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Abstract

Glass handrail loading and design in the United States lags behind best practice in other parts of the
world. Improvements are possible for the design load, residual capacity and damage-event loading,
each of which could be based on occupancy. Neither static loading nor impactor testing accounts for
the dynamic effects of sustained loading to handrails during crowd load events. Alternate
configurations for improved robustness at similar size and cost are presented.
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1. Design Loads

In the United States glass balustrades are governed by IBC, ASCE/SEI 7 and ASTM E2358, with ASTM
E2353, (although the ASTM standards are notable in their absence as referenced standards of IBC.)
The code required maximum design loading can be loosely summarized as:

e adistributed load of 50 Ib/ft (0.73 kN/m) (IBC 1607.8.1, ASCE 7, ASTM E2358),

e 200 Ib (890 N) point load to the top rail, and

e use of laminated glass to prevent fall of glass to walkways below (IBC 2407.1.), however there is an
exception for this rule if there is no walkway below or the walking surface is permanently protected
from falling glass.

ASTM 2358 additionally has an impact load of up to 400 ft-lb (542J) via a lead shot bag.

Review of some of the available documentation found that changes in international standards appear
to have been initiated around 1996 when the British Standards Institute introduced crowd loading in
BS 6399. Historically, this follows the Hillsborough disaster in 1989 in which 96 people died in
conditions of overcrowding following collapse of a crowd barrier at an FA Cup semi-final soccer match.
Extensive investigations of the event as reported by R.A. Smith “The Hillsborough Football Disaster:
Stress Analysis and Design Codes for Crush Barriers” found loads of up to 8 kN/m caused the failure of
the barriers. However, unless extreme overcrowding is anticipated, 3kN/m has been recommended,
with BS EN 1991 suggesting a range of 3kN/m to 5kN/m. Perhaps just as significantly, a load of 1.5
kN/m is also recommended for general assembly areas that are not subject to overcrowding.

Wikipedia (https://en.wikipedia.org/wiki/List_of fatal crowd crushes#21st century) includes a
listing of some of the fatal crowd crush events, suggesting that these events are sufficiently frequent
that they should be designed for. While it is not known if barriers collapsed in these events, it is known
that when barriers fail it causes crowd collapse, which is likely to cause fatalities.

At the First International Conference on Engineering for Crowd Safety, focusing on the causes and
prevention of crowd disasters Fruin, J.J. (1993) makes a connection between crowd crush and the
levels of load that can be anticipated within the crowd and hence also to the barrier at the perimeter
of the crowd.

Experimental Investigation of the human loadings on handrails and barriers by C T Styan, M J Masia &
P W Kleeman (2007) concludes that the loadings in AS 1170.1 — 2002 (which are very similar to BS
6399-1996) are indeed reasonable, as well citing a number of failures that have been investigated.

We note that the ASTM for handrails E985 was not updated since 2000 and so has not had such
loadings updated and neither have such loadings been introduced in ASCE7 or IBC. (The author has
petitioned for changes at both organizations.) A survey, of national loading codes found that 42 of 45
had adopted crowd loading of some sort. The United States currently has the lowest maximum-
balustrade-loading that has been found and the single level of loading is % of assembly loadings and %
of crowd loadings.

Given that glass is a brittle material, it is recommended that loadings follow international best practice.
The proposed loads in take guidance from BS 6399-1996, EN 1991-1-1:2002, AS/NZS 1170.1-2002
(Australia/New Zealand), ABNT NBR 6120 (Brazil) and National Building Code of Canada 2015 when
nominating loads for balustrades. However, when designing with brittle systems, such as glass, an
appropriate initial load is only part of the design problem. Consideration of loads during and after the
design event are both also important.
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When observing video of brittle balustrade failures, such as the El Alto University Disaster in Bolivia, in
which 7 students died, we see that crowd pressure initially forces multiple people off the unprotected
precipice before they can pull back from the failed assembly. We can assume that similar continuity
of force would accompany the brittle failure of a glass assembly and there may be a dynamic factor
associated with the damage event.

el

Fig. 1: Brittle failure of balustrade at El Alto University under crowd loading.

This paper looks at design practices for glass balustrades, particularly where the glass is the structural
element providing the primary restraint for the occupant.

