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Surface Tensile Strength and Hertzian Fracture Resistance
of Patterned Acid-Etched Glass

Kyriaki Corinna Datsiou' and Mauro Overend?

Abstract: Patterned acid-etched glasses are frequently used in horizontal glass surfaces that may be walked on, such as floors and staircase
treads. These glasses provide useful antislip properties, but the foot traffic cause contact stresses and ageing mechanisms that are poorly un-
derstood and can affect the strength of the acid-etched glass. This study explores these strength-reducing effects by undertaking nondestruc-
tive and destructive evaluations of two acid-etched glasses with geometrically different surface patterns and comparing their mechanical
performance to unetched float glass. In particular, residual surface stress, Hertzian fracture resistance, and fractographic characteristics are
determined for each glass type. The surface tensile strength of the glasses is also evaluated by means of destructive flexural tests before
and after artificial ageing. The flexural tests reveal that the ridge areas of the acid-etched surface patterns are more susceptible to the formation
of digs and deeper surface flaws and are therefore weaker than both the valley areas of the acid-etched pattern and the surface of the unetched
float glass. Correspondingly, the acid-etched glass with the highest proportion of ridges was more susceptible to ageing-induced flaws and
had the lowest surface tensile strength. The contact (Hertzian) fracture resistance was also significantly affected by the presence of a surface
pattern in the acid-etched glass; specifically, the lowest contact strengths were recorded for hard body contact on the ridges of the pattern.
The fracture phenomena and new data presented in this paper provide useful insights on the long-term performance of etched patterned glass.
The findings can provide the bases for real-world design decisions and for glass forensics. DOI: 10.1061/JAEIED.AEENG-1464.
© 2023 American Society of Civil Engineers.

Author keywords: Frosted glass; Acid-etched glass; Patterned glass; Strength; Ageing; Hertzian fracture; Foot traffic; Hard-body contact

strength; Glass fracture interpretation.

Introduction

Patterned glass is commonly used in architectural applications to
meet aesthetic requirements or to provide privacy (e.g., partition
walls, doors) without significantly compromising light transmis-
sion. The pattern on glass can be created by: (1) rolling the molten
glass between two rollers to impress a design onto the glass surface,
known as rolled patterned glass; (2) selective removal of parts of
the glass surface by mechanical abrasion at ambient temperature,
referred to as sandblasted glass; and (3) selective removal of
parts of the glass surface by chemical treatment at ambient temper-
ature, commonly known as acid etching. The latter involves hydro-
fluoric (HF) acid solutions to superficially erode the surface of the
glass and typically provides a smoother finish compared with sand-
blasted glass and is also less prone to fingerprint accumulation. The
dissolution of the glass surface occurs as the HF acid reacts with the
silica at surface of the glass leading to the formation of hexafluoro-
silicic acid or silicon tetrafluoride depending on the process temper-
ature, which can be shown as (Kolli et al. 2009; Spierings 1993)
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SiO, + 6HF — H,SiFg + 2H,0 for T < 60°C (1)

SiO; + 4HF — SiF4 + 2H,0 for T > 60°C )]

The dissolution of the glass is only terminated when the solution
is removed or when the HF reactant is fully converted to the reac-
tion products. Alternatively, when salts (e.g., NH4HF;) are present
in the acidic solution, the silicon that diffuses from the glass reacts
with the salt forming a protective/passivating layer that prevents
further glass dissolution (Barboux et al. 2004; Piret et al. 2018),
which can be presented as

SiF4 + 2HF + 2NH, — (NHy),SiFg + 2H* 3)

This layer grows and gradually extends across the surface of the
glass, as it is continuously fed by the silicone diffusing from the
glass and the NHJ cations in the solution.

The etching process leads to the formation of a network of ele-
vations on the glass surface that resembles a crystal-like arrange-
ment (Barboux et al. 2004). This is the result of the dual
mechanism of the dissolution of the glass and the 2D growth of
the passivating layer that prevents further dissolution. The surface
roughness, dissolution depth, light transmission, and surface mor-
phology of the glass are influenced by a combination of parameters:
(1) etchant composition (concentration of HF, the addition of other
strong acids such as HCI, HNO3;, or H,SO, or salts in the mixture);
(2) chemical composition of the glass; and (3) duration of the acid
treatment (Frayret et al. 2008; Jang et al. 2000; Kolli et al. 2009;
Maeng et al. 2014; Spierings 1993).

Surface patterns can be introduced by strategically masking
areas of the glass surface thereby protecting these areas from etch-
ing while depths of material are removed (etched) from the unpro-
tected areas. The resulting protrusions increase surface friction,
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Fig. 1. Top and side views of acid-etched glass for (a and c¢) diamond (ED) pattern; and (b and d) linear (EL) pattern.

providing antislip properties to the glass. Patterned acid-etched
glass is therefore commonly used for walking surfaces accessible
to the public, such as glass staircases or walkways. The glass
units used in such applications are frequently multilayered lami-
nated glass, therefore catastrophic failure is uncommon, but
chips, local cracks, and large fractures frequently occur in the top
(acid-etched) layer of glass; the replacement of which typically in-
curs significant disruption and costs.

