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ABSTRACT 

The safety of building occupants when glass fails under accidental human 
impact is of great concern. This report investigates the effects of glass 
thickness, pane geometry and size, and the glass supporting frame, on the 
impact resistance of annealed glass. A soft body impact test specified in 
IS0 7892 (International Standards Organisation (ISO), 1988) was found to 
be suitable for simulating accidental human impact on glass. 

The test results indicate that resistance to soft body impact is dependent 
primarily on glass thickness. Impact resistance did not appear to be a 
function of pane area. There were correlations between increased impact 
resistance and both reduced aspect ratio and reduced glass width. There 
was a strong correlation between glass deflection relative to the mullions 
and glass thickness at failure. Glass deflection was a linear function of 
the square root of impact energy whereas mullion deflection varied 
directly with impact energy. 
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BEHAVIOUR OF ANNEALED GLASS UNDER SIMULATED HUMAN IMPACT 

1.0 BACKGROUND 

In response to public concern about the safety of building occupants in 
both domestic and high-rise buildings with glass facades, the Building 
Research Association of New Zealand (BRANZ) undertook a research programme 
to assess the behaviour of glass when subjected to accidental human 
impact. An information bulletin "Human impact on glass in high-rise 
buildings" (BRANZ Bulletin No. 270, 1990) was published. Codes surveyed 
during preparation of this bulletin revealed that emphasis is placed on - - 
designing glass and glazing systems to accommodate wind load, although 
designing for wind loads alone will generally provide insufficient 
protection against human impact. Interim guidelines and measures for 
reducing risks of accidental human impacts were recommended in the 
bulletin. 

Safety glass (for use in hazardous locations) both in New Zealand and 
Australia is tested currently in accordance with AS 2208 (Standards 
Association of Australia (SAA), 1978). This standard specifies the size of 
pane to be tested (1900 mm x 860 mm), as we11 as the installation details. 
It does not require glass panes to be tested to destruction, although this 
is commonly carried out. It has not been possible to access glass 
manufacturers' test results, thus details of impact resistance and failure 
modes of glass panes that have been tested are not available. A local 
glass manufacturer supplied BRANZ with values of the impact strength of 
glass, derived from calculations using the "Modulus of Rupture" value 
obtained from wind face-load tests. Other assumptions made in deriving 
energy values included using simple bending theory on a simply supported 
span of 860 mm, and a person weighing 84 kg falling from a vertical height 
of 1.0 m. Interim impact strength values were included in Bulletin No. 
270, with warnings about extrapolating pane sizes beyond those specified 
in AS 2208. 

The literature survey and discussions with glass suppliers carried out 
during the preparation of the bulletin also revealed that there is little 
information on the effect of pane shape and size, installation details, 
glass type or thickness on the impact resistance of such glazing systems. 
Pane shape and size may be crucial because pane sizes greater than that 
specified in AS 2208 cannot be rated by extrapolation. Installation 
details are significant because the energy input to the system in an 
impact is shared between the glass and the support frame in an 
indeterminate manner; (Nilsson, 1976; Thorogood, 1978). Panel rigidity is - - 
in turn dependent on the rigidity of supporting framing members (Wade, 
1990). 

2.0 LITERATURE SURVEY 

2.1 Types of Human Impacts on Glass 

A survey of data on accidental human impacts on glass provided by the 
Accident Compensation Corporation of New Zealand (ACC), for the year from 
April 1989 to March 1990, revealed that 67% of such accidents (total 
number of 1070) occurred in the home. A further 10% occurred in commercial 
or service locations, with another 9% occurring in an industrial 



environment. Accidenta l  human impacts on g l a s s  a l s o  occurred i n  schoo l s ,  
a t  r e c r e a t i o n  o r  s p o r t  p l a c e s  ( 4 %  e a c h ) ,  and a t  o t h e r  l o c a t i o n s .  

Nilsson (1976) and Toakley ( 1 9 7 7 )  claimed t h a t  t h e  i n j u r i e s  s u s t a i n e d  
through human impact w i t h  g l a s s  doors ,  pane l s  and windows g lazed  wi th  
o rd ina ry  annealed g l a s s ,  can be minimised by t h e  use of s a f e t y  g l a z i n g  
material such as toughened g l a s s .  Nilsson f u r t h e r  added t h a t  i n  e x t e r i o r  
l o c a t i o n s ,  annealed g l a s s  i s  o f t e n  more expensive t o  mainta in  than  
toughened g l a s s .  

A wide and v a r i e d  range of a c t i v i t i e s  cause  human impact l oads  on g l a s s .  
Some of t h e  more f r e q u e n t  are:  

( a )  walking o r  running i n t o  g l a s s ;  

( b  f a l l i n g  a g a i n s t  g l a s s ,  warding o f f  wi th  hands i n  t h e  forward 
d i r e c t i o n ,  o r  f a l l i n g  backwards; 

( c )  t r i p p i n g ,  s tumbling,  s l i p p i n g  o r  skidding;  

( a )  k ick ing  w i t h  f o o t  ( forward o r  backward), o r  knee; 

( e l  shoulder ing  o r  elbowing; 

(f) being thrown a g a i n s t  g l a s s :  by people  ( w h i l e  f i g h t i n g ) ;  from o b j e c t  
coming l o o s e  o r  from c o l l i s i o n  wi th  o b j e c t ;  

( 9 )  l ean ing  backwards a g a i n s t  g l a s s ,  o r  l ean ing  chair  backwards a g a i n s t  
g l a s s .  (Refer t o  F igure  1 f o r  examples) .  

2 . 2  Simulation of Human Impact on Glass 

T e s t s  s imula t ing  human impact on g l a s s  should model t h e  fo l lowing  human 
motion parameters .  

For s o f t  body impact ( e . g .  from a shoulder  impact) ,  t h e  energy d i s s i p a t e d  
from t h e  impact can be modelled by conver t ing  t h e  p o t e n t i a l  energy of t h e  
t e s t  impactor i n t o  k i n e t i c  energy of t h e  a c t i o n .  An example would be t o  
v e r t i c a l l y  drop t h e  t e s t  impactor from a ce r ta in  h e i g h t  on to  a 
h o r i z o n t a l l y  mounted t e s t  specimen. A l t e r n a t i v e l y ,  a v e r t i c a l l y  hung t e s t  
impactor could  swing from a cer ta in  h e i g h t  t o  impact upon a v e r t i c a l l y  
i n s t a l l e d  specimen. When modelling hard  body impacts ( such  as a k i ck  o r  a 
punch),  Leicester and Datong (1991) claimed t h a t  t h e  impact load ing  i s  
t r a n s f e r r e d  t o  t h e  g l a s s  through abso rp t ion  of impactor momentum a n d  no t  
of impactor energy. 

The area of impact, which can be d i f f i c u l t  t o  determine,  a l s o  needs t o  be 
modelled. Consider t h e  impact of a shoulder  on a r i g i d  pane of g l a s s ;  t h e  
i n i t i a l  impact i s  t r a n s f e r r e d  through t h e  s o f t  f l e s h  around t h e  shoulder  
and as t h e  impact proceeds t h e  ha rder  "core"  of t h e  shoulder  begins  t o  ac t  
on t h e  g l a s s .  Impact area increases as t h e  f l e s h  f l a t t e n s  bu t  t h e  l oad  
becomes more concen t r a t ed  towards t h e  end  of t h e  impact, i. e . ,  t h e  pane l  
s t i f f n e s s  a l s o  i n c r e a s e s  a t  t h e  end of t h e  impact. The s l o p e  of t h e  load-  
d e f l e c t i o n  graph i s  t h e r e f o r e  non- l inear .  



I n  impacts from a hand, f o o t  o r  more r i g i d  p a r t  of t h e  body, t h e  impact 
area and mechanism of energy t r a n s f e r r e d  would be d i f f e r e n t  from t h a t  
described f o r  a shou lder  impact on a f l e x i b l e  g l a s s  pane. During impact of 
a r i g i d  body, impact area would remain almost  c o n s t a n t  throughout  t h e  
impact, w i t h  impact energy being absorbed through deformat ion of t h e  g l a s s  
pane. To model s o f t  bod ies ,  bags f i l l e d  w i t h  d r y  sand, small g l a s s  spheres  
o r  lead s h o t ,  a re  o f t e n  used as t e s t  impactors as described below ( s e c t i o n  
2 . 2 . 2 ) .  To model e f f ec t s  such as a k i c k  o r  punch, a much s t i f f e r  medium 
w i t h  a c o n s t a n t  impact area i s  r equ i r ed  ( r e f e r  s e c t i o n  2 . 2 . 1 ) .  

F i n a l l y ,  t h e  force- t ime r e l a t i o n s h i p  ( impulse )  of t h e  impact needs t o  be 
cons ide red .  T h i s  v a r i e s  w i t h  t h e  type  of impact, t h e  s t i f f n e s s  of t h e  
material and i t s  suppor t ,  and t h e  s t i f fnes s  of t h e  impactor .  To model t h e  
t r u e  force- t ime r e l a t i o n s h i p  of a n  impact, shock abso rbe r s  have been 
s p e c i f i e d  i n  t h e  t e s t  methods (Ni l sson ,  1976 ;  1980) .  

