basic Program Flow Diagram 

In111a11se 

Var~ab les  

The output from the programme can be any of the displacements, crush distances, velocities, accelerations 
or forces specified as variables and these can be plotted if required. 

. . 

The occupants are represented by a single mass restrained by a single stiffness element as shown in 
Figure 1. This is obviously a simplification of real occupants, but i ts  purpose is to approximate the 
effects of the occupants on the crashing vehicle and not vice versa. For accurate simulation of the effects 
on the occupants a separate occupant simulation programme is available hidl uses the vehicle 
simulation results as input data. The simplified representation of the occupants does give, however, an 
indication of how near to the optimum is the shape of the vehicle deceleration envelope. The occupants' 
peak acceleration being regarded as a vehicle "severity index". 

A more detailed and technical description of the simulation techniques employed can be found in (Ref. 
41. 

Static crush tests were conducted on the standard Marina and the simulation model validated against the 
results of a barrier test. A comparison of the computer simulated and experimental test deceleration 
plots is shown in Figure 4. Once satisfactory results had been achieved the proposed changes to the 
standard Marina could be evaluated with the programme. 
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Figure 4. Comparison of Results for a 40 mph Frontal Barrier Test on a Standard Morris Marina 
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The main vehicle modifications considered were:- 

- 

a Front end structure incorporating curved longitudinals. 

t 

Increased engine to dash clearance. 
Increased dash and tunnel stiffness. 
Hydraulic low speed bumper system. 
"Metalastik" and deformable cylinder bumper system. 
"Cable Belt" bumper system. 
Independent rear suspension. 
One-piece versus two-piece propeller shaft. 
Engine restraint systems for low speed impacts. 
Wheelbase increase by moving front wheels forward. 
Waist level longitudinal rails in doors. 

Various combinations of these changes were simulated, in some cases the advantages gained by one 
modification would be reduced by the interaction with the effects of another. Based on these simulation 
results it was decided to build the first modified vehicle (Phase I) to include modifications (a), (b), (cl, 
(f), (i) and (k) given above. It should be noted that the effects of the modifications evaluated were 
specific to the modified Marina and may not be desirable for vehicles with different stiffness or 
mechanical layouts. The simulation model representing the vehicle in the Phase I condition is shown in 
Figure 5, and the comparison of the simulated and experimental results i s  shown in Figure 6. The close 
agreement between these results indicates the usefulness of the simulation technique during the design of 
the vehicle. An important advantage is the exact repeatability obtained and the facility to change one 
variable a t  a time while the others remain exactly constant. This is  extremely difficult with experimental 
testing due to the inherent scatter in results. 
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The above l i s t  of modifications (a) to (k) include both high speed and low speed design features. The 
high speed requirements are basically concerned with occupant survival, whereas the low speed features 
are to minimise vehicle damage. It is of interest to describe further some of the work on low speed 
impacts. 

1 
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Bumper system evaluation was simulated using a model similar to that shown in Figure 5, but with a 
freedom for engine pitch included. With low speed no damage impacts the restraint of the engine is 
equally as important as the design of the bumper and back-up system itself. Forward acting engine 
restraints are necessary to prevent the engine penetrating the radiator and possible damage to the engine 
mountings. The type of restraint and its point of reaction on the engine is  of prime importance and this 
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I N  OmR t o  reduce expensive and t h e -  
consuming crash t e s t s  i n  the ear ly design/ 
development stages of a vehicle, simple, 
lumped-mass mathematical models were 
developed by Kamal ( I )*  and Battelle Colum- 
bus Laboratories (2).  Although these 
models are  collinear, therefore one dimen- 
sional, they have proven t o  be useful tools 
i n  studying the effect of mass and s t i f f -  
ness change of the various structures under- 
going collapse i n  frontal  barr ier  crashes 
on the crash response of the passenger 
compartment. 

