
l. .  INTRODUCTION 

HEAD ACCELERATION TOLERANCE DERIVED FROM 
FALLS INTO WATER 

c . L .  Morfey 
Institute of Sound and Vibration Research 

University of southarnpton ,  England 

It is generally impossible, in accidents which involve head impact, to 
reconstruct the precise loading and acceleration to which the head is 
subjected . For this reason the study of water impact offers a useful 
source of additional data, since although the number of docurnented cases 
involving intracranial injury is small, it is possible to estimate the 
acceleration time history of the head on impact . 

The purpose of this paper is to present data from earlier studies of falls 
into water ,  in a form which shows how the probability of brain darnage is 
related to the peak acceleration and the head injury criterion . 

l . l  Special features o f  water iJDpact data 

Two important features distinguish a l.evel. water surface from other 
obstacl.es against which the head may impact . 

( a ) The dtstrtbuted nature of the appited ioad . The braking force of the 
water builds up rapidly to reach a maximurn at an immersion depth of around 
l.O rmn; the wetted surface area of the head is then already about 60 cm2 . 

( b )  The absence of tangenttai tmpact torces . Unl.ike the typical 
solid-surface impact, vertical impact of the head on a level water surface 
produces no significant tangential loading . 

Because of these special features, water impact is relativel.y simple to 
analyse . Penetrating injuries, for example, are not seen . our hypothesis 
in this paper is that brain damage can be related , in such impacts, to the 
vertical-acceleration time history of the head . 

1 . 2  outline of the approach adopted 

Data on the incidence of brain damage in falls into water is taken from 
three published investigations ( Section 2 ) .  The inferred probability ( p ) ,  
that brain damage will. resul.t from 'any given head impact on the water 
surface , is then pl.otted against two measures o f  exposure : the peak 
acceieratton < Gmax >  and the head tnJury crtterton ( HIC ) .  

The eval.uation of these quantities relies on a hydrodynarnic model of the 
water entry process which is described in detail elsewhere ( Morfey 1986 ) .  
The head is modelled as a rigid ellipsoid, whose impact velocity is 
calculated from the known height of fal l .  Section 3 explains how p, Gmax 

1 53 



and HIC are derived; the final results are presented and discussed in 

section 4 .  

2 .  SOURCES OF MATERIAL 

Three sources of fatalities caused by falls into water have been documented 

in sufficient detail, with information on intracranial damage , to be useful 

in the present study . 

{ a )  San Franctsco - Goiaen Gate Brtaae . snyder and Snow { 1967 ) collected 

post-mortem records on 169 fatal falls ( ll 7M, 52F ) from this bridge , 

covering the period 1937-1966 . The mortality rate for all known falls up 

to August 1966 was 0 . 99 ( 2  survivors in 305 falls ) .  The victims in their 

study included 10 under age 25 { 1 4 less than 55 kg ) ;  the median body weight 

was about 70 kg ( body weight is important in falls from heights of around 

40 m or more , because aerodynamic drag affects the impact velocity ) .  

I nj uries included 62 cases of brain damage typically subarachnoid 

haemorrhage - and 40 cases of skull fracture . This distribution is broadly 

confirmed - though with fewer skull fractures - in a more recent study by 

Lukas et al ( 1981 ) based on 100 fatalities . 

( b )  �ydney - Sydney Harbour Bri.dge . Lane , r>nnfol<l At: ;:) l  { 1973 ) collected 

records on the 60 fatalities ( 45M, 15F ) between 1930 and 1 963 . During this 

period there were 69 recorded falls into water from the bridge . The 

victims included 2 under age 2 1 .  

Full post-mortem examinations were performed on only 1 5  out o f  the 60 

cases . These revealed 5 instances of brain haemorrhage, and no skull 

fractures . 

( c )  Brtsbane - Story Rtuer Brtdge . In the same paper { 1973 ) ,  Lane , 

Penfold et al presented data on 12 fatalities ( llM, lF ) between 1937 and 

1966 . These represent all the known fatalities; during the same period a 

total of 20 falls into the water were recorded . one victim was under 21 . 