Thorogood (1978)  s t a t e d  t h a t  d i f f e r e n t  impact t e s t  r e s u l t s  a re  ob ta ined  by 
d i f f e r e n t  researchers because va r ious  shape bags and c o n t e n t s  a re  used. I n  
a d d i t i o n ,  even when t h e  bag and con ten t s  are s p e c i f i e d ,  t h e  s p e c i f i c a t i o n  
i s  normally i n s u f f i c i e n t  t o  a l low s a t i s f a c t o r y  r e p l i c a t i o n .  The problem i s  
p a r t i c u l a r l y  s e v e r e  f o r  sand f i l l e d  bags s ince  the  p r o p o r t i o n  of energy 
t rans fe r red  t o  t h e  t e s t  pane i s  dependent on t h e  e x t e n t  t o  which t h e  sand 
i s  compacted i n  t h e  bag be fo re  impact. Although r e p e a t a b i l i t y  i n c r e a s e s  
w i t h  r e shap ing  t h e  bag a f t e r  each t e s t ,  Thorogood mainta ined t h a t  
d i f f e r e n t  o p e r a t o r s  would achieve  d i f f e r e n t  r e s u l t s .  

2 . 2 . 1  Concentra ted  s o f t  body impact t e s t  

Ni lsson ( 1 9 7 6 )  conducted experimental  t e s t s  on g l a s s  and o t h e r  m a t e r i a l s  
t o  determine the  c h a r a c t e r i s t i c s  of human impacts,  enabl ing standard t e s t  
methods t o  be developed.  Dif ferent  types  of human impact t y p i c a l  of t h o s e  
described i n  s e c t i o n  2 . 1  were conducted. The r a t i o  of dynamic t o  s t a t i c  
load  (weight  of person execut ing  t h e  impact) ,  and t h e  primary time of t ype  
( F i g u r e  1b)  of each material were measured. Values f o r  g l a s s  a lone  are  
reproduced i n  Table 1. It  was concluded t h a t  a n  i n c r e a s e  i n  t h e  r i g i d i t y  
of t h e  pane l  tes ted r e s u l t e d  i n  a h ighe r  impact f o r c e ,  due t o  t h e  
r e d u c t i o n  i n  t h e  e l a s t i c  impact absorp t ion  c a p a b i l i t y .  

Although measured f o r c e  v a r i e d  f o r  each material t e s t ed  by Ni lsson,  it was 
cons ide red  t h a t  a t e s t  method modelling a p a r t i c u l a r  human impact would 
r e p r e s e n t  t h e  impact t y p e  being s imulated,  independent of t h e  material 
being impacted upon. T h i s  was because people r e a c t  i n  e x a c t l y  t h e  same way 
a t  t h e  moment of c o n t a c t  f o r  each impact t ype  performed, independent of 
t h e  material be ing  impacted upon. T h i s  meant t h a t  t h e  impact l oad  ( k i n e t i c  
energy)  would be t h e  same f o r  people  as f o r  t h e  t e s t  p ro to type  immediately 
b e f o r e  t h e  moment of impact. They would a l s o  d i s p l a y  t h e  same behaviour as 
f a r  as t h e  impact s u r f a c e  i s  concerned, a t  t h e  moment of impact, f o r  a l l  
t y p e s  of material being impacted upon. 

S t a t i s t i c a l  a n a l y s i s  was used t o  determine a t e s t  l o a d  from t h e  t e s t  data 
of human a c t i o n s .  I n  combination w i t h  modell ing t h e  c o n t a c t  area and t h e  
motion p a t t e r n ' s  "primary time phase",  a w e l l  d e f i n e d  force- t ime curve  w a s  
ob ta ined .  Thus, t h e  k i n e t i c  f o r c e  was reproduced us ing  a s p e c i f i c  t e s t  
model. Two t e s t  p r o t o t y p e s  were developed, capable of reproducing human 
impact motions,  based on t h e  t e s t  load  and t h e  t i m e  of impact. The f i r s t  



method developed was a pendulum made of 60 mm diameter  aluminium s e c t i o n ,  
wi th  i t s  upper end f i x e d  i n  a f r i c t i o n - f r e e  b a l l  bear ing  suspension j o i n t  
( F i g u r e  2a) .  A s p e c i a l  absorber  was r equ i r ed  t o  o b t a i n  a primary impact 
time equ iva l en t  t o  t h a t  ob ta ined  from t h e  human impact motion d a t a .  The 
second method developed was a d i s t r i b u t e d  s o f t  body t e s t  desc r ibed  i n  
s e c t i o n  2 . 2 . 2 .  

Ni lsson (1980) used t h e  above method t o  s tudy  t h e  r e s i s t a n c e  of s h e e t s  of 
g l a s s  t o  s imulated  human impact l oads .  Amongst t h e  v a r i a b l e s  s t u d i e d  were 
types  of g l a s s  (annealed,  laminated,  toughened) ,  o l d e r  g l a s s ,  presence  of 
s c r a t c h  i n  g l a s s ,  p a t t e r n e d  and sand blasted g l a s s  panes, s i z e  of t h e  
g l a s s  panes,  and l o c a t i o n  of t h e  impact p o i n t s .  I t  was concluded t h a t  when 
d e f e c t s  such as sc ra t ch ing ,  p a t t e r n i n g ,  o r  sand b l a s t i n g  were p r e s e n t  i n  
t h e  t e n s i o n  f a c e  of both annealed and laminated g l a s s ,  there  was almost  
zero  r e s i s t a n c e  t o  impact l o a d s .  Toughened g l a s s ,  however, behaved q u i t e  
d i f f e r e n t l y ;  d e f e c t s  when p r e s e n t  reduced impact s t r e n g t h  only  s l i g h t l y .  
Nilsson d i d  no t ,  however, t a b u l a t e  impact r e s i s t a n c e  r e s u l t s  i n  terms of 
energy. 

L e i c e s t e r  e t  a1 ( 1 9 9 1 )  r e p o r t e d . . a n  i n v e s t i g a t i o n  which invo lved .  vary ing  
t h e  v e r t i c a l  drop he igh t  of ei'ther a 63.5 mm ( 1.045 kg)  o r  a 76.0 mm 
(1.805 kg) diameter  s t e e l  b a l l  impacting on a h o r i z o n t a l l y  i n s t a l l e d  t e s t  
specimen of s i z e  6 0 0  x 600 x  3 mm t h i c k .  Th i s  impact t e s t  method s i m u l a t e s  
a human f i s t  impacting on t h e  specimen. Var iab les  s t u d i e d  were f a t i g u e  
e f f ec t  of repea ted  impact, v a r i a b i l i t y  of g l a s s  impact s t r e n g t h ,  and 
d i f f e r e n c e  i n  impact energy r e s i s t a n c e  from t h e  choice  of impact face.  The 
s tudy  concluded t h a t  t h e  g l a s s  impact energy r e s i s t a n c e  when t h e  t i n  s i d e  
w a s  p laced  i n  compression, was f i v e  times t h a t  when t h e  t i n  s ide  was 
p laced  i n  t ens ion .  The t i n '  s i d e  of a g l a s s  p l a t e  i s  t h e  s i d e  t h a t  w a s  i n  
c o n t a c t  w i t h  t h e  molten t i n  d u r i n g  t h e  g l a s s  manufacturing p rocess  as 
opposed t o  t h e  a i r  s i d e .  I m p u r i t i e s  were t h e r e f o r e  p r e s e n t  i n  t h e  t i n  
s i d e ,  dec reas ing  r e s i s t a n c e  of t h e  g l a s s .  Also, a very l a r g e  c o e f f i c i e n t  
of v a r i a t i o n  of roughly 60% was observed i n  t h e  impact energy resis tance;  
bo th  wi th  t h e  t ens ion  s u r f a c e  i n  t h e  t i n  s i d e  as we l l  as t h e  a i r  s i d e .  

2 . 2 . 2  D i s t r i b u t e d  s o f t  body impact t e s t  

AS 2208 (Standards  Assoc ia t ion  of A u s t r a l i a  (SAA), 1978) ,  BS 6206 ( B r i t i s h  
Standards  I n s t i t u t i o n  (BSI) ,  1981) and ANSI 2 9 7 . 1  (American Nat iona l  
Standards  I n s t i t u t e  ( A N S I ) ,  1984) s p e c i f y  a d i s t r i b u t e d  s o f t  body impact 
t e s t  which se ts  ou t  performance requirements  f o r  s a f e t y  g l a z i n g  materials 
f o r  u s e  i n  areas where human impact i s  l i k e l y .  These codes both  s p e c i f y  a 
pear  shaped bag with a weight of 45 t o  46 kg f i l l e d  wi th  l e a d  sho t  ( F i g u r e  
2 b ) .  They a l s o  s t i p u l a t e  a g l a s s  pane s i z e  of 1900 x 860 mm wide, w i t h  t h e  
g l a s s  pane being clamped t o  the  t e s t  r e a c t i o n  frame us ing  neoprene s t r i p s .  