The 1,umped mass models consist of 
r ig id  masses representing the passenger 
compartment, engine, cross-member , and 
bumper fo r  frontal mode. The r ig id  masses 
a r e  connected by energy-absorbing elements 
representing the frame, sheet metal, f i re-  

Amplification Factors for 
Use in Lumped-Mass 

Vehicle Crash Models 

Priyaranjan Prasad 
and Arvind J. Padgaonkar 

Ford Motor Co. 

wall, driveline, radiator, etc.  'The crush 
character is t ics  of the various energy 
absorbers used i n  the model are generally 
obtained hy s t a t i c  crush t e s t s  of the ele- 
ments. In  order t o  be able to use the 
s t a t i ca l ly  obtained cmsh data f o r  the 
dynamic siplulation, a transformation i s  
required t o  account for  deformation rate  
effects.  Therefore, the key to  the use 
of the lumped-mass models is  i n  obtaining 
( a )  valid s t a t i c  force-deflection relation- 
ships and (b) the static-to-dynamic trans- 
formations f o r  the various energy absorbers 
used i n  the models. The valid s t a t i c  force- 
deflection relationships a r e  ohtained hy 

*Numbers in  parentheses designate 
References a t  end of paper. 

ABSTRACT 

One-dimensi onal, lumped-mass models fo r  
predicting the dynamic response of vehicles 
i n  crashes have been used extensively i n  re- 
cent years. The energy-absorbing character- 
i s t i c s ,  i .e . ,  the load/deflection data, for  
use i n  the models are determined from s t a t i c  
crusher t e s t s  of actual vehicle components. 
In order t o  account f o r  the crush ra te  effects 
on the structure, a transformation i s  needed 
t o  extrapolate the s t a t i ca l ly  obtained data 
t o  the dynamic case. The transformation fac- 
t o r s  -- the static-to-dynamic amplification 
fac tors  -- are empirically derived and have 

been reported by some investigators to  be 
l inearly and by others t o  be 1ogarithmicaUy 
related t o  crush rate.  This paper reports on 
the development of dynamic amplification fac- 
t o r s  fo r  vehicles with framed structures, 
e.g, , l i gh t  trucks and S-framed cars, and 
unibody cars.  The factors were developed by 
exercising lumped-mass models with various 
forms of dynamic amplification factors and 
comparing the  model resul ts  with resul ts  from 
crash t e s t s .  The factors that  best explained 
the crash t e s t s  are  different for  different 
construction vehicles. 

0148-7191/81102234475SOZbO 
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carefully matching the crush modes produced 
during the s ta t ic  crush t e s t s  with those 
ohserved during full-scale crash tests. 
However, considerahle variations in  approach 
ex is t  in determining the static-to-dynamic 
transformation factors. Some organizations 
use logarithmic factors and some use l inear  
factors  t o  account for  the deformation r a t e  
effects .  There i s  also a considerahle 
difference in  the magnitude of the factor 
used. The determination of these factors 
has heen essentially an empirical process 
hased on comparisons of model results with 
crash t e s t  results.  

This paper reports on the authors1 
experience with the use of a modified 
Bat tel le  crash simulation model i n  con- 
j9:nction with s ta t ic  crush tes t s  and the 
development of static-to-dynamic trans- 
formation factors. During this  study, 
s t a t i c  crush and dynamic crash tes t s  of 
various unitized body and S-frame vehicles 
were studied. Also studied were four ve- 
hicles  ut i l iz ing frames constructed from 
open C-sections. 

The f i r s t  part of t h i s  paper reports 
or, an extensive l i t e ra ture  revieu carried 
out with emphasis on crush rate effects on 
structures.  The second part of the paper 
describes the methodology used for  deter- 
mining the crush rate  effects on auto- 
mobile structures. 
LITERATURE REVIEW 

A review of the l i terature shows that  
there are two main factors affecting the 
behaviors of structures under impact load- 
ing. The f i r s t  factor i s  the sensitivity 
of material properties t o  strain rate. The 
second factor i s  the effect of wave prop- 
agation and iner t ia l  effects within the 
structure i t s e l f .  

MATERIAL STRAIJ RATE SENSITIVITY STUDIES 
The experiments performed hy Manjoine 

(3) showed that the values of yield point 
s t r a in  depend upon the ra te  of strain. The 
resu l t s  of his  experiments showed that not 
only the yield point hut also the ultimate 
strength and the to ta l  elongation depended 
on the s t ra in  rate.  In general, these 
quant i t ies  increased vith increases in  
s t r a in  rates.  For mild steels,  the yield 
point was elevated from around 28,000 psi 
(193 MPa) a t  9.5 x 10-7 per sec. strain 
r a t e  t o  around 75,000 psi (517 MPa) a t  300 
per aec. s t rain rate. 