Previous research has shown that it is possible to increase glass
strength with acid treatment, despite the associated reduction in the
thickness of the glass. The acid treatment removes the surface
layer of the glass and blunts the pre-existing flaw tips, thereby re-
ducing the stress-raising effects of the flaws (Dabbs and Lawn
1982; Kolli et al. 2009; Maeng et al. 2014; Wang et al. 2020).
The extent of this improvement depends on the depth of the dis-
solved glass layer and the morphology of pre-existing flaws. In ad-
dition, even when all pre-existing surface flaws are removed, the
strength of the glass in turn depends on the presence of flaws lo-
cated within the bulk of the glass that may become exposed
after etching. Most literature to date focuses on the effect of acid
etching on the strength recovery of glass containing surface
flaws (Dabbs and Lawn 1982; Kolli et al. 2009; Maeng et al.
2014; Wang et al. 2020). However, there is a lack of information
on the strength or fracture resistance of patterned acid-etched
glass, including the long-term performance after exposure to age-
ing mechanisms. Standardized wear resistance tests for other ma-
terials exist; for example, the Taber abrasion test on ceramics in
ASTM C501 (ASTM C501-21, ASTM 2021a). However, the stan-
dardized tests rank materials in terms of their relative wear resis-
tance by measuring the mass loss after abrasion, but they fail to
provide any information on the long-term strength of the abraded
material and the abrasion process used in these standardized tests
is not representative of foot traffic on glass surfaces.
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The present study addresses this directly by investigating the
mechanical performance of two types of acid-etched glass with
geometrically different surface patterns (linear and diamond) and
comparing this to unetched glass. In particular, tests are performed
to determine their strength characteristics in their as-received (AR)
and artificially aged (AA) state as well as their resistance to Hert-
zian fracture. A controlled and repeatable artificial ageing process,
using mechanical abrasion, is selected and used in this study. In ad-
dition, Hertzian fracture tests are undertaken to simulate and inves-
tigate the effects of flaws induced by grit/gravel that could be
pressed by pedestrians’ footwear thereby inducing Hertzian
stresses on the glass surface, that is, localized stresses that develop
as the gravel comes into contact with the glass under the imposed
loads. The glass types selected for this study and the experiments
used to characterize the glass are described in the sections “Mate-
rials” and “Methods,” respectively. The results and salient observa-
tions from the experimental testing on acid-etched glass are
presented in the section “Results and Discussion” while the section
“Conclusions” summarizes important conclusions.

Materials

Three types of annealed, soda lime silica glass were investigated:
(a) unetched soda lime silica, float glass (U series); (b) acid-etched
glass with a diamond surface pattern [ED series, Figs. 1(a and ¢)]—
this pattern is commonly used in the building industry due to its
antislip properties and; (c) acid-etched glass with a linear surface
pattern [EL series, Figs. 1(b and d)] that can be used as an alterna-
tive to ED glass. The tin and air side of the specimens were iden-
tified using an ultraviolet light tin-side detector. It was found that
the etching (in series ED and EL) was always performed on the
air side and, therefore, the air side of the unetched float (U) series
was also used in subsequent tests for consistency.

J. Archit. Eng.
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Table 1. Series of specimens for flexural strength tests

Glass type Dimensions (mm) No. of specimens Ageing Series
Unetched 150 x150% 8 15 As-received U-AR
15 Artificially aged U-AA
Acid-etched — diamond pattern 150 x150% 8 15 As-received ED-AR
15 Artificially aged ED-AA
Acid-etched — linear pattern 150 x150% 8 15 As-received EL-AR
15 Artificially aged EL-AA
Table 2. Series of specimens for Hertzian fracture resistance tests
Glass type Dimensions (mm) No. of specimens Processing Contact location Series
Unetched 150 x 150 % 8 6 As-received NA U-AR
Acid-etched — diamond pattern 150x150% 8 6 As-received Valley ED-AR-V
As-received Ridge ED-AR-R
Acid-etched — linear pattern 150 x 150 % 8 6 As-received Valley EL-AR-V
As-received Ridge EL-AR-R

Each type of glass was investigated in its AR and AA state in
terms of flexural strength while AR specimens were used to iden-
tify the resistance to Hertzian fracture.

A total of 90 specimens were tested to investigate flexural
strength (Table 1); 15 nominally identical specimens per glass
type (U; ED; EL), per ageing condition (AR; AA). The series
size of 15 was selected to reduce uncertainty in strength estimates
during the statistical analysis of strength data following the recom-
mendations in Datsiou (2017).

A total of 18 specimens were used to investigate the resistance
of glass to Hertzian fracture in the AR state (Table 2); six speci-
mens were used per glass type (U-AR, ED-AR, EL-AR). Both val-
ley and ridge contact locations were investigated for the two types
of acid-etched glass (R; V, for contact at the ridge and valley loca-
tions, respectively). Specimens used for ridge contact tests were re-
used for valley tests (refer to the section “Hertzian Fracture” for
more details).

Methods

The nondestructive and destructive tests performed in this study are
described in the following subsections.

Residual Stress Measurements

All specimens were examined with a scattered light polariscope
SCALP-05 (GlasStress Ltd.) to determine the residual surface
stress through the thickness of the glass. Three surface readings
were taken at the center of each specimen in two orthogonal direc-
tions. The original intention was to take a reading on the etched sur-
face but this was not possible with the current equipment, so a
reading on the other surface (tin side) was taken. This provided a
measure of residual stresses in the entire glass specimen, but it
was not a good indicator of the residual stresses on the acid-etched
surface.