Retention, Redundancy and Residual Capacity

The requirement for laminated glass was introduced to IBC in 2015, after a series of glass balustrade
failures occurred in Seattle, Toronto, Austin and elsewhere. There were a number of close calls; it was
considered that sooner or later a fatality or serious injury was likely, and the code was revised to
restrain falling glass. While guardrails are provided for a purpose -- to restrain people from falling off
a precipice -- the retention of the glass provided only addresses part of the risk. A robust solution
needs to consider retention, redundancy and residual capacity so that brittle materials continue to
serve their purpose of preventing falls.
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Fig. 2: Spontaneous fracture of balustrade.

Australian Standard AS1288 addresses all aspects of robustness for balustrade glass. It has required
lamination since 2006 and it introduced a requirement for residual capacity and stiffness in 2021.

The primary risk addressed by lamination in the IBC is fall of glass due to spontaneous fracture, often
due to Nickel Sulfide (NiS), however spontaneous fracture is not limited to the effects of NiS, as other
inclusions and mounting system stresses can also participate. For an inclusion to cause fracture, its
expansion must be significant and interact with a tension field to overcome the inherent tensile
strength of the glass. Usually this means a ‘large’ NiS stone (<0.55 mm, typically 0.22mm) near the
center of the glass in fully tempered glass. If the stone is not large or is not near the center it will not
cause spontaneous fracture, but it will still expand and still has the capacity to weaken the glass.
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Fig. 3: Nickel Sulphide distribution in units that fail in heat soak testing.
Source: Fundamentals of Spontaneous Breakage Mechanism Caused by Nickel Sulfide — Kasper (2003).
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Woman's balcony fall blamed on
“spontaneous failure” of glass

Fig. 4: Spontaneous fracture concurrent with live load.

The distribution of inclusions throughout the thickness of the glass will be random. The size of NiS
stones is somewhat random, but larger stones tend to fall to the bottom of the melt pot and not be
included in the float. (Some settlement also appears to occur within the float.) For fracture to occur,
growth of the inclusion needs to be in a tensile stress field. While stones outside the tension zone will
not cause spontaneous fracture, either in practice or heat soak testing, it can interact with tension
fields due to bending to reduce the capacity below design levels.

6/21 Article 10.47982/cgc.9.597 Challenging Glass Conference Proceedings — Volume 9 — June 2024


https://doi.org/10.47982/cgc.9.597
https://doi.org/10.47982/cgc.9

3. Fully Tempered (Toughened)- is it ‘Safety Glass’?

Itis also important to understand that FT ‘safety glass’ does not always break into ‘harmless small dice’.
The crack wave front is driven by tension stress; the tension is in the center of the glass, but the surface
is in compression. The compression zone tends to remain as a ‘skin” on the fractured glass, holding
clumps together until the aggregate expansion of the wavefront causes tension or it impacts something
hard — and if the ‘something hard’ happens to be a person, the outcome can be lethal.

Fig. 5a: 12mm fully tempered glass after safety glass test (pass).

Surface penetration of the crack wavefront is not the same as dicing within the tension zone, cracks
may travel in the tension zone without severing the skin in the compression zone.

Fig. 5b: “Clumps” is same glass after dumping into disposal bin.
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4. Glass Risk Categories and Robustness Requirements

CEN/TS 19100 goes part way to providing design guidance, incorporating the concepts of in-service

loading during a fracture event and post-fracture analysis, but it does not (until part 4 is published)

include what levels of residual capacity to use, or when to use them.

Part of the challenge is setting suitable design targets for different circumstances: just as live loads are

based on occupancy or building risk categories, so robustness levels also need to be based on

occupancy (both sides of the barrier), thus the importance of the concept of ‘glass risk categories’. A

more general proposal for glass risk categories and robustness is included for context. (See also

Structural Glass Design Manual - A Design Guide and Voluntary Specification for the Use of Glass as a
Structural Material in Buildings, Green ,Crosby, McDonell (2024) at this conference.)

4.1. Proposed Glass Risk Categories

Table 1: Descriptions of Proposed Glass Risk Categories.

Glass Risk Category

Description

G-l

G-Il

G-lll

G-IV

Glass usage that represents a low risk of injury in the event of failure.

Glazing and/or glass structures, the failure of which could pose a limited risk of injury
because of low probability of proximity, such as residential and low occupancy
lobbies.