Injuries found at post-mortem included 4 cases of intracranial haemorrhage . 

There were no sku ll fractures . 

For each of the 3 series, the range of heights fallen is known within 

narrow limits . The impact velocity has been calculated as described in the 

Appendix, and results are sununarised in Table 1 .  Velocities on impact 

range from around 24 m/s { Story Bridge ) to around 32 m/s { Golden Gate ) ,  

assuming a transverse body attitude during fall . 

It is noteworthy that in none of the 3 series is there any record of brain 

damage among surutuors . A subsequent detailed study o f  the 14 known 

survivors in 92 falls { 1930-1982 ) ,  from Sydney Harbour Bridge into water, 

underlines this point ( Harvey and solomons, 1983 ) :  they state "there rJere 
no sku i i  fractures , and no eui.dence of i.ntracrantai haemorrhage tn any of 

the surui.uors . "  
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3 . METHOD OF ANALYSIS 

Three main problems have to be addressed in this study . They are : 

( 1 )  estimation of the likelihood of brain damage for direct head 
impacts , in each of the three series of falls descril:>ed in section 2 ;  

( 2 )  estimation of the acceleration time history experienced by the head in 
such impacts ;  

and finally, as a first step in solving problem ( 2 ) ,  

( 3 )  modelling of the head by an equivalent rigid body . 

3 . 1  Likelihood of brain damage, in direct head impacts on a water surface 

The objective here is to obtain the probability ( p )  of brain damage , as a 
function of vertical impact velocity . we can estimate p from the data in 
section ( 2 )  as follows . 

( a )  Subject to possible later correction ( see section 4 ) ,  we assume p = 1 
for the Golden Gate set of falls . 

( b )  A certain proportion ( r )  of all falls is assumed to involve direct 
head impact . In the remaining falls, e . g .  those in a feet-first attitude, 
the head will be shielded and it is assumed that no brain damage occurs ( at 
least at the impact velocities of up to 35 m/s encountered in this study ) .  

( c )  lt follows from the Golden Gate bridge data that 
r = 0 . 99 ( 62/169 ) = 0 . 363 . 

The same value is assumed to apply to the other two sets of data. Thus the 
expected number of direct head impacts is rNtot • where Ntot is the total 
number of falls ( fatal or non-fatal ) in the series . 

( d )  Finally, p is deduced frorn the number of cases ( N )  of brain damage as 
p = N/rNtot ( Story River ) 

or 
p = 4N/rNtot ( Sydney Harbour, 25% post mortem ) .  

Table 2 sununarizes the resul ts of this calculation. TWo points may be 
noted . First, both series show p values significantly lower than was 
assumed for the Golden Gate data ( p  = 1 ) .  Applying a chi-squared test in 
turn to the Story River/Golden Gate and Sydney Harbour/Golden Gate pairs of 
data shows the differences to be statistically significant at the 5 percent 
level . second , despite the uncertainty associated with the small numbers, 
the trend between the Story Ri ver and Sydney Harbour resul ts is in the 
expected direction . 

3 . 2  Quantification of head impact e:xposure 

By modelling the head as a rigid ellipsoid in free fall, with one of its 
axes vertical , a theoretical estimate can be ma.de of the acceleration time 
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history of the centre of mass on impact . Details o f  the theory, which is 

based on established methods of fluid dynamics , are given elsewhere ( Morfey 

1986 ) .  An important feature of the prediction is that the acceleration 

t ime history is determined solely by : 

( a )  The velocity o f  impact ( U0 )  
( b )  The semi-axis of the ellipsoid , measured in the vertical direction ( R )  

( c )  An aspect ratio parameter ( ß ) ,  defined below, which also accounts for 

the density o f  the ellipsoid relat ive to wate r .  

The parameter (3 is defined as follows . The vertical semi-axis of the 

e l l ipsoid is denoted by R, and the radius o f  the equivalent-vo lume sphere 

by a .  Then 

3/2 ß = ( R/a )  a ,  

where a is the ratio o f  the e l l ipsoid density to the water density . 