Artificial Ageing

The wear resistance of ceramics is typically evaluated using Taber
abrasion tests based on ASTM C501 (ASTM C501-21, ASTM
2021a). However, this approach was not deemed appropriate for
this study as: (1) there is no published research on the correlation
between the damage induced with the Taber abrasion test and the
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damage induced by foot traffic in real-world applications; and (2)
the evaluation is based on mass loss rather than strength reduction.

A falling abrasive method, similar to the approach described in
DIN 52348 (DIN 52348, DIN 1985) and ASTM D968-05 (ASTM
D968-05, ASTM 1991) was used instead. One series (15 speci-
mens) from each type of glass was artificially aged. The artificial
ageing parameters (Table 3) were adjusted to produce a relatively
small scatter in strength data with the introduction of a small per-
centage of gravel in the abrasive medium according to recommen-
dations in Datsiou and Overend (2017). Their artificial ageing
method produced good correlation to the level of damage found
in naturally aged, annealed glass exposed to 20 years of weathering
in a facade in Norfolk, UK. It should be noted that this ageing pro-
cess is calibrated for vertical facades, but in the absence of data on
ageing characteristics of glass floors, this method was selected in
this study. While it is uncertain whether this is representative of
ageing of floors, it provides a controlled and repeatable means of
artificial ageing that is essential for this study.

In summary, the method involves dropping an abrasive medium
(mix of rounded silica sand and riverside gravel, grain size distribu-
tion shown in Fig. 2) from a specified height on the surface of the
specimen (Table 3), which is clamped to a rotating base at an angle
0f'45° to the floor. The air surface in the unetched glass and the cor-
responding patterned surface in the acid-etched glass were exposed
to ageing.

Visual Inspection and Optical Microscopy

Qualitative micrographs of the edge and the surface of AR and AA
glass were obtained with a digital Dino-Lite digital microscope and
a Leica DM ML optical microscope, for low magnification and
high magnification micrographs, respectively.

Table 3. Artificial ageing parameters

Artificial ageing parameter Value

Drop height 3m

Abrasive medium Riverside gravel and silica sand
Total mass of abrasive medium 3,000 g

Percentage of gravel 0.1%

Grain size range of sand 0.5-0.7 mm
Grain size range of gravel 8.0-9.5 mm
Rotation rate 250 rpm
Elapsed time to destructive test 1 day
J. Archit. Eng.
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Fig. 2. Grain size distribution of abrasive medium.

Fig. 3. Destructive CDR test for (a) U; (b) ED; and (c) EL glass series.

Destructive Tests and Statistical Analysis of Strength Data

Prior to the destructive testing, a self-adhesive film was applied on
the compression surface of the glass to retain the glass fragments
after failure thereby permitting fractographic analysis (section
“Fractography”). The strength of the glass specimens was assessed
using a coaxial double ring setup (CDR, Fig. 3) using the loading
and the reaction ring of D; =51 mm and Dy =127 mm in compli-
ance with ASTM C1499-03 (ASTM C1499-03, ASTM 2009). The
loading ring was connected to a 30 kN electromechanical universal
testing machine by means of an articulated joint to ensure an even
contact between the loading ring and the specimen’s surface. A
2 mm-thick rubber ring was introduced on the reaction ring to en-
sure uniform contact between the reaction ring and the pattern glass
surface. The specimens were oriented so that the air side of the
glass (i.e., the patterned surface of the acid-etched specimens)
was in tension during the destructive testing. A stress rate of
20 MPa/s, corresponding to a displacement rate of 13.6 mm/min,
was selected to induce fast fracture, thereby minimizing the influ-
ence of subcritical crack growth in the glass and achieving
quasi-inert conditions (Overend and Zammit 2012).

To assist the experimental testing, a finite-element analysis
(FEA) model of the CDR testing of glass (Poisson’s ratio v=
0.23 and Young’s modulus £=70 GPa) was created in Abaqus-
Dassault Systémes v.6.12 to determine the failure stress corre-
sponding to the recorded failure load. The model was in line with
the one described in Datsiou and Overend (2017), consisting of
6,774 quadratic quadrilateral shell elements (S8R) and considered
friction between the loading/reaction ring and the glass specimen.
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04023015-4

The FEA model revealed that the tension surface circumscribed
by the loading ring was subjected to an equibiaxial state of stress,
with no significant stress concentrations below the loading ring.
The model of a 150 x 150 mm glass specimen with a thickness of
7.95 mm (matching the mean thickness of the unetched and etched
glasses) showed a linear relationship between the failure load and
failure stress, which is described by

61=0.010- P +0.164 @)

where oy (MPa) =principal stress; and P (N) = failure load.

The intercept in Eq. (4) corresponds to the self-weight of the
glass and the 15 N preload used to align the loading ring on the sur-
face of the glass specimen.

The ramp stress history exerted during the destructive tests was
subsequently converted to a uniform equivalent stress history (o0,
for a reference time period, #.s, of 60 s) that causes the same level
of crack growth, using

Y lor £\ tref ¢ I/n

'/ n A

- dt=j o' odt = o =a-|:7i| 5
jo ( l}‘ ) 0 /50 /60 4 tref * (n + l) ( )

where o= failure stress; and n = exponential crack velocity param-
eter also known as static fatigue constant [z =16 for normal envi-
ronmental conditions (Haldimann et al. 2008)]. This approach
normalizes the effects of any remaining subcritical crack growth
for specimens failing at different times.