Limited detachment of damaged glass is possible in some circumstances.
The height of fall may be limited.
Glazing and/or glass structures, located where the failure and dislodgment of glass

could pose a significant risk to human life or cause injury and occupancy is likely in
the proximity of the glass.

Glazing and/or glass structures, not included in Glass Risk Category IV, with the
potential to cause an economic impact and/or disruption of day-to-day civilian life in
the event of failure.

Glass immediately adjacent to or part of the emergency egress path of Building Risk
Class Il or IV, unless otherwise specified as Glass Risk Category IV.

Damaged glass is generally retained in position and may have reduced post-damage
capacity where appropriate.

Glazing and/or glass structures designated as essential to the performance or use of
the facility.

Glass has post-damage capacity and shall continue to serve a specified level of
function in a damaged state.
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4.2. Proposal for Robust Design

Figure B.1 Flowchart - Robustness Requirements
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Fig. 6a: Robustness requirements flowchart proposed for a Structural Glass Design Manual.

Table B 2 Robustness Requirements

R-1 R-2 R-3 R-4
X X X X
Design for unbroken condition (ULS/SLS)
X X X X
Design for safe breakage (retention) x x x
Design for post-damage (redundancy) x (1 plies or lite) x (2 plies)

Fig. 6b Robustness checking requirements proposed for a Structural Glass Design Manual
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Table 1: Post-damage load factors proposed for a Structural Glass Design Manual.

Table B 5 Post-Damage Load Factors

Glass Risk Category

Load condition G-1 G-2 G-3 G-4
Dead Load: ap 1.0 1.0 09o0r1.2 09o0r1.2

Wind Load: aw 0 0.2 0.32 0.60

Snow Load: as 0 0.25 0.50 1.00

Live Load: oq.

UDL (vertical) 0.5 0.5 0.5 1.00

Point Load (vertical) 1.00 1.00 1.00 1.00

Guard Load (horizontal) N/A 0.5 0.5 1.00

Self Straining: ar 1.00 1.00 1.00 1.00
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5. Proposed Design Loads for handrails

(Based on AS1170.1 and EN1991-1)

Table 2: Proposed Guard and Barrier Loading.

Handrail, top rail

Components
and guards P
Concen- Concen-
Uniform Uniform
trated trated
Load Load
Load Load
Handrail and Guard kN/m kPa
. Occupancy Use examples kN (Ibf) / kN (Ibf)
Design Category (Ibf/ft) (psf)
For access to and safe working
laces normally used b
Service o P o 4 ] y 0.6 0.38 0.22*
A Limited access operating, inspection, 0.24 (5)
access* ) . (135) (25) (50)
maintenance, and servicing
personnel.
Areas not . . .
) Residential, office and
. subject to o o 0.9 0.75 0.22 0.48
B Basic institutional buildings, also
assembly or . . o (200) (50) (50) (10)
. industrial and storage buildings.
overcrowding
Retail areas including public
Areas where . ]
areas of banks/credit unions,
assembly and ]
. shopping malls, restaurants, 0.9 15 0.45 0.96
C Assembly congregation
b bars, etc. (See also D for areas (200) (100) (100) (20)
may be
. .y where over-crowding may
anticipated.
occur)
Theaters, cinemas, grandstands,
discotheques, bars, auditoria,
Areas shopping malls (see also C),
. Pping ( ) 1.5 3.0 0.9 1.44
D Crowd susceptible to assembly areas, schools,
i Y ] (300) (200) (200) (30)
over- crowding. universities, studios, and

relevant egress paths exceeding
1.3m (4 ft) etc.

* Category A may also be allowable for interior residential in some jurisdictions, refer to code by authority having
jurisdiction (AHJ).
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6. Reasons Why Robustness is Important by Occupancy

Residential: - G-Il

Young children do not recognize the difference between a solid barrier they cannot see and a missing
barrier they cannot see. In the case of spontaneous fracture resulting in a glass infill barrier leaving an
opening, young children have failed to recognize the opening or risk and have fallen to their death. As
such retention of barriers are recommended throughout.

Light Commercial: G-Il

These applications are typically over walkways, despite lower occupancy and risk of injury and typically
adult occupants, fall of glass is recommended to be prevented.

Assembly and Heavy Commercial: G-llI
These applications are typically over walkways, hence fall of glass is required to be prevented.
Crowd — G-IV

In a crowd situation, there will be continued thrust from the crowd after the initial breakage. As such,
the barrier needs to continue to provide restraint immediately following the loss of one ply to prevent
sudden collapse of the barrier.