The t e s t  method was de r ived  t h e o r e t i c a l l y ,  on t h e  assumption t h a t  a c h i l d  
weighing between 45 and 50 kg running a t  f u l l  speed (o f  6 . 7  m / s )  would 
produce k i n e t i c  energy of about  1000 J. Because of d i s p e r s i o n  of energy a t  
t h e  time of impact, t h e  codes acknowledged t h a t  t e s t  e n e r g i e s  cons ide rab ly  
below 1000  J would be adequate  t o  r e p r e s e n t  t h e  impact energy l eve l  
imparted t o  t h e  specimen. Three energy l eve l s  were t h e r e f o r e  s e t  a t  135 J, 
205 J and 540 J f o r  s i t u a t i o n s  ranging  from a l i m i t e d  a c c e l e r a t i o n  pa th ,  
t o  t h a t  where a c c e l e r a t i o n  i s  un l imi t ed .  It should be noted t h a t  n o t  a l l  
t h e  t e s t  energy s p e c i f i e d  i s  imparted t o  t h e  specimen under t h e  s t anda rd  



t e s t  because energy of t h e  t e s t  impactor i s  a l s o  l o s t  on impact.  Toakley 
(1977)  d e r i v e d  a n  express ion  whereby t h e  amount of energy l o s t ,  and hence 
t h e  amount of a c t u a l  impactor energy t r a n s f e r r e d  t o  t h e  t e s t  specimen, 
could  be determined.  Using Toakley 's  method, t h e  energy l o s t  on impact f o r  
a 3.0 m x 1 . 2  m x 1 0  mm t h i c k  pane l  i s  c a l c u l a t e d  t o  be 55%. S i m i l a r l y ,  
t h e  energy l o s t  on impact f o r  a 1.93 m x  0.86 m x  6 mm t h i c k  pane l  i s  18%. 

AS 2208 a l s o  s e t s  a f u r t h e r  energy l e v e l  of 90 J f o r  Grade B s a f e t y  
g l a z i n g  material .  T h i s  i s  equ iva l en t  t o  a c h i l d  weighing 46 kg walking a t  
a speed of 2 m / s .  BRAN2 B u l l e t i n  No. 270 recommends energy l e v e l s  of 600 
J1 425 J, a n d  250 J, r e s p e c t i v e l y ,  f o r  h igh,  medium and low r i s k  
occupancies .  These v a l u e s  a r e  h ighe r  than  t h o s e  recommended by t h e  above 
codes,  and were based on a 1 1 0  kg person walking a t  3.25 m / s  and 2 m / s ,  i n  
t h e  h igh  and low r i s k  a r e a s ,  r e s p e c t i v e l y .  BRAN2 now c o n s i d e r s  t h a t  t h e  
va lue  of 600  J recommended i n  B u l l e t i n  no. 270 f o r  h igh  r i s k  occupancies  
i s  t o o  h igh .  

Two codes s p e c i f y i n g  a d i s t r i b u t e d  s o f t  body impact t e s t  f o r  w a l l  o r  
v e r t i c a l  elements f o r  any material a re  NT318 (Nord tes t  Method, 1987) and 
IS0  7892 ( I n t e r n a t i o n a l  Standards  Organ i sa t ion  ( I S O ) ,  1988) .  Both codes 
s p e c i f y  a sphero-conical  shaped bag weighing 50 kg f i l l e d  wi th  g l a s s  
marbles  ( F i g u r e  2c) .  The codes do n o t  s p e c i f y  t h e  pane l  s i z e ,  o r  how t h e  
specimen i s  f i x e d  t o  t h e  t e s t  r e a c t i o n  frame. NT 318 r e q u i r e s  t h a t  t h e  
p o i n t  of impact i s  a t  t h e  weakest area, o r  1500 mm above the  f l o o r .  IS0  
7892 s ta tes  t h a t  t he  l a r g e  s o f t  body impact t e s t  s imu la t e s  a blow from a 
shoulder ,  and s t i p u l a t e s  t h a t  t h e  suppor t  p o i n t s  must be such t h a t  t h e i r  
d i sp lacements  d u r i n g  impact i s  l e s s  than  0 . 1  mm. These s t anda rd  t e s t  
methods a l l o w  specimens r e p r e s e n t i n g  " r e a l n  s t r u c t u r e s  t o  be i n v e s t i g a t e d ,  
as there  are no c o n s t r a i n t s  on t h e  pane s i z e  o r  t he  i n s t a l l a t i o n  d e t a i l s .  
There i s  l i t t l e  d i f f e r e n c e  between t h e s e  two s tandard  t e s t  methods and IS0 
7892 i s  adopted f o r  t h i s  exper imenta l  i n v e s t i g a t i o n .  

IS0 7892 a l s o  s p e c i f i e s  a small ha rd  body impact t e s t  method f o r  
s imu la t ing  impact from a f i s t  o r  knee. The bag s p e c i f i e d  i s  a 100 mm 
d iameter  s p h e r i c a l  bag f i l l e d  wi th  3 kg of sand o r  lead s h o t .  

Ni lsson (1976)  developed a t e s t  method us ing  a 250 mm d iameter  sand f i l l e d  
c y l i n d r i c a l  bag weighing e i t h e r  30 o r  40 kg, w i t h  a shock absorber .  The 
bag was dropped v e r t i c a l l y  on a h o r i z o n t a l l y  mounted element (F igu re  2 d ) .  
Ni lsson (1980)  carr ied o u t  f u r t h e r  t e s t s  on g l a s s  and o t h e r  materials 
us ing  a l e a d  f i l l e d  bag w i t h  s p e c i f i c a t i o n s  of ANSI 2 9 7 . 1 .  I t  w a s  
concluded t h a t  t h i s  t e s t  model agreed wi th  t h e  t e s t  l oad  ob ta ined  from 
human motion of t h e  t e s t s  publ i shed  i n  h i s  1976  p u b l i c a t i o n .  

Feldborg e t  a1 (1989)  c a r r i e d  o u t  d i s t r i b u t e d  s o f t  body comparison t e s t s  
on v a r i o u s  ve r t i c a l  a n d  h o r i z o n t a l  e lements ,  enabl ing t e s t  methods f o r  
such e lements  t o  be recommended. C y l i n d r i c a l ,  pear  and sphero-conical  
shaped bags,  f i l l e d  wi th  e i t h e r  sand o r  g l a s s  marbles, were used. Bag 
weight  w a s  a l s o  a v a r i a b l e  cons idered .  Observat ions i n d i c a t e d  t h a t  a 
c y l i n d r i c a l  bag produced a h ighe r  impact l oad  than a pea r  shaped bag, 
which i n  t u r n  had a h ighe r  impact l oad  than  t h e  sphero-conical  shaped bag. 
Moreover, t h e  sand f i l l e d  bag w a s  s t i f f e r  t han  t h e  g l a s s  marble f i l l e d  
bag. These r e s u l t s  showed impact l o a d s  were a f u n c t i o n  of t h e  s t i f f n e s s  of 
bo th  t h e  impact media and t h e  g lazed  panes. C l e a r l y ,  d e t a i l e d  



s p e c i f i c a t i o n s  of t h e  t e s t  method are  necessary  t o  ensure  t h a t  t e s t  
r e s u l t s  from d i f f e r e n t  l a b o r a t o r i e s  can be compared. 

Feldborg e t  a1 concluded t h a t  t h e  time of impact of t h e  50 kg sphero- 
c o n i c a l  shaped g l a s s  marble f i l l e d  bag r e p r e s e n t e d  t h e  bes t  f i t  t o  t h e  
record ings  of Nilsson (1976, 1980) .  Because t e s t s  us ing  a shock absorber  
are more d i f f i c u l t  t o  perform, t h e  sphero-conical  shaped bag f i l l e d  w i t h  
g l a s s  marbles was recommended as t h e  best t e s t  method f o r  wall  elements.  
Note t h a t  Feldborg e t  a1 d i d  not  c a r r y  o u t  comparative t e s t s  between lead 
and g l a s s  marble f i l l e d  bags, nor d i d  they  c a r r y  o u t  comparative t e s t s  
between pear  and sphero-conical  shaped bags f i l l e d  w i th  g l a s s  marbles,  as 
used i n  t e s t s  s p e c i f i e d  i n  AS 2208, BS 6206 and ANSI 2 9 7 . 1 .  

Wade ( 1 9 9 0 )  conducted some s o f t  body impact t e s t s  on a n  aluminium framed 
g l a s s  conserva tory .  The t e s t  method used a c y l i n d r i c a l  impactor f i l l e d  
wi th  30 kg of sand; t h i s  was allowed t o  swing from a c e r t a i n  h e i g h t  t o  
impact upon t h e  v e r t i c a l l y  i n s t a l l e d  specimen. R e s u l t s  indicated t h a t  1000  
x 800 x 4 mm t h i c k  annealed g l a s s  f a i l e d  a t  energy l e v e l s  between 60  and 
90 J, and t h e  5 mm t h i c k  pane l s  a t  energy l e v e l s  of between 1 2 0  and 150 J. 

2 .3  A n a l y t i c a l  and Numerical Methods Determining Impact Resistance of 
Glass 

Toak ley f s  (1977) t h e o r e t i c a l  a n a l y s i s  method determined t h e  impact 
resistance of g l a s s .  The model assumed t h a t  a moving mass M, w i t h  v e l o c i t y  
V s t r u c k  a s t a t i o n e r y  r e c t a n g u l a r  g l a s s  pane of dimensions ( a  by b ) ,  
t h i c k n e s s  ( t ) ,  and mass ( m )  wi thout  rebounding ( F i g u r e  3a ) .  The g l a s s  pane 
w a s  assumed t o  be simply supported w i t h  no in-plane r e s t r a i n t s  a t  t h e  
edges,  and t h e  impact load  was assumed t o  be over  a n  a r e a  of 0 . 1  t o  0 . 2  
times t h e  h e i g h t  and breadth of t h e  pane. I t  was a l s o  assumed t h a t  a f t e r  
impact, t h e  deflected shape of t h e  pane corresponded t o  t h a t  r e s u l t i n g  
from s t a t i c  load .  Examples of impact from a 45 kg body w i t h  k i n e t i c  
e n e r g i e s  of 136 J and 543 J were provided.  The a n a l y s i s  indicated t h a t :  

( a )  a l a r g e  p ropor t ion  of t h e  impact energy i s  l o s t ,  when t h e  mass t o  be 
impacted i s  l a r g e  r e l a t i v e  t o  t h e  impacting mass. 