The resulting equivalent strength data were then statistically an-
alyzed and a two parameter Weibull distribution [Eq. (3)] was fitted
to determine salient strengths, which can be represented as

Pi(or60)=1—exp [— (%)ﬂ] (6)

where P,=probability of failure; 8= shape factor; and 6=scale
factor of the Weibull distribution.

A weighted least-squares regression method using Hazen’s
probability estimator and Faucher and Tyson’s weight function
was used in this study to compute the Weibull characteristics fol-
lowing the approach described in detail in Datsiou and Overend
(2017, 2018). The Anderson Darling method, p 4p, with a 5% con-
fidence level was used to determine the goodness of fit. With a
known cumulative distribution function (CDF), salient strength
values can then be obtained, such as for engineering design pur-
poses [Pr=0.008 according to ASTM EI1300-16 (ASTM
E1300-16, ASTM 2016)] and mean probabilities of failure
(Py=0.50).

Fractography

Fractured surfaces were analyzed with a Leica DM ML optical mi-
croscope, after destructive testing to determine the origin of failure
and the critical flaw. Wallner lines pointed toward the direction of
the critical flaw; the mirror, mist, and hackle revealed its precise lo-
cation (Quinn 2007).

Hertzian Fracture

Patterned acid-etched glass has useful antislip properties and is
commonly used in floors and other walking surfaces. During its
service-life, it is likely that grit/gravel on the glass or trapped in pe-
destrians’ footwear, is pressed onto the surface of the glass, poten-
tially causing (Hertzian) fracture of the glass. To investigate this
effect, Hertzian fracture investigations are undertaken for all
three glasses considered in this study. All tests were performed
on AR (unaged) glass.

J. Archit. Eng.
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Fig. 4. Hertzian fracture: (a) setup; (b) indicative fracture in unetched
float glass; and (c) close-up of ball bearing on EL glass.

The Hertzian fracture was induced by pressing a spherical ball
bearing on the surface of the glass [Figs. 4(a and c)] to induce a lo-
calized stress field and a subsequent subsurface conical crack
[Fig. 4(b)]. The unloaded (bottom) surface of the glass was sup-
ported continuously by a thick steel plate placed on a stiff lower
baseplate of a 30 kN electromechanical test machine; an intermedi-
ate 2 mm-thick rubber sheet was placed between the specimen and
the steel plate to ensure even support of the glass plate. The ball
bearing was made of hardened carbon steel, had a diameter of
5 mm, and was fitted to a cylindrical steel strut that was in turn at-
tached to the crosshead of the 30 kN test machine. An initial pre-
load of 15-18 N was applied on the glass at a speed of 4 mm/
min in order to achieve contact between the specimen and the in-
denter. The test subsequently proceeded at a displacement rate of
8 mm/min until fracture.

The indentation was applied to the air surface of the unetched
and the patterned surface of the acid-etched glass. Prior to the
test, the ball bearing was aligned with: (1) the center of the speci-
men for the unetched float glass; (2) the “ridge” closest to the center
of the specimen for the ED and the EL glasses. After the first Hert-
zian fracture was induced on the ED and the EL glass, the ball bear-
ing was repositioned over a “valley” at a distance of at least 20 mm
away from the first fracture and the test was repeated to determine
the valley Hertzian fracture resistance.

Table 4. Residual surface stress results

2

1-2v)P
e 129P [
\ 2np X

Cone crack

‘ X
surface surface surface
tension compression tension

Fig. 5. Hertzian cone fracture and principal tensile stress profile.

During the test, the load P (N) was distributed over a circular (on
plan), contact region between the ball bearing and the glass (Fig. 5).
The radius of which is known as the contact radius, p (mm), and is
given by (Fischer-Cripps 1997; Wilshaw 1971)

4 k-P-R\'?
P=<§‘ 7 ) @)

where R=2.5 mm=radius of the ball bearing; £=70 GPa=
Young’s modulus of the glass; and k= factor composed of the elas-
tic constants of the hardened carbon steel indenter and the glass,
which can be represented as

la-dra-n)-L
k—ﬁ(a )+ (1= 1) Ebau) ®)

where the Poisson’s ratio of the glass is v=0.23; the Poisson’s ratio
for the ball bearing is vy,,; = 0.28; and the Young’s modulus of the
ball bearing is Ep,; =200 GPa.

The maximum tensile surface stress occurs at x ==+p (Fig. 5),
that is, at the contact circle boundary and is given by (Fischer-
Cripps 1997; Wilshaw 1971)

1-2v P

Omax =
2 T-p

3 ©

The major principal stresses, o,, are oriented radially and de-
crease with distance from the contact circle boundary. In this
study, the stresses resulting from Eq. (9) were converted to an
equivalent fracture stress for a reference time of 60 s as described
in section “Destructive Tests and Statistical Analysis of Strength
Data.”

Mean surface Mean total
Orthogonal stress orgs Standard Max surface ~ Min surface Coefficient of  surface stress
Glass type direction (MPa) deviation  Variance stress (MPa)  stress (MPa) variance (MPa)
Unetched glass U series x —4.49 0.55 0.31 -3.49 -5.81 0.12 —4.42
y —4.35 0.55 0.30 -3.28 —5.48 0.13
Acid-etched diamond x -3.73 1.04 1.08 —-1.61 -6.19 0.28 -3.74
ED series y -3.75 0.79 0.63 -2.02 —5.46 0.21
Acid-etched linear EL x —4.06 0.86 0.73 -2.72 —6.04 0.21 —4.03
series x y —4.00 0.91 0.82 -2.16 —5.46 0.23
© ASCE 04023015-5 J. Archit. Eng.
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Fig. 6. Surface and edge pattern of (a and b) ED; and (c and d) EL glass.
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Fig. 7. Micrographs of AR: (a and b) U glass; (c—¢) ED glass; and (f-h) EL glass at different levels of magnification.
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Fig. 8. Micrographs of abraded: (a—c) F glass; (d—f) ED glass; and (g-i) EL glass.