More recent investigations into the 
s t r a in  ra te  effects  of s t ee l  have heen 
reported hy Lake and Grenavald (4) and 
Saxena and Chatf ie ld (5) . The strain ra te  
effect  of various materials, including 
s t ee l ,  has also heen reported hy Davies 
and Magee (6). Under the loading con- 

di t ions investigated, a logarithnic rela- 
tionship was found hetween tensile strength 
and s t r a in  rate. The sensi t ivi ty  of yield 
strength t o  strain ra te  decreased with in- 
creasing quasi-static yield strength. 
Results of Lake and Grenawald ( 4 )  shcw that 
the r a t e  sensitivity,  a s  measured hy the 
r a t i o  of the yield strength a t  the 
highest and the lowest s t r a in  rates 
( s t a t i c ) ,  varies from around 1.1 fo r  
s tee ls  with 130 ksi (896 M P ~ )  s ta t ic  
yield strength to  around 2.15 for s tee ls  
with 28 ksi (193 MPa) s t a t i c  yield strength. 
Based upon the above studies, it would seem 
tha t  tensi le  s ta t ic  and dynamic t e s t s  per- 
formed on the materials used in  manufact- 
uring the vehicles woul,d give sufficient 
data f o r  the "dynamic amplification 
factors" t o  he used i n  mathematical models 
of the type being considered in t h i s  report. 
The va l id i ty  of using tens i le  tes t  data 
i n  complex bending t e s t s  was demonstrated 
by Davies and Magee ( 7 ) .  Also, t e s t s  per- 
formed on collapse characteristics of 
corrugated tuhular sections by Thornton (8) 
have shown that the dynamic response of such 
structures i s  governed hy the s t rain rate  
sens i t iv i ty  of the material. The s t ructural  
ra te  effects  do not a f f ec t  the collapse 
process hecause the geometry of the design 
predetermines the locations for  the forma- 
t ion of plast ic  hinges. However, ea r l i e r  
t e s t s  on tuhular structures hy Macaulay and 
Redwood (9) where the crush modes were not 
predetermined -- as i n  the structures tested 
hy Thornton (8) -- showed that the material 
s t ra in  ra te  sensi t ivi ty  could not explain 
the increase in  energy ahsorption ohserved 
i n  the dynamic tests .  More recent t e s t s  
on tuhular structures hy Vankuren and 
Scott (10) also show the trends ohserved hy 
Macaulay and Redwood (9 ) . Theref ore, it 
appears that  the i n e r t i a l  ra te  effects  are  
important i n  structures i n  which the crush 
modes a re  not predetermined hy design. 

STRUCTURAL W E  EFFECT STUDIES 
The effects of wave propagation and 

iner t ia  of a structure during dynamic 
collapse have heen studied hy several 
researchers. An exhaustive review of 
such studies has been reported lg 
Thornton and Dharan (11). Of particular 
importance to  our study i s  the result  of 
several investigators t ha t  during dynamic 
buckling of columns, l a t e r a l  iner t ia  forces 
of the column prevent excessive deflections 
even when the axial forces exceed the Euler 
huckling loads. Theref ore, it is possihle 
t o  exceed the huckling loads ohserved i n  
s t a t i c  t e s t s  during the dynamic huckling 
process. The implication of the above 
resul t  i s  that  the force-deflection re- 



l a t ionsh ip  determined s t a t i c a l l y  may not be 
v a l i d  dynamically even i f  the  material 
s t r a i n  r a t e  e f fec t s  are taken in to  account. 
Also, important i s  the dependence of the  
huckle wavelength on impact velocity ( 9 )  
i n  thin-walled tuhular s t ructures  during 
the  dynamic crumpling process. The 
s t r u c t u r a l  r a t e  effects  have heen studied 
on simple structures experimentally and 
theore t i ca l ly .  Very l i t t l e  data are 
current ly  availahle on automohile-type 
s t ructures .  The impact response of curved 
hox heam-columns was studied hy N i  (12) 
hoth experimentally and theoret ica l ly  with 
a mathematical model. It i s  not clear 
whether the  data from the ahove study can 
he extrapolated t o  all thin-walled s tmc-  
t u r e s  and sheet metal commonly used in  
automotive construction. It i s  expected 
t h a t  with the  development of large def or- 
mation, e las t ic-plas t ic  f i n i t e  element/ 
d i f ference models, the s t ruc tu ra l  rate 
e f f e c t s  can he studied. 