( b )  f o r  a given pane t h i c k n e s s ,  t h e  maximum stress depends s i g n i f i c a n t l y  
on t h e  wid th  of t h e  panel ;  

( c )  i n c r e a s i n g  t h e  pane t h i c k n e s s  reduces  t h e  maximum stress,  almost  
l i n e a r l y ;  

( d  f o r  g iven pane dimensions and t h i c k n e s s ,  t h e  maximum stress i s  
p r o p o r t i o n a l  t o  t h e  square  r o o t  of t h e  impact energy; 

On t h e  assumption of a g l a s s  breaking s t r e n g t h  of 4 1 . 4  Mpa f o r  a 0 . 1  
second d u r a t i o n  load ,  then  Toak leyfs  c a l c u l a t i o n s  indicated t h a t  annealed 
g l a s s  ( b o t h  6 and 1 0  mm) was p o t e n t i a l l y  hazardous under an impact of 543 
J. Toakley a l s o  s ta ted  t h a t  the  stresses were s e n s i t i v e  t o  t h e  loaded 
area, b u t  t h e  d e f l e c t i o n  was no t .  



Nilsson  ( 1 9 8 0 )  noted t h a t  des ign  methods involving human impacts should 
c o n s i d e r  both  t h e  p r o b a b i l i t y  of occurrence of t h e  i n c i d e n t ,  as we11 as 
t h e  p r o b a b i l i t y  of f a i l u r e  of t h e  m a t e r i a l  being impacted upon. He noted 
t h a t  g l a s s  i s  a d i f f i c u l t  material because t h e  presence  of flaws causes  a 
s i g n i f i c a n t  r educ t ion  i n  i t s  s t r e n g t h .  

The number of claims pa id  by t h e  Accident Compensation Corporat ion of New 
Zealand can be used t o  estimate a p r o b a b i l i t y  of i n j u r i e s  from a c c i d e n t a l  
impact on g l a s s .  The number of claims of i n j u r i e s  from accidental  g l a s s  
impact i n  t h e  yea r  A p r i l  1989 t o  March 1990 was 1070 .  Therefore  t h e  
p r o b a b i l i t y  of i n j u r i e s  ( i n v o l v i n g  claims) i s  1070 o u t  of 3 .5  m i l l i o n  
popu la t ion  = 30x10'~.  T h i s  v a l u e  i s  no t  d iss imilar  from t h o s e  mentioned b Y Toakley namely, 71x10 '~  i n  t h e  United Kingdom; 42x10-' i n  Canada; 70x10- 
i n  A u s t r a l i a ,  and 90x10-~  i n  t h e  United S t a t e s .  

Leices ter  and Datong ( 1 9 9 1 )  conducted ex t ens ive  numerical  s t u d i e s  t o  
examine t h e  p rov i s ions  of t h e  A u s t r a l i a n  g l a s s  i n s t a l l a t i o n  code, AS 1288 
(SAA, 1 9 7 9 )  i n  which t h e  r e q u i r e d  g l a s s  t h i c k n e s s  i n c r e a s e s  w i t h  i n c r e a s e  
i n  pane area. Fur the r ,  t h e  s t u d i e s  aimed t o  determine i f  (1) standard 
impact t e s t s  such as s p e c i f i e d  i n  AS 2208  (SAA, 1 9 7 8 )  u s e f u l l y  model human 
impact and ( 2 )  i f  t h e  standard t e s t s  c o r r e c t l y  model p ro to type  behaviour .  
An approximate method w a s  developed f o r  so lv ing  t h e  non- l inear  lumped-mass 
model assumed i n  L e i c e s t e r  and Datong's s t u d i e s  ( F i g u r e  3 b ) .  Parametric 
s t u d i e s  were c a r r i e d  o u t  on t h e  e f fec t s  of loaded a r e a s  on c i r c u l a r  and 
r e c t a n g u l a r  p l a t e s ,  load  l o c a t i o n ,  p l a t e  area ( a s p e c t  r a t i o )  and t h i c k n e s s  
of g l a s s ,  e t c .  The r e s u l t s  were: 

there  i s  no evidence t h a t  t h i c k e r  g l a s s  i s  r e q u i r e d  f o r  l a r g e r  pane 
areas t o  res i s t  human impact,  as r equ i r ed  i n  AS 1288; 

t h e  impact loading  of hard body impact was t ransfer red  t o  t h e  g l a s s  
through absorp t ion  of impact momentum. I n  s o f t  body impact, t h e  
impact loading  w a s  u s u a l l y  t r a n s f e r r e d  t o  t h e  g l a s s  through 
abso rp t ion  of impact energy;  

s o f t  body impact t e s t s  are  very  s e n s i t i v e  t o  impac'tor s t i f f n e s s ,  
whereas hard body impact t e s t s  are very  s e n s i t i v e  t o  v a r i a t i o n s  i n  
impactor mass and suppor t  s t i f f n e s s .  Thus these parameters  must be 
c o r r e c t l y  selected f o r  a standard impact t e s t  t o  c o r r e c t l y  s imu la t e  
human impact even t s  ; 

a g l a s s  pane l  would have less  r e s i s t a n c e  t o  a n  impact load  i f  it i s  
impacted near a c o r n e r  t h a n  i f  it i s  impacted a t  t h e  centre;  

t he  s i z e  of t h e  loaded area has a minor i n f l u e n c e  on impact 
resistance: 

EXPERIMENTAL PROGRAMME 

A l imi ted  experimental  programme was undertaken on annealed g l a s s  t o  
determine t h e  e f fec ts  of t h e  fo l lowing  parameters  on i t s  impact 
r e s i s t a n c e ,  when sub jec t ed  t o  s o f t  body impact: 



(a) glass thickness: 3 mm, 4 mm, 5 mm 6 mm, 8 mm or 10 mm. The 6 mm, 
8 mm and 10 mm glass were float glass; the rest were sheet glass; 

(b glass geometry and size: square and rectangular panes of various 
aspect ratios; 

(c) glass framing members: typical of those in multi-storey and in 
residential buildings. 

Table 2 shows specimen dimensions and type of framing members studied. 
.Five specimens of each category were tested. 

3.1 Test Set-up and Instrumentation 

The experimental work was conducted at the BRANZ Structural Engineering 
Laboratory between October 1990 and March 1991. 

The test frame consisted of two vertical channel members (200 x 76 
Channel) bolted to a 100 x 100 x 10 angle base member, which was in turn 
bolted to a strong floor.. The channels were braced in two orthogonal 
directions by 100 x 100 x 10 mm structural steel angle members. One end of 
these angle members was bolted at to a base member. In the direction of 
impact, 100 x 100 x 10 angle members braced the main vertical channel 
member at a height of 2.5 m. In the other direction, a similar sized angle 
member was used to provide rigidity at a height of 1.5 m to the channel 
member (Figure 4a). The rig was designed to accommodate different glass 
width by moving the vertical channel members inwards or outwards. 

A 150 Universal Beam was bolted to the top of the channel members so the 
test impactor could be suspended. The impact energy level was determined 
from the product of the impactor weight (50 kg) and the vertical drop 
height. At each energy level, the impactor was set to the required height 
by using a crane to lift it, in conjunction with a "pulleyw system. The 
impactor was released by using a rope set-up with a quick-release 
mechanism (Figure 4b). 

To simulate glazing systems in multi-storey' buildings, aluminium mullions 
and transoms of grade B6063-T5 and B6063-T6 alloy (AS 1664 SAA, 1979), 
respectively, were used. The 3.8 m high mullions were bolted at their 
ends to the vertical channel members at its ends (Figures Sa, Sb), and 
spaced at the width of glass to be investigated. The top and bottom 
channel simulates two floor levels in a multi-storey building. This 
particular configuration simulates a multi-storey building with an 
interstorey height of 3.8 m. At a height of 150 mm above the bottom fixing 
point of the mullion, a transom spanned between the mullions. The other 
transom was positioned at the top of the glass panel. The glass pane was 
installed with a 15 mm clearance all around the framing members and sealed 
using neoprene gaskets. 

To study the framing members used in residential buildings, typical 
aluminium framing members were used. These were supplied as standard units 
by the manufacturer, with the aluminium members stapled to trimmer timber 
members. These timber members were connected to the test rig by nailing at 
600 mm centres to equivalent wall studs, which were fixed to 100 mm x SO 
mm timber members representing the top and bottom plates. The plates were 



supported by 200 x  76 mm Channel members, 1200  mm a p a r t  (Figure  6 a ) .  T h i s  
simulated roof t r u s s e s  a t  1 2 0 0  mm cen t res  supporting t h e  t op  p l a t e  under 
f ace  loading of t h e  w a l l .  