Results and Discussion

Residual Stress Measurements

A summary of the residual surface stress results obtained for each
type of glass is presented in Table 4. This shows mean values in
two orthogonal directions, extreme values, standard deviation,
and variance and coefficient of variance for each type of glass.

The results do not reveal any abnormal stresses on the untreated
surfaces of the glass types investigated in this study. All specimens
had a small level of residual surface compression (orgs), which is
within the expected compressive range for commercial annealed
glass [0 > orgs > —11 MPa (Haldimann et al. 2008)]. In addition,
there are no significant differences between the stresses in the
two orthogonal directions.

The mean surface stress reported in Table 4 corresponds to the
untreated surface of the acid-etched glass. From these, it is not pos-
sible to infer the residual stress state of the acid-etched surface and
in particular whether residual surface tension is present within a
shallow depth of the acid-etched surface.

Visual Inspection and Microscopy

The treated surface of the ED series consists of a regular pattern of
raised elliptical “diamonds” or “bars” on the air side [Fig. 6(a)] and
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a featureless flat tin side, in a similar manner to steel chequer plates.
The treated surface of the EL series consists of a regular pattern of
linear raised stripes on the air side [Fig. 6(c)] and a featureless flat
tin side. The ratio of the ridge surface area over the total surface
area is 15% and 38% approximately for the ED and the EL series,
respectively. The ridges are relatively smooth with filleted corners
and at this scale [magnification of x41 for Fig. 6(b) and x52 for
Fig. 6(d)] there is no evidence of any sharp edges or re-entrant cor-
ners that could act as stress-concentration features.

Representative optical micrographs of the surface of all glass
types in their AR and AA state are shown in and Figs. 7 and 8,
respectively.

AR Glass

Minor scratch patterns and few pits are apparent on the surface of
AR unetched float glass. The ED and EL micrographs reveal a
dense network of semi/partly spherical surface features that are at-
tributed to the acid treatment [Figs. 7(c—h)]. These features are re-
sponsible for diffusing incident light leading to the frosted
appearance of the glass. Multiple feather-shaped flaws originate
from the diamond pattern at the ridge—valley interfaces for the
ED glass [Figs. 7(c and e)]. However, such flaws are not apparent
in the EL glass [Figs. 7(f and h)], suggesting a higher glass quality.
The underlying reasons for such flaws are not clear but could be re-
lated to one or a combination of the following: impurities in the
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Fig. 9. CDFs for AR and AA series for all types of glass.

glass acting as nucleation points, handling of the glass, or etching
process characteristics.

AA Glass

The surface defects known as pits or digs resulting from the sand
impacts are of similar size in all types of glass [Figs. 8(a, d, and
g)]. Gravel impacts at valley locations for acid-etched glass, create
radial/median cracks and are of similar size in all types of glass
[Figs. 8(c, f, and 1)]. Surface chipping also known as chips and
digs in ASTM C1036 (ASTM C1036-21, ASTM 2021b) was no-
ticed where gravel impacts had occurred on ridges for both etched
glasses [Figs. 8(e and h)].

Destructive Tests and Strength Data

The CDFs of the failure stress data are shown in Fig. 9. The corre-
sponding Weibull parameters and the failure stress at salient prob-
abilities of failure are summarized in Table 5.

AR Glass

The etched diamond pattern glass (ED-AR) and the etched linear
pattern glass (EL-AR) were found to be 10% and 33% weaker
than the unetched float glass (U-AR), respectively, at low probabil-
ities of failure (P,=0.008). The strength reduction of ED-AR glass
is within BS EN16612:2019 (BS EN 16612, BSI 2019) recommen-
dations to use a surface profile reduction factor of ky, = 0.75 on the

Table 5. Statistical analysis surface tensile strength results

design bending strength of annealed pattern glass, implying a 25%
strength reduction. The design strength of the EL-AR glass in this
study is below this threshold.

Conversely, at mean probabilities of failure, the strength of the
acid-etched series exceeded that of unetched float glass with the
highest values reported for the ED-AR series. ED-AR in particular,
had a mean strength that was 10% higher and 8% higher than the
U-AR and EL-R series, respectively.

The Weibull shape factor (f) that represents the gradient of the
CDF is an inverse indicator of the scatter in strength data. Higher
values of B were reported for U-AR glass, followed by the
ED-AR glass and subsequently by the EL-AR glass, indicating
that the EL-AR strength data has a larger scatter compared to the
other two types of glass.

The etched linear pattern glass (EL-AR) had a higher data scat-
ter and lower strength compared with the etched diamond pattern
glass (ED-AR). This could be potentially attributed to the higher
ratio of ridge area-to-total surface area (38% versus 15%), an indi-
cation that ridges in patterned glass might be weaker and more
prone to damage accumulation due to their exposed nature.