7. Design Practices

For structural glass balustrades, AS1288 requires laminated glass for fall heights greater than 5m for
infill glass and lamination with residual capacity for systems where the glass is providing the structural
restraint. With one ply broken, AS1288 requires residual capacity to resist serviceability loads
(unfactored (ASD) load vs. ultimate design strength) with one ply broken. AS1288, since 2021, also
requires testing for both plies broken with a maximum deflection of 250mm (10in) under a load of
200N (45Ibf).

It should be noted that AS1288 references design loads from AS1170.1 (imposed loads/Live Loads)
AS1170.2 (Wind Loads) and load combinations from AS170.0. The load factor for live load is 1.5, thus
the design residual capacity load is 67% of the design load. The design load includes assembly loads of
1.5 kN/m (~100 Ibf/ft) and crowd loads of 3.0 kN/m (~200 Ibf/ft).

ASCE-7 Section 2.5 includes load combinations for ‘extraordinary events’. If the glass is well designed,
well fabricated and well installed, then it should not break under design loads and the causation of
breakage is likely due to some other extraordinary cause. This section includes two tests, during the
damaging event and residual capacity. In both cases ASCE-7 has a load factor of 0.5 L as opposed to
1.6 L in the design situation, however during the damage event there is an additional load affect that
must be accounted for.
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2.5.2 Load Combinations

2.5.2.1 Capacity For checking the capacity of a structure or
structural element to withstand the effect of an extraordinary
event, the following gravity load combination shall be
considered:

(0.9 or 1.2)D + Ay +0.5L + 0.158 (2.5-)

in which A; is the load or load effect resulting from the
extraordinary event, A.

2.5.2.2 Residual Capacity For checking the residual load-
carrying capacity of a structure or structural clement following
the occurrence of a damaging event, selected load-bearing
clements identified by the registered design professional shall
be notionally removed, and the capacity of the damaged
structure shall be evaluated using the following gravily load
combination:

(09 or 1.2)D +05L+02(L, or 0.7 or R) (2.5-2)

Fig. 7: ASCE 7 Accidental load combinations Source: ASCE 7-22.

The ASCE 7 combination is 31.25% of the design live load (which is normally has a load factor of 1.6 for
limit state design) but the sudden loss of stiffness due to breakage results in a dynamic effect for the
component of stiffness loss. While the theoretical dynamic factor is 2.0, it is common in crane codes,
etc. to use dynamic load factors of 1.8, making allowance for some damping.

Before looking into the implications of the continued load during the extreme event, consider the type
of events that cause glass fracture in balustrades and whether load may be present.

Spontaneous Events — fracture without load application or fracture well below design loads.

Grab/Impact Load — the impact load which breaks the glass also stops the person and there is no
sustained load. (G-Il) Unlikely to have sustained load after initial impact load.

Assembly Loads — (G-IIl and G-IV) Possible continued thrust after damage event, but it is likely that
there will be some recoil after the damage event and the load will decrease as the balustrade deflects
away.

Crowd Loads — (G-1V) Potential/probable continued thrust from crowd after damage event and barrier
is required to provide a safety function. Damage event calculation is highly recommended.

Examining some of the options, let us consider a hypothetical balustrade without top rail subject to
assembly loads in a G-lll environment with a load of 1.5 kN/m (~100 Ibf/ft).
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Non-load
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Glass haight

Glazing channel —

Figure 7.10 — Fixing channel

The glass shall be degigned in accordance with serviceability limit states in Clause 3.3.3 in the event
that any one layer of thedaminated panels is broken.

In addition, the laminated glass design shall demonstrate the suitability of the post-breakage behaviour
of the selected glass type by limiting outward deflection, after failure of all layers, to a maximum of
250 mm when @ serviceability load of 200 N concentrated load is applied.

Fig. 8: Post damage requirements in AS1288. Source: AS1288 Glass in Buildings — Selection and Installation.

