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Abstract

Current standards and glass codes of design practice require that glazing used in architectural applications has to be resistant to,

in addition to typical loads, also accidental events, in particular human impact, without showing damage that is disproportionate to the

original cause. A case study was performed of an indoor glass lantern in a public building made from slender two-side supported glass

panels with a complex geometry (36 ventilation holes). The paper provides structural assessments and results of in-situ experiments

including static loading and soft body impact. Results from numerical simulations of impact loading on the glass panels complementing

the experimental results are also presented.
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1 Introduction

Current standards and glass codes of design practice require
that glazing used in architectural applications has to be resis-
tant to, in addition to static loads, also accidental events,
in particular such as human impact, without showing dam-
age that is disproportionate to the original cause [1-3].

Slender glass panels are widely used to build storefronts
and indoor separation walls in offices, shopping malls and
public buildings [4, 5]. The design and construction of such
panels should be safe for general use and should meet cur-
rent and accepted technical standards. This relates par-
ticularly to the situations where such panels are required
to ensure protection of neighboring walkways and have to
bear the loads of persons leaning against the glass. To meet
these requirements, the panels are usually made of lami-
nated glass which shows improved post-breakage perfor-
mance [6, 7]. In case of breakage of a single sheet in the
laminated glass, the interlayer prevents the fragments from
being scattered. Therefore, the solution provides a certain
level of residual load-bearing capacity and reduces the risk
of injury from cuts.

With respect to the building standard EN 1991-1-1 [8],
glass panels mounted vertically should satisfy the basic
load requirements in terms of an internal or external wind
load and a static barrier loading (crowd loads). The panels

should also protect people from cutting and piercing
injuries resulting from accidental impacts. In addition,
at risk areas, for instance at locations where a difference
in height constitutes a falling risk, building codes require
the use of safety glass, which performance and classifica-
tion is assessed by the impact pendulum test according to
EN 12600 [9].

The paper presents a case study of an indoor glass lan-
tern in a public building constructed with slender glass
panels with complex geometry previously reported in [5].
It briefly reports the structural assessment and results
of in-situ testing including static loading and soft-body
impact. The current paper is an extension of the contri-
bution [5], it focuses on numerical studies aimed at better
understanding of structural behavior of the panels under
soft-body impact, in particular, the structural response in
post-breakage state.

2 Case study

The lantern which is a subject of the case study allows nat-
ural sunlight to illuminate the underground stories of the
building. It is also a part of the ventilation and smoke
extraction system in the event of fire. This is reflected in
the construction details, a number of holes located in the
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lower part of the glass panels allows for efficient air flow
between the interior floors and the lantern (Fig. 1). The lan-
tern runs through several stories of the building, however,
the glass panels that build the lantern span between two
floors and are considered as separate components.

The glass panels create a glass room with an approxi-
mately height of 4.4 m and 15 x 6 m” in plan. Each glass
panel with the dimensions of 0.99 x 4.38 m” consists of two
10 mm thick and fully toughened safety glass sheets lam-
inated with 1.52 mm thick interlayer of Polyvinyl Butyral
(PVB) [10]. The gap between panels is 10 mm.

In the lower part of the panels there is an array of 6 x 6
ventilation holes, each being 50 mm in diameter. The spac-
ing between the holes is 125 mm (center to center) in both
directions. The array of holes starts at about 350 mm above
the bottom edge and is located at about 180 mm from the
vertical edge. The panels are self-supported along the bot-
tom edge and through two nylon bearing blocks. Out-of-
plane restraints are provided by the aluminum profiles
through rubber gaskets.

According to design documentation, the panels have
been designed for several load cases. These included an
internal pressure of 0.2 kN/m” and a barrier loading of
1.0 kN/m applied at the height of 1.1 m above the floor
level. Although the structural design was proven to meet
the requirements regarding maximum stress in glass and
deflection, a decision was made to experimentally verify
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Fig. 1 Panel geometry (dimensions in mm)

the panels regarding the load-bearing capacity under static
and soft-body impact loading. It was decided that two pan-
els of the lantern were designated for in-situ destructive
testing after which the elements would be replaced.