AA Glass

The CDFs for the ED-AA and U-AA glass were nearly identical
(Fig. 9). The etched linear pattern glass (EL-AA) was 15% lower
than the other two glasses (U-AA and ED-AA) at low probabilities
of failure (P,=0.008). However, the percentage reduction in

Design strength (Py= 8%o) Mean strength (P,=50%)

Max strength Min strength Shape factor Scale factor

Series 00.008 (MPa) 0950 (MPa) max o (MPa) min o (MPa) yij [
U-AR 59.99 97.05 117.88 79.44 9.27 100.96
U-AA 11.74 28.77 41.29 21.51 4.97 30.97
ED-AR 53.96 106.34 144.63 79.75 6.57 112.44
ED-AA 11.82 28.59 39.15 19.64 5.05 30.75
EL-AR 40.14 98.52 125.18 50.59 4.96 106.07
EL-AA 10.08 29.98 38.23 14.33 4.09 32.79
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Table 6. Fractography results

Glass Specimen Flaw morphology Radial/median crack Flaw depth a (um) Flaw location
Unetched U-AR2 Semielliptical No 31 n/a
U-ARS8 Semielliptical No 45 n/a
U-AA9 Semielliptical No 478 n/a
U-AAll Irregular Yes 1,001 n/a
U-AA12 Semielliptical Yes 437 n/a
U-AALS Trapezoidal No 322 n/a
Acid-etched diamond ED-AR1 Semielliptical No 50 Ridge
ED-AA4 Semielliptical chip No 383 Ridge
ED-AA10 Semielliptical No 209 Valley
ED-AAI12 Half penny No 917 Ridge—valley interface
ED-AA13 Trapezoidal Yes 480 Valley
ED-AAIS Trapezoidal No 551 Ridge—valley interface
Acid-etched linear EL-AR1 Half penny No 62 Ridge
EL-ARI11 Half penny No 23 Valley
EL-AR12 Semielliptical No 20 Ridge
EL-AA3 Half penny Yes 72 Valley
EL-AA7 Semielliptical Yes 380 Valley
EL-AA9 Irregular Yes 732 Valley
EL-AA10 Irregular Yes 3,810 Ridge—valley interface
EL-AAI11 Semielliptical No 585 Valley
EL-AAI12 Semielliptical chip No 207 Ridge
EL-AA14 Trapezoidal Yes 595 Ridge
EL-AA1S Semielliptical No 39 Valley

strength from AR to AA was similar for all types of glass at low
probabilities of failure (P,=0.008), namely 80% for the unetched
float glass, 78% for the ED glass and 75% for the EL glass. Similar
to AR glass, the shape factor for the EL-AA glass was smaller than
that of the other two types, indicating a larger scatter in glass
strength data for this type of glass.

Fractography

Fractography was only possible for a small number of AR speci-
mens because the high loads required to induce fracture in AR
glass resulted in high-density fragmentation and associated high-
energy release that tore the self-adhesive film intended to hold
the fragments together, thereby making it difficult to recover the
fragments containing the fracture origin. The fractography results
are summarized in Table 6. Figs. 10 and 11 show typical examples
of critical flaws found in AR and AA glass for each type of glass.

AR Glass
The results showed that the critical flaws were either half-penny
[i.e., semicircular (Lawn 1993)] or semielliptical in shape. The

500 pm

Critical flaw Hackle

Mirror

following depths were measured for each type of glass (mean val-
ues are used where more than one specimens were available): a=
38 um for unetched float (U-AR), =50 um for the etched dia-
mond pattern glass (ED-AR), and =35 pum for the etched linear
pattern (EL-AR) glass. Large discrepancies in critical flaw sizes
are observed for the EL series. This supports the scatter in the
strength data for the EL series reported in the section “Destructive
Tests and Statistical Analysis of Strength Data.”

AA Glass

The shape of the critical flaws in this case varies (semielliptical,
half-penny, or irregular) as it depends on the impact angle of the
gravel during contact with the glass. The mean depth was
o =560 um for the unetched float glass (U-AA), a =508 um for
the etched diamond pattern glass (ED-AA), and =803 um for
the etched linear pattern glass (EL-AA) glass.

The critical flaws located on ridges or at the interface between
ridge and valley of the acid-etched glass for both ED-AA and
EL-AA glass [Figs. 12(a and b)] were significantly deeper than
those found within the valley regions (Fig. 11). This correlates
with the lower strength of the EL series, which has a larger ridge

200 pm
I { 500 pum
=

Critical flaw

~ Critical flaw

”~

Mirror

_,Mist

(a) (b) ©
Fig. 10. Critical flaws in AR glass: (a) unetched float glass (U-AR); (b) etched diamond pattern glass (ED-AR); and (c) etched linear pattern glass
(EL-AR).
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Fig. 11. Critical flaws in artificially aged glass: (a) unetched glass (U-AA); (b) etched diamond pattern glass (ED-AA); and (c) etched linear pattern
glass (EL-AA).
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Fig. 12. Critical flaws in artificially aged glass with gravel impact location at the root of the ridge: (a) etched diamond pattern glass (ED-AA); and
(b) etched linear pattern glass (EL-AA).
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Fig. 13. Hertzian fracture in unetched float glass: (a) complete fracture; and (b) localized fracture.
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Hertzian fracture

(b)

Fig. 14. Hertzian “valley” fracture for (a) ED glass; and (b) EL glass.

area than the ED series (section “Visual Inspection and Micros-
copy”) and a correspondingly higher probability of gravel impact
on the ridges.