In the following example, we see that post-damage controls the design with one ply broken.
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DESIGN TO AS 1288

Do i=0.67
t oy =20 Thickness in mm
RCSS:=67 MPa Fully Temperred

F't.center=(—9-85+In(t,,) + 71.34) MPa=41.832 MPa

freage=(—T7.88+In (t,,) +57.07) MPa=33.464 MPa

' edge + RCSS
(e g ) —3.002
f t.edge
cy:=1.0 Flat glass
cy:=1.0 Medium term balustrade loading

F’grm.center = (lbau *C1*Cy*C3* (f’t.center) =84.143 MPa

F,gmc‘edge = qbau *C1*Cy=C3* (fft.edge) =67.311 MPa

Height of Balustrade H:=1.0 m=39.37 in
Live Load L:=3.0 ﬂ=205.565 % Assembly Loading
m
Live Load Factor Yo:=1.5
Assume a rigid base channel support with continuous support to cantilever glass without
handrail
Base moment - In service M,:=vo-L-H=4.5 kN
m
_+_
M,
treq=\[6° | =——|=20.028 mm
Fgau.edge
Base moment - Damaged M,p=10-L-H=3 kN« m
m
M, . . :
treq.n=1/6" = - =16.353 mm Thickness required with one ply broken
gmz,ndge

Fig. 9: Post damage requirements with one ply broken to AS1288.
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Thickness required after one ply broken is greater than half initial thickness — post-damage capacity
controls.

If the logic of sustained load during the damage event is applied, breakage of the second lite is likely
in assembly and crowd loading for 2 ply systems. Alternative design following extraordinary loads case,
consistent with ASCE7, offers another option with superior outcomes. In this case the strength model
is based on EN16612 and CEN/TS 19100.

First look at the behavior of a 10mm+1.52mm+10mm 2-ply laminate with damage-event loading using
the ASCE7 extraordinary loads case. (Nominal thickness is used for simplicity, actual calculations should
use minimum thickness applicable to the location of fabrication (not installation.))

ALTERNATE APPROACH INCLUDING DAMAGE EVENT DYNAMIC LOAD

Assume a rigid base channel support with continuous support to cantilever glass without
handrail

Base moment M,:=vyg+L-H=4.5 kN-%

Glass Stress Capacity

Glass stress capacity varies significantly by standards globally. In this application the
glass is structural so we are looking for reliability rather than statistically acceptable usage
so and LRFD strength model is required. The strength model from EN 16612 and CEN/TS
19100 is used for this example. It has been reformatted to be more consistent with
ASCE7 conventions.

Glass characteristic strength F',:=45 MPa=(6.527-10%) psi

Residual Compressive Fregsi=69 MPa

Surface Strength

Annealed Glass partial factor ¢b,:=0.55

RCSS partial factor Pressi=1.0 Using minimum value

Load Duration Factor Gp:=0.83 G4:=0.85 Polished Edge
Gpp=1.15 Gsp=1

Tensile Capacity (LRFD)

Gpr=1 In Service A factor for reduced reliability
Gprp=1.07 Damaged requirement in post damage state
F'yi= (¢, F'.»Gp+ G+ pess Fress* Gsg) - Gr=86.461 MPa F',=(1.254-10") psi

Damage event and post damage
F'yyi= (o F'o+GpGs+bposs Fross* Gsp) *Grp=92.513 MPa  F',y=(1.342-10") psi

M,
treq:=1[6*|—=—|=17.6T1 mm
Fy
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Damage Event Analysis

Option 1: 10+1.52+10=21.52mm

T]'y 10 + 1.52 + 10 teff:: 20 mm td.cff:: 10 mm
tesf mm”
I,=—9_—666.667 ¢ 2 e
2 s Spp=—t_—16.667
5 ) 6 mm
gai=—__g3.333 =
mm
o Iy
Load re-distribution LRD:=|1 _f_ =0.875
g
Kppi=1.8 Dynamic redistribution factor

ayi=Kpp LRD+0.5+L=2.363 <0

m
Mpgi=H-(0.5+L+a;)=3.863 kN -m
m
Mpp L . .
fbi= = =231.75 MPa So it is likely that second ply will also fail
DE

Fig. 10: Example of 2-ply balustrade with sustained dynamic load during failure.
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Consider an alternate configuration of 6mm + 1.52mm + 6mm + 1.52mm + 6mm (18mm glass,
21.04mm overall).