Deflect ions were measured a t  the  mid-height of t h e  mullions a f t e r  each 
impact. ( i . e . ,  midway between t h e  mullion connect ion po in t s  t o  t h e  
v e r t i c a l  channels ) .  The g l a s s  de f l ec t ion  of t h e  reverse  f a c e  t o  t h e  po in t  
of impact and t h e  mullion de f l ec t ion  a t  t h e  l e v e l  of impact, were a l s o  
measured. A l l  d e f l e c t i o n s  were measured r e l a t i v e  t o  t h e  ground. T h i s  w a s  
done by measuring t h e  movement of a s t a in less  s t e e l  rod housed i n  a  
" p l a t e " .  The rods were a t tached t o  s t e e l  b racke ts  which were clamped t o  
t h e  v e r t i c a l  channels (Figure 6 b ) .  There w a s  s u f f i c i e n t  f r i c t i o n  between 
t h e  " p l a t e "  and t h e  rod t o  allow only movement caused by t h e  i n i t i a l  
impact t o  be recorded. Because t h e  impactor was l e f t  f r e e  a f t e r  t h e  
i n i t i a l  impact, subsequent impacts occurred on t h e  g l a s s .  However, t h e  
movement caused by t h e  subsequent impacts d i d  not a l t e r  t h e  de f l ec t ion  of 
e i t h e r  t h e  g l a s s  o r  t h e  mullions, because t h e  impactor movement a f t e r  t h e  
i n i t i a l  impact was damped by f r i c t i o n  and a i r  r e s i s t ance .  

Some impacts were a l s o  recorded with a video camera. 

3 . 2  Procedure 

The l i t e r a t u r e  survey revealed t h a t  t h e  most appropr ia te  t e s t  method f o r  
assess ing  t h e  impact r e s i s t ance  of g l a s s  t o  s o f t  body impact i s  t h a t  
spec i f i ed  i n  I S 0  7892  (1988).  T h i s  t e s t  method uses a sphero-conical bag 
f i l l e d  w i t h  50 kg of g l a s s  spheres. I t  i s  h ighly  repeatable .  It allows f o r  
modelling of d i f f e r e n t  pane s i z e s  and t h e  complete i n s t a l l a t i o n  d e t a i l s  of 
t h e  g l a s s  system as used i n  a c t u a l  s t r u c t u r e s .  T h i s  t e s t  method w a s  
t he re fo re  adopted f o r  t h e  cur ren t  s e r i e s  of t e s t i n g .  

To s imulate  acc iden ta l  human impact i n  a  mult i-s torey bui ld ing t h e  g l a s s  
was subjected t o  t h e  simulated impact t e s t  from ins ide  the  bui ld ing.  

Because t h e  s t r eng th  of f l o a t  g l a s s  has been i d e n t i f i e d  as f i v e  times 
g r e a t e r  with t h e  t i n  s ide  i n  compression than with it i n  tens ion 
(Le ices t e r  e t  a l l  1 9 9 1 )  t h e  g l a s s  panes were i n s t a l l e d  with t h e  t i n  s i d e  
i n  t ens ion  ( i . e . ,  impact on the  " a i r "  s ide .  I n  normal p r a c t i c e  t h e r e  i s  no 
way of knowing which s i d e  of t h e  g l a s s  w i l l  be impacted upon. T h i s  
procedure provides lower bound r e s u l t s .  To i d e n t i f y  which s i d e  of a g l a s s  
pane w a s  t h e  t i n  s ide ,  a Mineralight lamp (emi t t ing  u l t r a v i o l e t  l i g h t )  was 
shone on t h e  edges of t h e  g l a s s  pane. The t i n  s i d e  f luoresced when t h e  
lamp shone on it. However, sheet  g l a s s  has no t i n  o r  a i r  s i d e  due t o  i t s  
manufacturing process,  and theref  o re  no s p e c i f i c  i n s t a l l a t i o n  method was 
appl ied .  

For panels  t a l l e r  t h a n  1200  mm, t h e  impact po in t  was s e t  a t  1000 mm above 
t h e  bottom f i x i n g  poin t  of t h e  mullion, i . e . ,  a t  a he ight  equivalent  t o  
1000 mm above the  equivalent  f l o o r  l e v e l .  T h i s  he ight  w a s  considered t o  be 
t h e  l i k e l y  po in t  of acc iden ta l  c h i l d  impact. A more t y p i c a l  impact he ight  
f o r  a d u l t s  i s  1.5 m. For g l a s s  sho r t e r  t h a n  1200 mm, t h e  po in t  of impact 
was se t  a t  mid-height. 

Beginning a t  15 J, t h e  energy impact was increased by 15 J increments 
( i . e . ,  30 mm x 50 kg) t o  f a i l u r e .  I n  t h i n n e r  shee t  g l a s s  ( 3  mm, 4 mm and 5 



m m ) ,  t h e  incremental energy l e v e l  was s e t  a t  1 0  J ( 2 0  mm x  50 k g ) .  A t  each 
h e i g h t ,  one impact was c a r r i e d  o u t  be fo re  i n c r e a s i n g  t h e  impactor 
suspended h e i g h t  t o  t h e  next  scheduled h e i g h t .  It i s  deba teab le  whether 
prev ious  impacts have any i n f l u e n c e  on t h e  f i n a l  g l a s s  f a i l u r e  s t r e n g t h .  
It is  conceivable  t h a t  cracks and t e n s i o n  stresses could develop dur ing  
t h e  lower impact ene rg i e s ,  which may have l e a d  t o  premature f a i l u r e .  It 
would be u s e f u l  t o  c a r r y  o u t  a s i n g l e  impact on a new c o n t r o l  sample once 
break energy was found by t h e  incrementa l  approach. This  was no t  done f o r  
t h i s  t e s t i n g .  

4 .0  OBSERVATIONS AND RESULTS 

F igure  7a shows t h e  t y p i c a l  f a i l u r e  of g l a s s  when framed wi th  mul t i - s to rey  
framing members. F a i l u r e  occurred when t h e  impactor c rashed  through t h e  
g l a s s  pane. T h i s  r e s u l t e d  i n  a h o l e  of approximately 300 mm d iameter ,  wi th  
r a d i a l  cracks spreading  from t h e  ho le  t o  t h e  f o u r  edges of t h e  g l a s s .  
F igure  7b shows t y p i c a l  f a i l u r e  wi th  g l a s s  framed wi th  members commonly 
used i n  r e s i d e n t i a l  c o n s t r u c t i o n .  

Resu l t s  of g l a s s  impact r e s i s t ance .  i s  shown i n  Table  3 .  O f  most 
s i g n i f i c a n c e  i s  t h e  average of t h e  impact energ ies  of each pane s i z e  j u s t  
be fo re  f a i l u r e .  The r e s u l t s  i n d i c a t e d  t h a t  t h e  maximum r e s i s t e d  impact 
e n e r g i e s  ( o r  impact res is tance)  wi th in  some pane s i z e s  (3000 x  1200  x  1 0  
mm, 2400 x 1200  x 10  mm, 1800 x 1200 x 6 mm) were i n  very  c l o s e  agreement 
wi th  each o t h e r  whi le  o t h e r s  (1200 x 1 2 0 0  x  6 mm, 2400 x  1200  x  6 mm) 
v a r i e d  cons ide rab ly .  

The mean of t h e  impact e n e r g i e s  w a s  used a r b i t r a r i l y  he re  t o  i n d i c a t e  t h e  
l i k e l y  impact resistance of t h e  g l a s s  t e s t e d .  The p r o b a b i l i t y  of f a i l u r e  
from a c c i d e n t a l  human impact on g l a s s  i n  New Zealand i s  about  30 x  
p e r  person p e r  yea r  ( r e f e r  s e c t i o n  2 . 3 ) .  Because a lower bound r e s u l t  w a s  
ob ta ined  through t e s t i n g  w i t h  t h e  t i n  s i d e  placed i n  t e n s i o n ,  adopt ing  t h e  
mean va lue  impact r e s i s t a n c e  character is t ics  may be j u s t i f i e d ,  b u t  such a n  
assumption i s  beyond t h e  scope of t h i s  work. 

Glass d e f l e c t i o n  a t  p o i n t  of impact of t h e  d i f f e r e n t  g l a s s  s i z e s  and 
geometry i s  t a b u l a t e d  i n  Table  4a. Tables  4b and 4c t a b u l a t e  mull ion 
d e f l e c t i o n s  a t  t h e  h e i g h t  of impact and a t  mid-height of t h e  mul l ion .  

5.0 DISCUSSION 

5.1 Glass and Mullion D e f l e c t i o n s  

The p l o t  of g l a s s  d e f l e c t i o n  a t  t h e  p o i n t  of impact, a g a i n s t  t h e  square  
r o o t  of impact energy, (F igu re  8a ) ,  showed a near l i n e a r  r e l a t i o n s h i p .  A s  
t h e  square  r o o t  of t h e  energy i s  p ropor t iona l  t o  t h e  momentum ( f o r  
cons t an t  mass), t h e  g l a s s  d e f l e c t i o n  i s  t h e r e f o r e  p r o p o r t i o n a l  t o  t h e  
momentum of t h e  impact bag. (Note t h a t  t h e  g l a s s  d e f l e c t i o n  w a s  measured 
r e l a t i v e  t o  t h e  ground and t h u s  inc ludes  t h e  movement of t h e  m u l l i o n s . )  
Mullion d e f l e c t i o n s  have a l i n e a r  r e l a t i o n s h i p ,  w i t h  impact energy (F igu re  
8 b ) .  T h i s  t rend  a g r e e s  w i t h  r e s u l t s  of numerical s t u d i e s  undertaken by 
Leicester and Datong ( 1 9 9 1 ) ,  on a simply supported 1700  x  850 x 1 0  mm 
g l a s s  pane, w i t h  a loaded area of 170  x  85 mm. They observed t h a t  t h e  



g l a s s  d e f l e c t i o n  was propor t ional  t o  t h e  square roo t  of t h e  impact energy 
(Figure  8a ) .  