RATE EFFECTS IN AUTOMOTIVE-TYPE STRUCTUES 

The few studies on full-scale auto- 
mobile co l l i s ions  that  a r e  available a re  
general ly  a t  30 mph (48 km/h) and the 
c o n c l ~ ~ s i o n s  regarding r a t e  e f f e c t s  may he 
v a l i d  only f o r  the speed tested.  Of the  
two common r a t e  factors  i n  use, one i s  
l i n e a r  and the  other logarithmic in shape. 
Both account f o r  a 30 percent increase i n  
energy absorbed from the  s t a t i c  case t o  
t h e  dynamic case a t  30 mph (48 ka/h) impact 
ve loc i ty ,  The l inea r  fac to r  was suggested 
hy Kamal ( 1 )  and the logarithmic one by 
B a t t e l l e  (2 ) .  Support f o r  the  l inear  f a c t o r  
can come from the  r e s u l t s  of Ohokubo, e t  al. 
(13) from t e s t s  on closed hat-section 
members, and Vankuren and Scott (10). 
Support f o r  the logarithmic f a c t o r  would 
come from the  material s t r a i n  r a t e  
s e n s i t i v i t y  t e s t s .  Other forms involving 
powers of deformation r a t e  have been sug- 
gested hy Wierzhicki and Akerstrom (14) 
and Tani and Funahashi (15) f o r  the s t a t i c  
t o  dynamic load factors.  A sumrmrry of the  
various forms of the  f a c t o r s  i s  givsn below: 

FD = ( 4 ,  +" log yo) FS 

1 +  A PO = { ') FS For (15) ..4 
max. load 

l t  cL\ For ( 1 5 ) . . 5  
F ~ = {  (1.;)') FSmeanload 

Where, F3 = dynamic force 

FS = s t a t i c  force 

i = coeff ic ient  _(empirical)  

Vo = i n i t i a l  co l l i s ion  ve loc i ty  
a 

A = deformation r a t e  

L = i n i t i a l  length of memher 

D = empirical constant (40.4/ sec. 
sec. f o r  mild s t e e l )  

L: = empirical constant (9.01 f o r  
mild s t e e l )  

q = empirical constant (0.2 f o r  
mild s t e e l )  

As can he seen from the  ahove expressions, 
various ways are used t o  account f o r  the 
crush r a t e  e f fec t s  i n  structures.  All 
the ahove expressions a re  empirically 
derived from t e s t  data on simple struc- 
tu res .  Depending on the  equation selected 
(eqns. 1 t o  5 ) ,  the  Qnamic amplification 
f a c t o r  currently used can range hetween 
1.3 t o  greater  than 2.0 a t  a r a t e  of 44 fps  
(13.2 4 s ) .  The v a l i d i t y  of these 
amplification fac to rs  during crash of 
vehicles involving complex huckling modes 
needs fu r the r  study. 

CONCLUSIONS FFlOM THE LITERATURE SUWEY 
The s e n s i t i v i t y  of material properties 

t o  s t r a i n  ra te ,  and the  complexities 
a r i s ing  from wave propagation and i n e r t i a l  
e f f e c t s  within the  structure,  make it 
d i f f i c u l t  t o  extrapolate the  r e s u l t s  oh- 
ta ined from quasi-stat ic t e s t s  t o  dynamic 
t e s t s .  Although many empirical methods a re  
currently i n  use t o  transform s t a t i c  data 
f o r  use i n  dynamic cases, no unique method 
has heen established. It appears t h a t  i n  
collapse of s t m c t u r e s  i n  which t h e  collapse 
modes have heen pre-estahlished due t o  the 
geometry of the  s t ructures ,  the material  
s t r a i n  r a t e  s e n s i t i v i t y  factors  a r e  
su f f i c ien t  t o  transform s t a t i c a l l y  
ohtained data  t o  dynanic data. However, 
i n  s t ructures  where the  crush modes are 
not predetermined, the  i n e r t i a l  e f f e c t s  
a l so  have t o  he taken i n t o  account. 