The principal results of the e l l ipsoid water entry calculation are 

summarised in Figures 1-3 . Figure l shows the normalised acce leration time 

history, for (3 = 1 ( e . g .  a sphere o f  relative density 1 ) .  Figures 2 and 3 

show the values o f  peak acceleration and head inj ury criterion { HIC ) 

respect ively, as functions of ß ,  Clearly there is a strong dependence on 

ß; the question of which value is appropriate for s imulating head impact is 

taken up in the next sect ion . 

3 . 3  Eguivalent e l lipsoid head model 

Inertial properties of human heacls have been measured by Beier et al 

( 1977 ) .  They present data on the mass and moments of inertia of 21 heads , 

where the moments of inertia are referred to the principal axes { x · , Y ' , 
Z ' ) passing through the mass centre . Figure 4 illustrates the orientation 

of these axes . 

From this data one can infer the density and dimensions of an ellipsoid 

having the same mass and moments of inertia as a part icular head . Average 

values ( and standard deviat ions ) are listed in Table 3 ,  for the s heads 

which were most nearly symmetrical about the mid-sagittal plane . The 

density is very close to 1 relative to water . The smallest semi-axis ( and 

hence the impact direction giving the severest decelerat ion } is the the Y '  
= Y d irection . 

However ,  lateral water impacts ( with the side o f  the body striking the 

water ) will be shielded by the shoulder to some extent . For prediction 

purposes , we therefore choose a value of ß based on impact in the :t X •  
direction ( Figure 4 )  as representative o f  those real- l i fe impacts 

responsible for brain damage in the falls being studied . ( I f data were 

available on the actual direction o f  impact in each case - which it is not, 

for the present data series - this crude assumption could be refined ) .  
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FIGURE 1 .  Predicted time history o f  the normalised acceleration A (T} on 

impact, for vertical water entry of a neutrally buoyant sphere 

(aspect ratio parameter = 1 ) . 
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FIGURE 2 .  Dimensionless peak acceleration o f  an ell ipsoid during vertical 

water entry, as a function of the aspect ratio parameter . The 

absolute acceleration is proportional to h /R . The solid and 
0 

broken lines correspond to two theoretical models ; 

the spread indicates the degree of uncertainty in the predicted 

accelerations. 
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FIGURE 3 . As Figure 2 ,  but showing the head injury criterion predicted 
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may be scaled from the curve by noting that HIC varies as 
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FIGURE 4 . Sketch showing principal axes of head and equivalent ellipsoid . 
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The values chosen for use in section 4 are ß = 0 . 875 and R = 94 mm. lt 
follows frorn water impact theory ( Morfey 1986 ) that the peak G value and 
the HIC value rnay be estimated as 

G = bh max o 
and HIC = ch2 

0 

where 110 ( =  u02/2g0 ) is the equivalent free-fall height under standard 
gravity ( without air resistance ) .  The constants ( b , c )  are found from 
Figures 2 and 3 as 

b = 7 . 68 - 8 . 6 4  ; c = 0 . 00 - l . oo ( h0 in rnetres ) . 

The ranges given above for b and c reflect uncertainties in the 
hydrodynamic rnodelling; they are included in all subsequent calculations . 

4 .  RESULTS AND DISCUSSION 

Figures 5 and 6 sumrnarise the results of the calculations described in 
section 3 .  They show the probability ( p )  of intracranial damage occurring 
when the human head strikes a level water surface . The head orientation is 
not specified , but the implication is ( for the cases discussed in section 
2 ) that brain damage is associated wi th a transverse or lateral body 
attitude on impact . 

In Figure 5 ,  p is plotted against Gmax• using logari thrnic scales for 
p/( 1-p ) and Gmax · These scales facilitate interpolation, since data are 
expected to fall approximately on a straight line . Extrapolation to the 
Gmax range predicted for the Golden Gate Bridge falls yields a predicted p 
value between 0 . 80 and 0 . 96 1  in other words there is a high probability of 
brain damage , in the range 32-35 rn/s head impact velocity, which is 
consistent with the initial assumption of p = 1 for this series . 