Hertzian Fracture

Hertzian fractures in unetched float (U) glass generated radial cracks
that propagated across the glass surface causing complete fracture of
the specimen in five out of six glass specimens [Fig. 13(a)] while a
localized Hertzian fracture was observed in the remaining specimen
[Fig. 13(b)]. Radial cracks, originating from the Hertzian cone crack
and resulting in complete fracture were generated for contact pres-
sure on valley locations for the acid-etched specimens (Fig. 14). The

()

cracks were randomly oriented for the diamond pattern glass (ED)
[Fig. 14(a)]. Similar crack patterns were observed in all linear pat-
terned glass (EL) except for two specimens where radial cracks
formed parallel to the linear etch patterns [Fig. 14(b)].

Fracture patterns induced by Hertzian contact at the ridge loca-
tions of the acid-etched glass were distinctly different from those
nucleating at valley locations; the ridge fractures were mainly local-
ized Hertzian cones [Fig. 15(a)], with the exception of two out of
six specimens of the acid-etched diamond pattern glass (ED)
where the Hertzian cone was accompanied by a small number of
radial cracks [Fig. 15(b)].

The loads applied to cause Hertzian fracture in the specimens
are listed in Table 7. The corresponding stress, calculated from

Fig. 15. Hertzian ridge fracture: (a) localized fractures for ED (top) and EL (bottom) glass; and (b) full fracture for ED glass.
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Table 7. Fracture load and stress for Hertzian fracture tests

Fracture
Load stress
Series a/a Location P (N) or60 (MPa)
Unetched U glass U-H1 NA 5,312.5 973.50
U-H2 NA 5,518.8 985.94
U-H3 NA 5,067.7 958.31
U-H4 NA 5,164.6 964.38
U-H5 NA 5,072.2 958.59
U-H6 NA 5,099.9 960.34
Mean NA 5,206.0 966.8
Etched diamond ED ED -Hvl  Valley NA NA
glass ED-Hv2  Valley 6,364.6 1,033.93
ED-Hv3  Valley 6,040.8 1,016.09
ED-Hv4  Valley NA NA
ED-Hv5  Valley 4,831.9 943.21
ED-Hv6  Valley 4,970.2 952.12
Mean Valley 5,551.8 986.34
ED-Hrl Ridge  2,384.3 745.34
ED-Hr2 Ridge  3,410.6 839.80
ED-Hr3 Ridge  4,793.7 940.72
ED-Hr4  Ridge 3,224.2 824.22
ED-Hr5 Ridge  4,300.8 907.30
ED-Hr6 Ridge  6,370.8 1,034.27
Mean Ridge  4,080.7 881.9
Etched linear EL glass EL-Hvl  Valley 5,281.5 971.60
EL-Hv2  Valley 5,351.9 975.90
EL-Hv3  Valley 5,957.0 1,011.37
EL-Hv4  Valley 6,223.2 1,026.22
EL-Hv5  Valley 6,437.8 1,037.88
EL-Hv6  Valley 4,543.4 924.05
Mean Valley 5,632.5 991.2
EL-Hrl Ridge  1,263.1 603.10
EL-Hr2 Ridge  2,942.9 799.52
EL-Hr3 Ridge  2,955.9 800.70
EL-Hr4 Ridge  3,609.8 855.84
EL-Hr5 Ridge  2,568.1 764.02
EL-Hr6 Ridge  2,262.8 732.46
Mean Ridge  2,600.4 759.3

Eq. (9), was found to be very similar for the unetched float glass
and both acid-etched glass types for “valley” contact pressures
(967 MPa for F, 986 MPa for ED, and 991 MPa for EL glass) indi-
cating negligible differences in fracture strength. However, the
fracture strength for ridge contact on ED and EL glasses is 11%
and 23% lower, respectively, compared to valley contact. These
differences are likely to be due to a further geometric effect; in par-
ticular, the material in ridges is less confined compared with that
found in the valleys, thereby being more susceptible to lateral frac-
ture (bursting) under contact pressure. This indicates that ridges are
weaker than valley regions, which agrees with the fractographic ob-
servations in the section “Fractography,” which showed that the
ridges had significantly deeper flaws than the valleys.

The lowest stress among all types of glass and tested locations
was reported for the EL glass and contact pressure on the ridge.
In particular, the EL glass was found to be 14% weaker than the
ED glass for contact pressure at the ridge location. Similar to the
abovementioned, this is potentially related to a geometric effect
as ridges in EL glass are more pronounced/raised than ED glass
[Figs. 6(b and d)]. Therefore, it is possible for local ridge bursting
effects to occur at a lower load, as the material is less “confined”
compared with the ED glass.

It should be noted that the fracture stress in Hertzian fracture
tests is not directly proportional to the fracture load as the contact
radius, p [Eq. (7)], is also a function of the fracture load. In addition
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and in contrast to the flexural strength data presented in the section
“Destructive Tests and Strength Data,” Hertzian fracture results
refer to mean values as the small number of specimens did not per-
mit a full statistical analysis.

There is a small scatter in fracture loads from the Hertzian tests
at valley locations (coefficient of variation of 1.1%, 4.6%, and
4.3% for F, ED, and EL glass, respectively) while mean loads
ranged between 5.2 and 5.6 kN for the three glass types. A much
larger scatter was recorded for the ridge locations (coefficient of
variation of 11.5% for both ED and EL glass) with mean loads
of 2.6 and 4 kN for the EL and the ED series, respectively.