DEVELOPMEXT OF A M?IAEIIC AMPLIFICATION 
FACTOR FOR USE Ill MOELS 

W i n g  the  course of Ford's R.S.V. 
contract  (171, s i x  iden t ica l  small unit ized 
vehic les  were crash t as ted  a t  32, 37, 
and 42 mph (51.2, 59.2, and 67.2 laq/h) in to  
a f l a t ,  r i g i d  ha r r i e r .  Also, two iden t ica l  
vehicles were crushed s t a t i c a l l y  t o  develop , 
a mathematical model t o  predict t h e  e f fec t  



of front-end compcnent changes on the  i n -  
e r t i a l  response of the passenger compart- 
ment. The ahove crash t e s t s  and s t a t i c  
crush t e s t s  were used t o  develop "dynamic . 
anp l i f i ca t ion  factors" f o r  transforming 
the s t a t i c  data t o  the dynamic case. The 
model configuration chosen f o r  the study 
i s  shown i n  Fig,  1. The crusher t e s t s  
showed tha t  the foreframe and the a f t -  
frame were the main energy ahsorhers. 

The crash t e s t s  showed that  f o r  the  
f i r s t  40 ms, the occupant compartment 
response was governed mainly hy the 
cmsh  charac te r i s t i c s  of the frame r a i l s  
since the  dr ivel ine ,  f i r ewa l l ,  and the  
transmission mounts were not s t ressed 
t h a t  ea r ly  i n  the crash.  The sheet metal 
force  l eve l s  i n  the f i r s t  13 msecs. were 

negligible compared t o  the frame fsrce  
l eve l s .  Various "dynamic amplification 
fac to r sn  were t r i e d  for  the  frame during 
the  simulation runs and compared with the 
crash t e s t s  up t o  40 ms. The hes t  r e s u l t s  
were ohtained hy using 8 fac to r  shown i n  
Fig. 2 and an i n e r t i a  spike i n  the a f t -  
frame i n  Fig. 3. 

During the  crash heyond 40 msecs., 
the  f i rewal l  and driveline in teract ions  
with the  engine hecome important. It was 
postulated t h a t  a material r a t e  sens i t iv i ty  
f a c t o r  of the type used hy Ba t t e l l e  (2 )  
and Calspan (16) would be adequate f o r  t h e  
d r ive l ine  and the  f irewall  s ince  the crush 
r a t e s  a r e  considerably reduced a t  the time 
of engine/driveline and engine/f irewall 

YOOlEL COHFIGURATKHI FOR F M M  BARRIER WACT 

Fig .  1 - Model c o n f i g u r a t i o n  f o r  f r o n t a l  
b a r r i e r  impact 



in te rac t ions  when compared with the i n i t i a l  
crash velocity.  

A comparison of the r e s u l t s  of the 
s inula t ions  with the crash t e s t  r e s u l t s  
a r e  shown i n  Fig. 4 t o  Fig. 7. A compari- 
son of the component crush and t r a v e l  
hetveen the sinnilation and the  crash 
t e s t s  i s  shown i n  Tahle 1. 

It  can be seen from the  f igures  t h a t  
t h e  basic wave shape of the  decelerat ion 
response of the passenger compartment i s  
predicted well by the model. Exact com- 
parisons with the decelerat ion pulse can be 
misleading a t  times due t o  the  various 
techniques used t o  f i l t e r  the wideband 
accelerometer data. Potent ia l  va r i a t ion  
due t o  f i l t e r i n g  can be quantif ied by 
considering tha t  the accelerometer- 
in tegra ted t r ave l  of the passenger com- 
partment i n  the above crash t e s t s  shows 

217 ( 5  cm\ mcre t ravel  t h a t  the f i lm analy- 
s i s  data across  the speed range tested.  

Fig .  5 shows a comparison of the 
model predicted cmsh and engine intrus'ion 
i n t o  t h e  passenger compartment with the 
experimental t e s t  r e s u l t s .  I t  can be 
seen from the  f igure  t h a t  the  model pre- 
dicted crush i s  well within the observed 
t e s t  r e s u l t s  across the speed range. The 
in t rus ion predicted by the  model i s  
within 1.5" (3.75 cm) of t h a t  observed 
i n  the 42 nph (67.2 h / h )  t e s t s  and 
one of the  32 mph (51.2 lan/h) t e s t s .  
A t  37 mph ( 59.2 dm/h) , the  engine 
in t rus ion predicted by the  model i s  
2.5" (6.25 cm) higher than t h a t  observed 
i n  the crash t e s t s .  This lack of corre- 
l a t ion  can be traced t o  approximately 3" 
97.5 cm) of addit ional  engine travel  ob- 
served i n  t h e  crash t e s t s  when compared 
t o  the simulation r e s u l t s  (Table 1). 