Similar remarks apply to Figure 6 ,  where p is plotted against HIC . Whereas 
Figure 5 is limited to impacts of particular duration ( of order 1-2 ms at 
the o .  5 Grnax level ) ,  Figure 6 presents the same human tolerance data in 
what should be a generalised form, valid for a range of head acceleration 
curves . 

4 . 1  Head acceleration tolerance prediction 

The upper of the two lines which bracket the data, in either Figure 5 or 
Figure 6, may be used as a ( somewhat conservative ) predictor of 
intracranial damage caused by severe head accelerations . The equations are 
both of the form 

l. 
p =  

l.+x 

where 
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X =  ( 205/Grnax)3 . 32 ( acceleration curve ) 
o r  

X =  ( 570/HIC )1 • 66 ( HIC curve ) .  

4 . 2  Breakdown of HIC for long-duration impacts 

Although Figure 6 suggests that HIC values around 2000 will alrnost 
certainly cause brain damage , there is evidence of survival at even higher 
values when the impact is of relatively long duration. snyder ( 1966 ) 
quotes an interesting and well-documented example which illustrates the 
point , A paratrooper fell through a height of 365 m into snow, landing 
flat on his back with the parachute unopened . He suffered only minor 
in)uries . The fall would have reached almost terminal velocity. Assuming 
a z value ( see Appendix) of 150 kg/m2 - which would correspond to a weight 
of 88 . 5  kg ( including equiprnent ) with CI)S = 0 . 57 m2 ( transverse attitude ) -
together with an air density ( 1 .  37 kg/m3 ) and g value ( 9 .  821 m/s2 ) 
appropriate to local conditions , we obtain 45 . 5  m/s for the impact 
velocity. 

The stopping distance is estimated as 1 . 22 rn ( 4  ft ) ,  this being the crater 
depth ( 3  1/2 ft ) plus 1/2 ft for body deformation. Thus even on the rnost 
favourable basis , that is assuming a constant deceleration, the paratrooper 
survived 87 G for just over 50 ms ,  which implies an HIC around 4000 . 

Data such as this clearly point to limitations in the use of HIC as a 
damage predictor . Aside from the long duration, a favourable factor in the 
example ci ted may also have been the absence of head rotation on impact . 
Head rotation cannot be excluded as a cause of injury in the water impact 
cases studied , and further work is required to establish the likely damage 
rnechanisrns . 

5 .  CONCLUSIONS 

( 1 ) Evidence from 3 series of falls into water supports the hypothesis 
that for heights of between 34 and 80 metres , two categories of water 
impact can be distinguished : 

( a )  Impacts in which the head strikes the water directly, in a 
manner liable to cause intracranial injury; 

( b )  Impacts in which the head is allowed to decelerate less abruptly , 
e . g .  as in feet-first water entry. 

According to this hypothesis, intracranial injury is limited to impacts of 
type ( a ) .  

( 2 )  The extensive series of falls studied by snyder and Snow ( 1967 ) ,  
totalling 169 fatalities, indicates that type ( a )  impacts make up about 36 
per cent of all falls; and that such impacts are not survivable at 32 m/s 
impact velocity . 
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( 3 )  survival of head-first water impact by trained stunt divers has been 
documented up to 30 . 3 rn/s impact veloci ty by snyder ( 1965 ) . By entering 
the water with the head in an optimal attitude and the neck held rigid , 
such divers avoid the rapid head deceleration and rotation that would 
otherwise occur . such impacts therefore belong in category ( b )  al:>ove . 

( 4 ) By cornbining the evidence frorn the 3 series of bridge falls , we deduce 
that the incidence of intracranial injury in type ( a )  impacts dirninishes 
frorn 100 per cent ( at 32 rn/s impact velocity ) to al:>out 80 per cent at 2 9  
rn/s , and to al:>out 55 per cent at 24-25 rn/s . 