A comparison of experimental glass de f l ec t ions  of t h e  1930 x  860 x  10  mm 
t h i c k  specimen w i t h  t h e  computed de f l ec t ions  f o r  t h e  1700  x  850 x  10 mm 
t h i c k  specimen i n  Figure 8a, shows t h a t  t h e  slope of t h e  d e f l e c t i o n  p l o t  
f o r  t h e  former i s  s teeper  than t h a t  f o r  t h e  numerical s t u d i e s .  T h i s  i s  
mainly due t o  d i f f e r e n t  boundary condi t ions,  a s  t h e  t e s t e d  g l a s s  
d e f l e c t i o n s  include movement of t h e  aluminium mullions support ing t h e  
glass panel;  t h e  numerical s t ud i e s ,  however, assumed simple support  
condi t ions  on a l l  four  edges of t h e  panel.  Another reason could be t h e  
d i f f e r ence  i n  c h a r a c t e r i s t i c s  of t h e  impactor used, including t h e  loaded 
a rea  modelled i n  t h e  numerical s t u d i e s .  

Figures 8a, 8b and 9 ind ica te ,  t h a t  f o r  t h e  same framing members, g l a s s  
d e f l e c t i o n  a t  t h e  point  of impact f o r  a given energy l e v e l  reduced w i t h  an 
increase  i n  glass  thickness .  However, from Table 4b and Figure 9 ,  t h e r e  
were negleg ib le  d i f fe rences  i n  mullion de f l ec t ion  a t  t h e  po in t  of impact 
f o r  panels  of t h e  same s i z e  but  w i t h  d i f f e r e n t  glass th icknesses  ( 2 4 0 0  x  
1 2 0 0  x  6 mm and  2400  x  1 2 0 0  x  10  m m ) ;  (1930  x  860 x  6 mm, 1930 x  860 x  8 
mm and 1930 x  860 x  10  m m ) .  A similar observation can be made f o r  
d e f l e c t i o n s  a t  mid-height of t h e  mullion from Table 4c. 

Figure 8a shows t h a t  g l a s s  d e f l e c t i o n  a t  t h e  po in t  of impact of t h e  
narrower specimen (860 mm w id th )  was l e s s  than t h a t  of t h e  1200  mm width .  
T h i s  d e f l e c t i o n  r a t i o  was 1 . 2  f o r  t h e  1800 x  1200  x  6 mm compared t o  t h e  
1930 x  860 x  6 mm specimen; and 1 . 2 5  f o r  t h e  2400  x  1200 x  10 mm compared 
t o  t h e  1930 x  860 x  1 0  mm specimen. Thus, reducing g l a s s  width caused a 
s l i g h t l y  l e s s  t h a n  propor t ional  decrease i n  g l a s s  p lus  mullion d e f l e c t i o n .  

The glass d e f l e c t i o n s  of t h e  2400  x  1200  x 6 mm a n d  1800 x  1200  x  6 mm 
glass panes were s imi l a r  ( a s  were de f l ec t ions  of 2400  x  1200  x 1 0  mm and 
t h e  3000 x  1200  x  1 0  mm g l a s s  panes) (Figure 8 a ) .  The d e f l e c t i o n  a t  t h e  
po in t  of impact of t h e  1 2 0 0  x  1200  x  6 mm specimen w a s  on average, about 
15% smaller  t h a n  t h e  2400 x  1200  x  6 mm specimen (Table 4a).  These 
ind ica ted  t h a t  once a  c e r t a i n  he ight  of g l a s s  pane was reached t h a t  g l a s s  
d e f l e c t i o n s  of panes w i t h  a spec i f i ed  width were independent of pane 
height .  Thus, f o r  a g l a s s  pane of wid th  1200 mm, i f  t h e  glass  he igh t s  were 
no l e s s  t h a n  1800 mm and 2400  mm.  f o r  6 and 10  mm t h i c k  g l a s s ,  
r e spec t ive ly ,  then g l a s s  d e f l e c t i o n  under impact w a s  independent of pane 
he ight .  That is ,  f o r  6 mm t h i c k  g l a s s  w i t h  a wid th  of 1200  mm, a l l  he igh ts  
g r e a t e r  t h a n  1800 mm would produce t h e  same glass de f l ec t ion  under impact. 
Therefore, t h e  aspect  r a t i o s  f o r  g l a s s  of 1 2 0 0  mm wid th ,  f o r  t h e  glass 
d e f l e c t i o n  under impact t o  remain t h e  same, were 1.5 ( i . e . ,  1800/1200) f o r  
6 mm t h i c k  g l a s s  and 2 .0  ( i . e . ,  2 4 0 0 / 1 2 0 0 )  f o r  1 0  mm g l a s s .  

Glass d e f l e c t i o n  j u s t  before breakage is  p l o t t e d  i n  Figure 1 0 .  There i s  a 
genera l  t rend ( w i t h  t h e  high r i s e  framing) of increased d e f l e c t i o n s  a s  
g l a s s  th ickness  reduces. There i s  a s l i g h t  r eve r sa l  of t h i s  t r end  w i t h  
r e s i d e n t i a l  framing. The scat ter  of data i s  not l a rge .  

Mullion d e f l e c t i o n s  have been deducted from Figure 10  t o  produce Figure 
11, which i s  t he re fo re  t h e  d e f l e c t i o n  of t h e  g laz ing r e l a t i v e  t o  t h e  
mullions. There i s  very l i t t l e  s c a t t e r  of data i n  t h i s  graph, w i t h  a we11 
defined r e l a t i o n s h i p  between g l a s s  de f l ec t ion  and g l a s s  t h i c k n e s s .  T h i s  
shows t h a t  g l a s s  breakage i s  a d i r e c t  funct ion of g l a s s  d e f l e c t i o n .  



5 . 2  Impact Energy 

I n  s e c t i o n  1 . 0 ,  it was mentioned t h a t  t h e  amount of energy t r a n s f e r r e d  by 
t h e  impactor,  and  absorbed by t h e  g l a s s  pane l ,  i s  dependent on r i g i d i t y  of 
t h e  g l a s s  pane and t h e  r i g i d i t y  of t h e  suppor t ing  framing members. T h i s  
l a t t e r  p o i n t  i s  supported by t h e  behaviour of t h e  1930 x 860 x 5 mm 
specimen, which r equ i r ed  a h igher  impact energy t o  cause  it t o  f a i l  when 
framed w i t h  t h e  more f l e x i b l e  res ident ia l  framed members (F igu re  1 2  and 
Table 3 ) .  

F i g  
f a i  

, u r e  1 2  p l o t s  t h e  r e l a t i o n s h i p  between maximum impact energy be fo re  
l u r e  and g l a s s  t h i ckness .  T h i s  shows t h a t  t h e  a b i l i t y  of t h e  g l a z i n g  
absorb  energy i n c r e a s e s  wi th  i n c r e a s e s  i n  g l a s s  t h i c k n e s s .  The r a t e  of 

i n c r e a s e  i s  g r e a t e r  w i t h  r e s i d e n t i a l  than  high r i s e  framing.  Figure  13 
p l o t s  t h e  same d a t a  as Figure  1 2  b u t  t h e  o r d i n a t e s  are momentum ra ther  
than  energy va lues .  T h i s  p rovides  a n  f a i r l y  good l i nea r  r e l a t i o n s h i p  
between momentum and g l a s s  t h i c k n e s s  f o r  g l a s s  thicknesses between 3 and 8 
mm. The r e s u l t s  f o r  t h e  1 0  mm g l a s s  are lower than  t h e  g e n e r a l  t r e n d .  

F igures  1 4  and 15 show t h e  energy and momentum ( r e s p e c t i v e l y )  be fo re  
f a i l u r e  p l o t t e d  a g a i n s t  g l a s s  a s p e c t  r a t i o .  There appears  t o  be a t r end  of 
g r e a t e r  energy ( o r  momentum) f o r  lower a s p e c t  r a t i o s ,  a l though t h e  h igher  
va lues  f o r  t h e  1930 x 860 x 6 mm g l a s s  ( a s p e c t  r a t i o  2 . 2 4 )  a re  a g a i n s t  
t h i s  t r e n d .  The t r e n d  would o the rwise  i n d i c a t e  t h a t  dec reas ing  t h e  a s p e c t  
r a t i o  from 2 t o  1 would provide  an average increase of energy of 100  
J o u l e s  o r  momentum of 45 Kg m/sec2. 

Figure  16  p l o t s  t h e  energy be fo re  impact a g a i n s t  t h e  g l a s s  wid th  ( f o r  6 
and 10  mm g l a s s ) .  There i s  t o o  much sca t te r  of t h e  data, and t h e  range of 
g l a s s  widths i n v e s t i g a t e d  was t o o  small, f o r  a t r e n d  t o  be de f ined  w i t h  
conf idence .  However, there  appears  t o  be a small i n c r e a s e  i n  impact 
resistance w i t h  r educ t ion  i n  pane width .  