Previous research on staircase applied loads (Bougard 2002)
showed that the dynamic load induced by pedestrians during nor-
mal operation, including fast descents, could be up to five times
their own body weight (equating to an equivalent static load of
3.75 kN for a person of an average mass of 75 kg) while for abnor-
mal use (e.g., for someone performing a standing jump), this factor
can be up to 10 times their own self weight (i.e., 7.5 kN for a 75 kg
person). This suggests that under normal use, it is possible for Hert-
zian fractures to appear in patterned annealed acid-etched glass
when exposed to hard body contact pressure (e.g., grit/gravel
pressed by pedestrian footwear onto a glass floor or staircase
thread), particularly if the contact pressure is at the ridge of the
acid-etched pattern. However, compression of the patterned acid-
etched glass surface (e.g., from heat treatment) is expected to in-
crease Hertzian fracture strength.

Conclusions

The aim of this study was to evaluate the fracture strength of acid-
etched patterned glass, specifically when the glass is used as a hor-
izontal surface that may be walked on by the general public (e.g.,
glass floors, glass staircase threads). In particular, the study inves-
tigated whether patterned glass has a lower surface tensile strength
and/or a contact fracture strength than standard unetched float glass
and whether the strength values of the etched patterned glass are
especially sensitive to ageing.

A series of nondestructive, ageing, and destructive tests were
therefore undertaken on three types of glass: two acid-etched
glasses (one with a commonly used diamond pattern and one
with a less-common linear pattern) and one type of unetched
float annealed glass.

Micrographs of the AR glasses revealed that the acid treatment
transforms the smooth surface of glass into a surface network of in-
terconnected semispherical elevations, leading to light-scattering
properties, and the associated frosted appearance, of the glass.
The surface of the diamond pattern glass also contained several
feather-shaped linear flaws that propagated from the ridge edges to-
ward the valleys. No such flaws were found in the linear pattern
glass. The root cause of these feather-shaped flaws is unknown,
but strength data obtained from subsequent destructive tests indi-
cate that these flaws have an insignificant effect on the strength
of the glass and are inconsequential for engineering design
purposes.

Controlled artificial ageing by gravel impact successfully in-
duced flaws in all glass types, but the critical flaws found in the
ridges and ridge/valley interfaces of the acid-etched glasses were
significantly larger and deeper than those found on the valleys of
the acid-etched glasses or the unetched float glass, indicating that
the ridges constitute weak regions of the glass. This correlates
with observations from microscopy findings prior to destructive
testing, which revealed large digs (from gravel impacts) at these lo-
cations that are typically accompanied by radial median cracks.
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Conversely, gravel impacts on valleys of the acid-etched glass re-
vealed flaws of similar morphology and size to those observed in
unetched float glass. However, it should be noted that fractograph-
ical analysis could only be performed on a small number of
specimens.

The destructive flexural tests revealed that the mean surface ten-
sile strength of AR acid-etched glass exceeds that of the AR un-
etched float glass, but there is a reversal in rank order at low
probabilities of failure (P,=0.008) used in engineering design:
where the AR unetched float glass was found to be 10% and
33% stronger than the diamond pattern glass and the linear pattern
glass, respectively. This reversal is due to the larger scatter of
strength data in the acid-etched glass relative to that of the unetched
float glass. The surface tensile strength of the linear pattern glass
falls below the 25% reduction threshold recommended in standards
(BSI 2019). Flexural tests on the AA glass revealed that the mean
surface tensile strengths of the three glasses are nearly identical, but
that design surface tensile strength of the linear pattern glass is 15%
lower than the other two glasses. The consistently lower surface
tensile design strength of the linear pattern glass is attributed to
the higher proportion of ridge areas relative to the total surface
area, which increases the probability of a critical flaw (e.g., from
gravel impact) located in these weaker areas.

From Hertzian fracture tests, it was found that there were no sig-
nificant differences in the contact fracture strengths between the un-
etched float glass and the two acid-etched glasses, when the hard
body contact was applied in the valley regions of the acid-etched
glass. Conversely, significant reductions in contact fracture
strengths were recorded for the acid-etched glass relative to the un-
etched glass strength (namely an 11% and a 23% reduction for the
diamond pattern and the linear pattern, respectively) when the hard
body contact was applied at the ridges. This corresponds to contact
fracture load bearing capacities of 5,206, 4,080, and 2,600 N for the
unetched, etched diamond pattern, and etched linear pattern, re-
spectively. The expected range of dynamic point loads under nor-
mal pedestrian use in staircases (Bougard 2002) exceeded the
contact fracture load bearing capacity of the etched linear pattern.
Therefore, in practical applications, it is likely that Hertzian frac-
tures will nucleate in acid-etched linear patterned glass unless
hard body contact is prevented.

It is evident that ridge patterns weaken the glass compared with
the flat material and could potentially lead to the formation of chips
or localized Hertzian fractures. However, the antislip properties of
patterned glass are beneficial for walking surfaces made of glass.
Further studies should focus on: (1) distinguishing the optimal
ratio of ridge area to the total surface area to provide a balance be-
tween friction and fracture resistance; and (2) identifying whether
heat strengthening could improve the Hertzian fracture perfor-
mance of patterned acid-etched glass.
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