Option2 6+ 1.52 +6 +1.52 +6 FT

t(\ f:: 18 mim td."ff:: 13.52 man
tf’ff:; mm'l
= =486
12 mm
taefs mm*
Iy=—2% —205.944
’ mimn
. . Iqt!
Load re-distribution LRD:=|1——-|=0.576
g
Kpp:=1.8 Dynamic load factor
@k::KD},:‘LRD' 0.5 ‘L: 1-556 ﬂ

m

Lp:=L-0.54+a;,=3.056 kN i.e. the similar to AS1288

L serviceability load
M= Ly H=3.056 21 ™
m
M, L .
treqi=1/6+|=—|=14.078-mm So it is far less likely that
gd progressive failure will occur

AI&‘ _ . EE 4 -
——=100.307 MPa fo=(1.455-10") psi

td.(_eff
6

Fig. 11: Example of 3-ply balustrade with sustained dynamic load during failure.

fh =

Note that glass with typical strength will not break under the design load and a weakened glass is likely
to fracture before developing full load, hence the reduction in load during the damage event. Further,
as the glass fractures and the balustrade deflects, there will be some recoil from the occupant and
some release of load (crowds excepted.)

The residual capacity with the 3-ply system and the most critical ply broken is greater than a 2-ply
system and the portion of the load that is dynamically redistributed is much less. As a consequence, it
is far less likely that progressive failure of further lites would occur if the handrail was to fracture under

load.

Should all plies fail, the stiffness of the interlayer becomes a critical aspect of the design. Typical PVBs
were initially designed for car windscreens to absorb energy if a rock hit the glass and the extension of
typical PVB allows the glass to fold over (there are some ‘structural PVBs’ that prevent this.) To resist
this, AS1288 has proposed a residual capacity test of <250mm (10 in) deflection under a load of 0.2 kN
(45 Ibf) with all plies broken.
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The use of a structural grade interlayer with a suitable stress-strain curve, combined with a 3-ply

configuration, offers a much stiffer system with significant residual capacity.

Consider the case with all plies broken

All Plies Broken

F’, ,:=22 MPa Interlayer Tensile Capacity
t;:=1.52 mm=0.06 in

qbiut =0.6

T

A proposed safety factor on

the interlayer
N y

Tint = Pin* Fint * tine =20.064 ——

30

'J!

Engineering Stress, o (MPa)

O  SemnyGlas(R) Plus (0.1 /s)
O PVB - Butacite(R) (01 /5)

1 1 L

100 200 300 400

Engineering Strain, £(%)

Source: Vergassola and Boote

Option 1 10+10

n'i,(:ap.int = (T

at* 10 mm) + 1000 =200.64

kN—'m > 3 kN.m/m so barrier remains
bl in tact, but is flexible.

Stiffness of interlayer becomes
critical.

Option 2 6+6+6

M

cap.int *= (
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T.

o+ 6 M+ Ty 13.52 mm) - 1000 =391.649 kN -

m

~ Double the all-plies broken
capacity and stiffness

Fig. 12: System comparison with all plies broken.
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Interestingly, due to the cost efficiency of 6mm (1/4in) glass, a review of 6+6+6mm glass configuration
with glass suppliers has indicated that, where lamination is already occurring, 3 plies of 6mm may be
cheaper or similar cost relative to 2 plies of 10mm.

Taking this into consideration, adopting the principle of Extraordinary Events in ASCE-7 to glass
balustrade design results in glass of similar thickness, similar cost and far superior robustness.

Conclusion

Global design practice for balustrades indicates that loads of 1.5kN/m (100 Ibf/ft) are justified for
assembly locations and 3kN/m (200 Ibf/ft) for areas subject to crowd loading.

Glass may have rare imperfections or inclusions that reduce the capacity of the glass.

The design of glass balustrades (without structural handrails) should provide post-damage capacity
and such practices are required by AS1288 and CEN/TS 19100. In another approach, considering
extraordinary events per ASCE-7 and CEN/TS 19100 take into account the potential for load during a
damage event, this study finds the critical event to be the dynamic damage event in cases of sustained
crowd loading. This paper proposes that appropriate level of load during and after a damage event is
a function of the occupancy.

A configuration of 3 plies of 6mm glass (6mm + 1.52mm+ 6mm+1.52mm+6mm=21.04mm) was found
to be significantly more robust than 2 plies of 10mm (10mm+1.52+10mm = 21.52mm) forming a similar
overall thickness but with far superior redundancy characteristics. Surveying manufacturers found
that superior performance can be achieved without significant cost increase.
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