F igure  1 7  shows t h e  r e l a t i o n s h i p  between t h e  t o t a l  a p p l i e d  impact energy 
and g l a s s  area. There i s  no evidence t h a t  a n  increase i n  g l a s s  area 
i n c r e a s e s  impact resis tance.  T h i s  v i n d i c a t e s  recommendations i n  AS 2208  
and o t h e r  t e s t  standards t o  t e s t  a s t andard  s i z e  of 1930 x 860 mm. 
Assuming t h a t  t h e  i m  ac t  energy i s  independent of area f o r  panes w i t h  P areas l e s s  t h a n  3 . 0  m ,  t h e  mean impact res is tance f o r  6 mm t h i c k  annealed 
g l a s s  was 168 J w i t h  a standard d e v i a t i o n  of 75 J. S i m i l a r l y ,  t h e  10  mm 
t h i c k  annealed g l a s s  has  a mean impact r e s i s t a n c e  of 185 J wi th  a s t andard  
d e v i a t i o n  of 50 J. 

The Draft New Zealand Human Impact S a f e t y  Requirements ( N Z S  4 2 2 3  SANZ 
1 9 9 0 )  have been added t o  a code comparison provided by Sage (1991; p e r s .  
comm. ) t o  produce Figure  18. Th i s  shows t h a t  t h e  d r a f t  p r o v i s i o n s  of t h e  
New Zealand standard fo l low c l o s e l y  t h e  AS 1288 (SAA, 1989) code. The code 
r e l a t i o n s h i p s  i n  Figure  18 which a l s o  i nc ludes  BS 6 2 6 2  ( B S I ,  1982) a l l  
imply a c l o s e  r e l a t i o n s h i p  between impact r e s i s t a n c e  and g l a s s  area, 
p l o t t e d  i n  Figure  19 .  A comparison of t h e  code requirements  and t h e  BRANZ 
t e s t  data ( a l s o  p l o t t e d  i n  F igure  1 9 )  d i d  no t  show a good agreement. 



Appendix A c a l c u l a t e s  t h e  ' ene rgy  absorbed by mul l ions ,  as a r a t i o  of t h e  
t o t a l  impact energy us ing  t h e  mull ion d e f l e c t i o n s  i n  Table 4b and t h e  
measured mull ion s t  i f f  ness  . These r a t i o s  were 10% f o r  t h e  2 . 4  x  1 . 2  m 
pane l  and 6% f o r  t h e  1 . 9 3  x  0.86 m panel .  Thus, energy absorbed by 
mul l ions  themselves was n o t  very  s i g n i f i c a n t .  However, t h e  mull ion 
f l e x i b i l i t y  would have r e s u l t e d  i n  more of t h e  impact f o r c e  being 
t ransmit ted  t o  t h e  t o p  and bottom transoms, as a g a i n s t  being d i r e c t l y  
t ransmit ted t o  t h e  mul l ions ,  t h u s  g i v i n g  a more uniform resistance pa th  
a c r o s s  t h e  area of g l a s s  (which may have enhanced t h e  pane ' s  impact 
res i s tance) .  To s tudy  t h e  i n f l u e n c e  of mull ion f l e x i b i l i t y ,  it would be 
u s e f u l  t o  compare impact tes ts ,  w i t h  t h e  r e s u l t s  i n  t h i s  r e p o r t ,  on pane l s  
w i t h  t h e  mul l ions  r e s t r a i n e d .  

The mull ion d e f l e c t i o n  a t  t h e  h e i g h t  of impact f o r  t h e  1930 x  860 x  3, 4 
o r  5 mm t h i c k  specimens, framed w i t h  r e s i d e n t i a l  framing members, 
increased s l i g h t l y  w i t h  i nc reased  g l a s s  t h i c k n e s s .  The g l a s s  and mull ion 
d e f l e c t i o n s  of t h e  r e s i d e n t i a l  framed panel  of t h e  1930 x  860 x  5 mm 
specimen were a l s o  h ighe r  than  t h o s e  of t h e  mul t i - s to rey  framed panel  
( F i g u r e  8b, 9 ,  Tables  4a, 4b) .  Th i s  i s  because r e s i d e n t i a l  framing members 
are  more f l e x i b l e  t han  mul t i - s to rey  framing members. 

CONCLUSIONS 

The p ropor t ion  of energy absorbed by t h e  mul l ions  was small r e l a t i v e  
t o  t h e  imposed impact energy. However, t h e  mul l ion f l e x i b i l i t y  would 
have r e s u l t e d  i n  more of t h e  impact f o r c e  being t r a n s m i t t e d  t o  t h e  
t o p  and bottom transoms, as a g a i n s t  being d i r e c t l y  t ransmit ted t o  
t h e  mul l ions .  T h i s  would g i v e  a more uniform r e s i s t a n c e  p a t h  a c r o s s  
t h e  area of g l a s s ,  which may have enhanced i t s  impact resistance.  

Glass d e f l e c t i o n  a t  t h e  p o i n t  of s imula ted  human impact decreased,  
b u t  t h e  f a i l u r e  impact energy increased ,  w i t h  increased g l a s s  
t h i c k n e s s .  Glass d e f l e c t i o n  and average f a i l u r e  impact energy were 
h ighe r  when t h e  specimen was framed w i t h  r e s i d e n t i a l  framing 
members. 

Glass d e f l e c t i o n  has a l i nea r  r e l a t i o n s h i p  w i t h  t h e  square  r o o t  of 
t h e  impact energy,  sugges t ing  t ha t  g l a s s  d e f l e c t i o n  i s  a l inear  
f u n c t i o n  of t h e  impacting bodies  momentum. 

Glass d e f l e c t i o n  of t h e  860 mm wide specimen was smaller than t h e  
1200 mm wide specimen, b u t  by l e s s  than  t h e  r a t i o  of widths .  There 
w a s  no s t r o n g  c o r r e l a t i o n  between g l a s s  wid th  and impact resistance, 
and t h e  parameters  t e s t e d  d i d  no t  t e s t  t h i s  a s p e c t  wel l .  However, 
impact r e s i s t a n c e  d i d  appear  t o  increase s l i g h t l y  w i t h  reduced g l a s s  
width.  

With pane l s  of t h e  same s i z e ,  mull ion d e f l e c t i o n  a t  t h e  same impact 
energy was equa l  f o r  6 ,  8  and 10  mm t h i c k  g l a s s ,  when framed w i t h  
mul t i - s to rey  framing members. Mullion d e f l e c t i o n s  of t h e  3, 4 and 5 
mm t h i c k  g l a s s  increased s l i g h t l y  w i th  inc reased  g l a s s  t h i c k n e s s  
when framed w i t h  r es iden t ia l  framing members. 

The maximum a s p e c t  r a t i o  beyond which there  was no increase i n  g l a s s  
d e f l e c t i o n  ( a t  t h e  p o i n t  of impact)  f o r  a 1200  mm pane width  i s  1 .5  



f o r  6 mm t h i c k  and 2 . 0  f o r  10  mm t h i c k  g l a s s .  Although the re  was 
on ly  a moderate c o r r e l a t i o n  between a s p e c t  r a t i o  and impact 
resistance,  reducing t h e  a s p e c t  r a t i o  from 2 t o  1 appeared t o  
increase t h e  resis tance by 100 J o u l e s  ( energy)  o r  45 ~grn/sec* 
(momentum). 

( 7 )  The l imi ted  t e s t i n g  suggested t h a t  impact r e s i s t a n c e  i s  independent 
of pane area f o r  t h e  pane s i z e s  tes ted,  a l though there  was a 
reasonab le  c o r r e l a t i o n  f o r  t h e  6 mm f l o a t  g l a s s .  Genera l ly ,  codes 
re la te  a l lowable  g l a s s  area t o  t h e  g l a s s  t h i c k n e s s  ( F i g u r e  1 8 ) ,  and 
t h i s  i s  o f t e n  f o r  reasons  o t h e r  than impact r e s i s t a n c e .  However, it 
was only  w i t h  t h e  6 mm g l a s s  t h a t  a t r e n d  of impact resistance 
reducing s i g n i f i c a n t l y  w i t h  increased  g l a s s  area w a s  seen. T h i s  
should be i n v e s t i g a t e d  f u r t h e r .  

(8) Glass d e f l e c t i o n  was s t r o n g l y  c o r r e l a t e d  w i t h  mul l ion and g l a s s  
t h i c k n e s s  a t  t h e  maximum energy l e v e l  be fo re  f a i l u r e .  T h i s  
i n d i c a t e d  t h a t  g l a s s  f a i l u r e  was pu re ly  a f u n c t i o n  of g l a s s  
d e f l e c t i o n .  
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APPENDIX A: CALCULATION OF ENERGY ABSORBED BY DEFLECTING MULLION 

.A.1 Energy Directly Absorbed By the Mullions 

A simply supported length of mullion o.f length L (Figure .A.1) was test 
loaded to determine it's stiffness K. The stiffness "EI" of the mullion 
was calculated from: 

9 EI = ~ ~ ~ / 4 8  = 1515 x (1400)~ / 48 = 86.6 x 10 Nmm 2 

Note that as the manufacturer's data provided the Moment-of-Inertia (I) as 
2.986 mm4, then the aluminium Youngs Modulus (E) can be calculated as 29 
GPa which is only 41% of the usually assumed value. 