'. 

UlTULD AND S-FRAMES 1 >t 
t 

Fig. 2 - Dynamic amplification factor for 
subcompact vehicle frame 















TABLE 1 - COMPARISON OF COMFQ!E?Q CRL'SH A!D TRAVEL BETWEEN 
CRASHES AVD SIMULATIQS FOR THE SUBCOMPACT VMICLES 

Dynamic Cross-Member Engine Engine-Dash Aftframe Foreframe 
Velocity Collapse Travel Travel In t rus ion Crush Crush 

mph ~ e s t /  cm . cm . cm . cm . 
( d h )  Simulation ( in .  1 ( i n .  (it:) ( in . )  ( i n . )  

Simulation 82.15 61.03 46.85 33.45 22 75 5li 35 
(32.86) (24.41) (18.75) (13.38) (9.10) (21.74) 

Simulation 72.35 58.08 44.38 25.40 14.55 53.58 
(28.94) (23.23) (17.75) (10.16) (5.82) (21.43) 

Simulation 63.65 52.28 42.08 19.33 11.90 49 03 
(25.46) (20.91) (16.83) (7.73) (4.76) (19-61) 

FUrnHER VERIFICATIOY OF THE MOIEL 
I n  order t o  ver i fg  the "namic ampli- 

f i c a t i o n  factor" determined empirically 
i n  the  above study f o r  the vehicle frames, 
the  model was exercised with the s t a t i c  
crush data of a unitized body compact 
c a r  with a t e s t  weight of 4000 lbs.  
(1818 kgs). Two crash t e s t s  were available 
a t  35 mph (56 k m h )  and 30 mph (48 h / h )  
f o r  comparison with the  simulation resu l t s .  
The r e s u l t s  of the model simulation and 
crash t e s t s  a re  shown i n  Figs. 9-11. 

It can be seen from the  f igures  tha t  
the  dynamic crush predicted by the 
model i s  within 1.58 of tha t  observed 
i n  the  t e s t s  and the time t o  maximum 
crush predicted by the model is  within 
3.6 ms. 

The model was fur ther  exercised 
with the  s t a t i c  crush data of a mid-size 
c a r  of unit ized body construction. The 
predicted model resu l t s  are compared with 
t h e  experimental r esu l t s  i n  Figs. 12 and 13. 
The comparison between the model and the  
t e s t  i s  considered t o  be good. 

Based on the above simulation r e s u l t s ,  
i t  can be concluded that  the "dynamic 
amplification factorn, a s  shown in  Fig. 2, 
when used i n  the  fore-frames and the  af't- 
frames of unitized vehicles i n  conjunction 
with a material  r a te  sensi t ive  factor ,  
shown i n  Fig. 14, f o r  the sheet metal, 
f i rewall  and driveline, predict  the  
crash t e s t  r esu l t s  with adequate accuracy. 

Since a se r ies  of crash t e s t  r e s u l t s  
a t  8, 25, 30, and 35 mph (13.3, 40, 48, and 
56 W h )  of an S-framed vehicle were 
available i n  the l i t e r a t u r e  (16) along with 
the s t a t i c  crush data of the  front-end 
components (16, 18) ,  the model developed 
f o r  the uni t ized vehicles was exercised 
with the  published s t a t i c  data. Comparison 
of the model predicted r e s u l t s  and the  crash 
t e s t  r e s u l t s  are  shown i n  Figs. 15-22. 

The 8 mph (13.3 W h )  simulation 
resulted i n  appro~mate ly  1.25" (3.12 cm) 
( i .e . ,  17.8s) more crush when compared 
with the  crash t e s t .  It i s  f e l t  t h a t  a t  
t h i s  low speed, the effect  of the bumper 
energy absorbers predominate the  s t r u c t u r a l  



ef fec t s ,  making valid comparisons 
betueen the model and the t e s t  d i f f i -  
c u l t .  However, the simulation r e s u l t s  
i n  the  speed range of 25 t o  35 mph 
(40 t o  56 km/h) show good corre la t ion 
with the  crash t e s t  resul ts .  The dynamic 
col lapse  predicted by the model i s  within 
5% of t h a t  obsemed i n  the t e s t s .  Also, 
the  predicted time t o  maximum crush i s  
within 12  msecs. of that  obsemed in 
t e s t s .  The above simulations show t h a t  the 
methods used f o r  transforming the s t a t i c  
crush data t o  the dynamic case i n  uni t ized 
vehic les  i s  a l s o  valid i n  the S-framed 
vehic les .  