( 5 )  The incidence of intracranial injury has been plotted against 
estimates of the peak G experienced by the head ( Figure 5 ) and the head 
injury criterion ( Figure 6 ) .  rite resulting curves indicate that 50 per 
cent likelihood of intracranial injury occurs in a type ( a )  water impact at 
HIC = 570 ( Gmax = 205 ) .  

( 6 )  The risk of head injury at longer exposure durations ( around 50 ms )  is 
not well described by the HIC index . 
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APPENDIX: calculation of velocity in free fall 

Fatal 

The impact velocity is estimated in each case from the height fallen ( h ) ,  
the gravitational acceleration ( g )  and the air density ( Pa ) ,  together with 
a parameter 

Z = m/CJ:>S 

which depends on the individual '  s body build and clothing as well as the 
body attitude . we treat z as a constant during the fall, and use the 
values z = ( 110 , 180 ) kg/m2 . 

According to snyder ( 1966 ) ,  CoS values can vary between 0 . 325 and o . 65 m2 . 
A value of o . 59 m2 is chosen as typical of falls in a transverse ( X  axis 
vertical ) or lateral ( Y  axis vertical ) body attitude 1 with m = 64 . 9  kg ( 143 
lb )  as a typical body weight , we then obtain the lower value of z = 110 
kg/m2 . The higher value is the one used by snyder ( 1965, 1966 , 1971 ) :  it 
corresponds to CoS = 0 . 437 m2 and m = 78 . 6  kg ( 173 lb ) .  

The equations used in the present study are : 

( Terminal velocity ) u002 = 2g ' Z/Pa ( Pa = air density ) 

( Effective gravity ) g •  = g( l - Pa/Pb ) ( Pb = body density, 1000 kg/m3 ) 

( Impact velocity ) 

Values of g and Pa for the 3 bridge locations are listed in Table 4, 
together with the resulting terminal velocities for the two z values above . 

T.ABLE 1 .  Heights and impact velocities for falls from three bridges 

Golden Gate Sydney Harbour Story River 

Height fallen (m) 7 5 . 9-79 . 55 55 . 6-60 . 0  34 . 0-38 . 9  

Impact velocity ( m/ s )  3 1 .  6-32 . 1  2 8 . 5-29 . 3  2 3 . 6-24 . 9  
z = llO 

Impact velocity (m/ s )  34 . 0-34 . 7  30 . 1-31 . l 24 . 4-25 . 9  
z = 180 
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TABLE 2 .  Cases of i n tracranial injury in fatal water impact 

N N 
tot 

% post-
martern 

Estimated p 

Sydney Harbour 
5 

69 25 
. 7 98 

(4-6)  ( .  638- . 9 5 8 )  

Story River 
4 

20 100 . 5 51 

( 3 - 5 )  ( .  4 1 3 - .  688) 

TABLE 3 .  Inertial properties of human heads , expressed i n  terms of 
an equivalent e l l ipsoid (Beier et al , 1 9 7 7 ) a 

Mean density/ ( standard deviation) 
3 

(kg/m ) 

979/ ( 7 )  

E l l ipsoid semi-axes/ ( s . d . )  

94 . 3/ ( 2 . 5 ) 8 7 . 6/ ( 5 . 0) 1 2 9 . 9/ ( 3 . 2 ) 

a
Based on the 5 specimens closest to lateral symmetry ( serial numbers 7 ,  13 , 14 , 
1 9 ,  20) . 

TABLE 4 .  Values used for aerodynamic drag calculation 

Golden Gate 

Sydney Harbour 

Story River 

l .S.V.R. 
UNIV. OF SOUTHAMPTON 
SOUTHAMPTON 509 5NH 

Grav . ac c .  

g (m/s2
} 

9 . 800 
9 .  796 

9 . 791 

Air dens i ty 

P (kg/m3 ) 
a 

1 .  2 3 1  

1 .  2 1 3  

1 . 202 
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z Terminal ve l .  

(kg/m2 } U00 (m/s} 

110 - 180 4 1 . 8  - 5 3 . 5 

II 4 2 . 1  - 5 3 . 9  

II 4 2 . 3  - 54 . 1  