The mullions used in the impact test were simply supported over a length 
of 3.8 m and are taken as loaded with a point load from the impact 1.0 m 
from one end. It is appreciated that this is somewhat simplistic as some 
load spread will occur. The stiffness, K1, for the above conf igurationis 
given by: 

9 K1 = 1.45 x 10- EI = 125.9 N/mm using the value of EI deduced above. 

The energy, E, absorbed by the deflecting mullions is given by: 

E = K1 x ~ ~ / 2  where D = mullion deflection 

The 2.4 x 1.2 m panels had an average deflection (6 mm and 10 mm panel) 
of 12 mm at 180 Joules from Table 4b. Thus the -energy-absorbed by the two 
mullions : 

E = 2 x 125.9 x 122/~ x 10 -3 = 18.1 J or 10% of the total input energy. 

Similarly, average deflection of the 1.93 x 0.86 panels (6 mm, 8 mm and 10 
mm) was 9.4 mm at 180 J giving the energy absorbed by the mullions as 11.2 
J or 6.2% of the total energy. 

Note that the calculated bending moment in the mullions at 12 mm 
deflection was only 32% of the moment before the test beam became non- 
linear so the assumption of linear behaviour in the above calculations is 
justified. 



2. K/ck wdh k ~ e e  , 3. K,ck backwards 4. Le~,vl4 chsif 

with hands 

Figure  l a  : I l l u s t r a t i o n  of the mot ion . , ,pa t te rns  performed on walls 
from Ni lsson  ( 1 9 7 6 )  





Figure 2b : Pear-shaped.bag from AS 2 2 0 8  ( ' 1978)  

;Figure 2c : Spheroconical bag from I S 0  7892 (1988) 



Figure 2d : Cylindrical bag on horizontal elements from Nilsson 
(1976) 

Figure 3a : Details of glass panel and loaded area from Toaklev 



F i g u r e  3b : I d e a l i s e d  lumped mass approximat ion from L e i c e s t e r  
and Datong (1991) 



I l l  

F i g u r e  4a : Test r i g  



Figure 4b : Impactor attachment details 



F i g u r e  5a : F i x i n g  of mul l ion  t o  c h a n n e l .  
as viewed from t h e  e x t e r i o r  

F i g u r e  Sb : F i x i n g  of  mul l ion  t o  channe l  
.- -. 

as viewed from t h e  i n t e r i o r  



F i g u r e  6a : I n s t a l l a t i o n  d e t a i l  t o  s i m u l a t e  r e s i d e n t i a l  c o n s t r u c t i o n  
of a 550 x 550 mm pane s i z e  

F i g u r e  6b : View of d e f l e c t i o n  measuring system 



Figure 7a : Typical failure state.usingmulti-storey.framing members 

I . -. - 

Figure 7b : Failure of a 550 x 550 mm pane with residential 
I - -. - -- -. - framing members i 



J Impac t  Energy (J) 
F i g u r e  8a  : P l o t  of g l a s s  d e f l e c t i o n  a t  t h e  p o i n t  of  impact a q a i n s t  - - 

t h e  s q u a r e  r o o t  of impact  energy , ;  



F i g u r e  8b : P l o t  of g lass  and m u l l i o n  d e f l e c t i o n s  of t h e  3 .  4 - - - 
and  5 mm t h i c k  g l a s s  a g a i n s t  impac t  e n e r g y  



F i g u r e  9 : A v e r a g e  d e f l e c t . i o n s  a t -  :.impact - energy :-of -- 150 J o u l e s  



Figure 10  : P l o t  of maximum g l a s s  t o t a l  d e f l e c t i o n  preceding f a i l u r e  



F i g u r e  11 : P l o t  of maximum.glass d e f l e c t i o n  minus mul l ion  
d e f l e c t i o n  p r e c e d i n g  f a i l u r e  



Figure 1 2  : P l o t  of energy l e v e l  preceeding f a i l u r e  versus g l a s s  
thickness  



F i g u r e  1 3  : P l o t  of momentum p receed ing  f a i l u r e  v e r s u s  s lass  - 
t h i c k n e s s  



Figure 1 4  : Plot  of energy l e v e l  preceeding f a i l u r e  versus aspect 
r a t i o  



Figure  15 : P l o t  of momentum preceeding f a i l u r e  versus  a spec t  r a t i o  



Figure  1 6  : P l o t  of energy l e v e l  preceeding f a i l u r e  versus  g l a s s  
w i d t h  



X 8mm float 91055 

Figure 1 7  : Plo t  of : impact . : resis tance aga ins t  g l a s s  area 



STANDARD COMPARISON CHART 
Maximum Area of Ordinary Annealed Glass for Fully Framed Glazing 

Glass I NZS 4223 NZS 4223 
Revision . 

1990 

' Minimum required for doors 

Thlckness 

and side panels unless pane size less than 0.02 m2, then 4 mm glass thickness is 

1985 
AS 1288: 1979 

the minimum required. 

AS 1288 
1989 Domest lc 

MAXIMUM AREA FOR 1.G.U 

-- 

BS 6262 
1982 Non-Domest ic 

Glass Thickness BS 6262:1982 AS 1288:1989 NZS 4223 Revision 

0.45 

0.75 

1.35 

Figure 18 : Comparison of various Code Requirements For alass - 4 - - - - 
thickness from Sage (1991) 



I LEGEND : I 

Figure , I 9  Area versus glass..thickness for annealled glass ' 





P IP dyn stat deflection (rnrn) 

I No. of 
recorded 
responses 

t P 
mean max min (1 0 -2 s) pattern mean rnax rnin 

0.4 1.2 0.1 

1 .O 1.8 0.4 

0.8 2.0 0.1 

1.3 2.6 0.4 

0.4 1 .O 0.1 

1.4 2.6 0.2 

1.2 2.0 0.6 

2.5 3.8 1.2 

3.5 7.4 1.6 ' 

3.2 5.8 1.2 

4.1 6.4 1.2 

Table 1 : Characteristics, basic values and other quantities 
compiled from the experiments involving a study 
of impact loads generated by human motion on a 
vertical test screen of 10 rnm toughened glass used 
for walls from Nilsson (1976) 



Glass 
Thickness mm 

Glass Size Framing 
rnrn x mm Members Glass Type 

2400 x 1200 1 multi-storey float 

2400 x 1200 I multi-storey I float 

1800x1200 1 multi-storey 1 float 

1200 x 1200 1 multi-storey I float 

3000 x 1200 1 multi-storey 1 float 

float 1930 x 860 1 multi-storey 

1930 x 860 multi-storey float 

1930 x 860 1 multi-storey I float 

1930 x 860 1 multi-storey I sheet 

sheet 1930 x 860 residential 

sheet 1930 x 860 

1 1930 x 860 1 residential I 
residential I 

550 x 550 1 residential 1 sheet 

1 300 x 300 residential sheet 

Tab1.e 2 : Schedule of Specimens 

I.. _ . . . __-.. . - .  - . .  - . -  



I At the energy level prior to failure I 

Mullion Mullion 
Glass size mid-height deflection at Energy 

mm Glass deflection deflection level of Impact survived Failure Energy C.0.V 

J J mm mean mean 

000 x 1200 x 10 15.0 7.7 6.0 1 20 1 35 
17.1 8.9 6.5 1 35 150 
17.3 17.9 9.2 7.1 135 1% 162 0.15 
19.7 10.7 8.1 165 180 
20.2 11.0 8.7 1 80 1 95 

19.0 4.4 2.8 60 
26.7 8.2 5.9 130 

1930 x 860 x 5 (R) 34.7 - 12.1 1 60 1 70 
40.3 - 15.3 200 210 
40.5 37.4 - 15.2 200 210 
34.8 - 12.0 150 160 
36.6 - 14.2 1 70 180 

1930 x 86Cl x 4 (R) 20.9 - 3.2 40 50 
34.1 - 8.4 110 1 20 
31.1 32.9 - 7.0 90 100 
40.0 - 10.6 160 1 70 
38.3 - 9.7 1 40 150 

1930 x 860 x 3 (R) 28.8 - 2.4 40 50 
28.9 - 2.8 40 50 
37.2 31.6 - 4.9 80 90 
33.6 - 3.9 60 70 
29.6 - 3.1 40 50 

550 x 550 x 4 (R) 30.3 - - 1 70 180 
25.6 - - 1 20 130 
18.5 22.9 - - 60 70 
18.7 - - 60 70 
21.3 - - 80 90 

300 x 300 x 3 (R) 15.9 - - 50 60 
14.1 - - 40 50 
15.2 '17.4 - - 40 50 
16.1 - - 50 60 
25.9 - - 130 140 

R = residential framing members C.0.V = coefficient of variation-standard deviatiodmean = adental failure of specimen 
. . . . 

Table 3 : Measured Parameters a t  Glass Pane . - .. F a i l - r e  
-. - - -  



Average (mm) 
mpact 
Energy 
(J) 

' - failure occurred in a specimen 
(R) - residential framing members 

Table 4a : Glass Def lect ion a t  Point  of Impactpr ior  t o  Fai lure  



Impact 
Energy 
(J) 

+:- failure occurredin a specimen - 

Average (mm) 

(R) - residential framing members 

Table 4b : Mullion D e f l e c t i o n  a t  Height  of Impact P r i o r  t o  F a i l u r e  



Average (mm) 
Impact 
Energy 
(J) 

f --failure of .a specimen 

Table 4c : Mid-height Mullion Deflection Prior t o  Failure 

4 7 



.Behaviour of annealed gla 
ss under simulated human 
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