DYNAMIC AMPLIFICATIOR FACTORS FOR C-FRAMED 
VEHICLES 

The major energy absorber i n  f r o n t a l  
crashes of the C-framed vehicles inves t i -  

gated i n  the  current study i s  a lso  the  
frame. Since s tudies  on the collapse 
of C-section frames a r e  not available 
i q  +.he l i t e r a t u r e ,  it was decided t o  ex- 
periment with various forms and magnitude 
of dynamic amplif ication fac tors  i n  the 
model t o  bes t  explain t h e  crash t e s t  
r e su l t s .  The objective of the study was 
t o  develop one d p m i c  amplif ication 
fac to r  f c r  the  frames t h a t  can explain 
crashes of a l l  s imi la r  framed s t ructures .  

As a f i r s t  s tep ,  s ince  s t a t i c  crush 
and dynamic crash data  were available f o r  
several vehic les ,  it was decided t o  compare 
the k ine t i c  energy absorbed i n  the crash 
t e s t s  with the  energy absorbed i n  the  
s t a t i c  crusher t e s t s  f o r  equal front-ond 
crush. The r e s u l t s  of the  comparison a re  
shown f o r  four  t e s t s  i n  Table 2. It can be 
seen tha t  dynamically, t h e  front-end 

Fig. 9 - Comparison between the simulated 
and crash test results - passenger compartment 
travel 



s t ruc tu re  absorbs 64 percent t o  190 percent 
more energy when compared v i t h  the s t a t i c  
crush t e s t s .  These r e s u l t s  a r e  similar  
t o  those reported by Ohokubo, e t  a l ,  (13) 
f o r  rear-end crashes of sub-compact cars.  
I t  became obvious tha t  the  dynamic ampli- 
f i c a t i o n  fac tor  developed f o r  the car  
frames would not be adequate f o r  t h i s  
se r i e s  of vehicles. 

Once again, i n  order t o  maintain 
consistency with the previous simulations, 
the  "dynamic amplification fac to rn  f o r  
the  sheet metal radia tor ,  f i r ewa l l ,  and 
dr ivel ine  were those shown i n  Fig. 14. 
The f a c t a r  f o r  the frame was varied t o  

achieve the  bes t  r e s u l t s  f o r  the fsur 
vehic les .  The bes t  r e s u l t s  were obtained 
by using the f a c t o r  shown i n  Fig. 23. 
I t  can be seen t h a t  t h i s  fac tor  is  much 
higher t h a t  t h a t  used f o r  the unitized 
and the  S-f ramed vehicles.  Currently, 
such an increase i n  the  levels  cannot be 
explained. However, it i s  hypothesized 
t h a t  s ince  the C-frames were i n i t i a l l y  
s t r a i g h t  and t h e  buckling modes involved 
considerable to r s ion ,  the i n e r t i a l  ef fec ts  
during the  buckling process were consider- 
able.  Also, t h e r e  i s  some evidence tha t  the 
mater ia l  s t r a i n  r a t e  e f f e c t s  during shear 
deformations a r e  higher than those i n  ten- 
s i l e  deformations (19) .  

Compact Vehicle 

35 mph (56 Wh) 

- - - - . - - - - . . - . -. . . . - . - . . . . - - .- . , - 
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Fig. 10 - Comparison between the simulated 
and crash test results - passenger compartment 
deceleration 
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TABLE 2 - OVERALL STATIC T O  DPlAMIC AMPLIFICATION FACTOR 
FOR C SECTION FRAMED VEHICLES 

Maxinun Dynamic Static Enerev Kinetic Enerw 
Colla~se Overall Dgnamic 

cm. (in. ) kn-m (in-klbs) kn-m Vehicle (in-klbs) Amplification Factor 

1 64.75 (25.9) 135.6 (1200) 222.6 (1979 1.64 

Fig. 23 - Dynamic amplification factor for 
C-section frame vehicles 



Comparlsnnz of the  simulated r e s u l t s  
f o r  the  four t e s t s  a re  shorn i n  Figs. 24 
t o  32. It can be seen from the f igures  
t 3 a t ,  subjectively, the deceleration re- 
sponses of the passenger com?artment pre- 
d ic ted  by the model compare well with 
those  observed i n  the crash t e s t s .  The 
peak dynamic collapse predicted by the  
model is within 1.25% t o  6.14% of t h e  ob- 
s e n e d  crash t e s t  r e s u l t s .  The time t o  
maximum crush predicted by the model ranges 
from 2 ms. t o  10 ms. of tha t  observed i n  
crash t e s t s .  

A comparison of t h e  time his tory  of 
the  k ine t i c  energy of the  occupant com- 

partment between the simulation and a 
crash t e s t  i s  shown i n  Fig. 33. Some 
idea of the amount of dynamic amplification 
required i n  the  foreframe can Se had by 
exmining Fig. 34 which shows the  dynamic 
f orce-deflec t ion  properties of the fore- 
frame predicted by the model and t h a t  
obtained s t a t i ca l ly .  

Considering the above, it is  f e l t  tha t  
the  method of transforming t h e  s t a t i c  data 
t o  the  dyn-amic case i s  adequate f o r  the 
c l a s s  of vehicles considered i n  t h i s  study. 

Fig .  24 - Comparison between the  simulated 
and crash t e s t  r e s u l t s  - passenger compartment 
travel  
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SUMMAW AND CONCLUSIBIJ 

( i )  A l i terature s w e y  of s t ruc tura l  
response of dynamically deforming s tructures  
shows that material property changes a s  well 
as  the iner t ia  of the deforming s tructures  
have t o  be taken into account i n  using 
quasi-statically obtained data fo r  dynamic 
a imla t ion .  

( ii ) The empirically developed. 
rate-dependent factor, ahown i n  Fig. 2, 
when used i n  the mathematical model f o r  
the frames, i n  conjunction with a 
material ra te  sensitivity factor (Fig. 14)  
f o r  the sheet metal, driveline, and 

f i reua l l ,  predicts the i n e r t i a l  response 
of unitized and S-framed vehicles i n  
frontal  barr ier  crashes with reasonable 
accuracy. 

(iii) For the three unitized con- 
struction vehicles and one S-framed 
vehicle, the model predictions a re  
within 5% of t e s t  observations of the 
d m  dynamic collapse. The time t o  
maximum dynamic collapse predicted by 
the model i s  within 2.0 t o  12.3 ms. 
of the t e s t  resu l t s  (see Table 3). 
Subjectively, the deceleration time 
his tor ies  of the occupant compartment 

TABLE 3 - SUMMAW OF DYNAMIC COLLAPSE 

Impact 
Velocity Crash Result Simulation Error+ 

Veucle m ~ h  (laP/h) Peak cm(in2 Time(ms1 Peak cm(in1 ~ime(ms) Amplitude Phase (ms) 

Sub- 
Compact 1 42 (67.2) 79.50 (31.8) 82.50 +3 33 -3.5 

82.15 (32.86) 79.0 

Compact 1 35 (56) 84.00 (33.6) 90 82.50 (33.00) 88.4 -1.8 -1.6 

C-Section 
Frame 1 30 (48) 64.75 (25.9) 86 62.88 (25.15) 76.4 -2.9 -9.6 

More than 
4 30 (48) 52.50 (21.0) 80 49.28 (19.71) 72.6 -6.4 -7.4 

Onwards 

*Regative sign indicates l e s s  amplitude or ear l ie r  timing i n  simulation than i n  the crash. 



predicted by the model compere well with 
'be observed tes t  resul ts .  

( i v )  The "dynamic amplification 
ractor" of open, C-section frames appear 
t o  be higher than that of closed section, 

ox frames. 
( v )  For the four d i f fe ren t  C-section 

framed vehicles tested and simulated, the 
d amic crush predicted by the model was 
.i ? hin 6.145 of the observed t e s t  results.  

,'he time t o  maxim crush predicted by the 
model was within 2.0 t o  9.6 ms ,  of the 
>bserved t e s t  results. Subjectively, the 
j.eceleration-time h is tor ies  of the passen- 
ger compartment predicted bg the model 
compare well with the t e s t  resul ts .  
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