3 In-situ test set-up and main results
3.1 Static barrier loading
A Single static barrier loading test was performed with
respect to the loads according to EN 1991-1-1 [8]. The hor-
izontal loading was applied at the height of 1.1 m above the
finished floor level by a hydraulic jack mounted on a steel
beam temporally fixed to steel columns located at the cor-
ners of the lantern (Fig. 2). To ensure that the loading was
applied as a linear load, a 100 mm wide flat steel bar 15 mm
in thickness was bonded to the glass with epoxy resin, dis-
tributing the point load generated by the jack into a line load.
The vertical deflection of the panel was measured with
a linear variable differential transformer (LDVT) that was
installed centrally on the panel (on the hydraulic jack side)
approximately 100 mm below the load introduction point.
In addition, a set of single-axis strain gauges were bonded
vertically to the panel at several positions on the tensile side
of the glass to measure tensile strain. The locations of the
gauges on the panel allowed for measurements of strains in
the highest stressed area and analysis of the influence of the
holes in the glass on the strain values. The location of the
LDVT and the strain gauges are shown in Fig. 3.

Fig. 2 Static barrier loading test-set up
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Fig. 3 Positions of strain gauges and LVDT

Fig. 4 shows the load versus displacement curve
obtained from the static test. In the figure, local jumps
of the signal can be observed. It is due to the fact that the
load was powered by a hand pump which is usually used
during in-situ tests. Under the characteristic designed
load (1 kN/m) the measured deflection was approximately
30 mm. It should be noted that the location of the maxi-
mum deflection of the panel was above the load introduc-
tion point (at approximately 2.5 m from the finish floor
level). The maximum deflection measured with a line ruler
(34 mm) was lower than the allowed deflection as speci-
fied by the standard [2] that is 4380/100 = 43.8 mm.

Fig. 5 shows tensile stresses (in vertical direction) cal-
culated from the strain gauges (Fig. 3). The stresses were
calculated by multiplying the micro-strains by the Young's
modulus of glass of 70 GPa assumed after material prod-
uct standard [11]. It is clear, that the gauge no. 1 shows
approximately 40 % higher values of stress than the gauges
no. 2-5. It is due to the influence of holes in the glass
resulting in stress concentrations in this area. The stress
measured by the gauges no. 3-5 positioned 100 mm above
the load introduction point show stresses lower about 7 %
in comparison to the readings by the gauge no. 2.

3.2 Soft-body impact

Soft-body impact test was performed on a panel adjacent
to the panel subjected to static barrier loading (Fig. 6).
The impactor used was the pendulum described in [9] with
amass of 50 kg. It consisted of two pneumatic tires inflated
with 4 bar air pressure and a steel weight. The impac-
tor was brought to a drop height of 900 mm (the maxi-
mum value of drop height according to [2]) and released.
The panel was hit at three locations: at the center of the set
of holes, at the center at the height of 1500 mm and close
to the edge at the height of 1500 mm. Despite considerable
deflection of the panel after impact, no breakage of glass
occurred. During the tests, no strain or deflection mea-
surements were made.
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Fig. 4 Results of static loading test: Load vs. lateral displacement
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Fig. 5 Results of static loading test: Load vs. tensile stress

Fig. 6 Soft-body impact test-set up with: intact panel (left), panel with

single ply deliberately fractured
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In the next phase, the compressed ply of the laminated
glass was deliberately fractured using a steel chisel and
a hammer. The fractured ply was located on the impactor's
side due to the fact that building users had no access to the
interior of the lantern. The test was repeated with the drop
height reduced to 450 mm (the lowest value of drop height
according to [2]). It is common practice to used reduced
values of loads in accidental load cases. During the test,
the undamaged ply in the laminate remained intact which
confirmed the safety of the panel in post-breakage state.

4 Finite element modelling

A finite element (FE) model was developed using the com-
mercial FE program ABAQUS [12] to further study the
structural behavior of the panel with the same geome-
try and build-up as in the in-situ experiments. The study
was aimed at better understanding the structural perfor-
mance of the glass panel under static loading and soft-body
impact, in particular in terms of its safety and utilization
level. All analyses were run in displacement control includ-
ing nonlinear effects of large deformations. The static and
dynamic analyses of the panel were computed with Implicit
Standards and Implicit Dynamic solvers [12], respectively.

The geometry and boundary conditions of the model
are shown in Figs. 7 and 8. The panel was supported lat-
erally along the top and bottom edges, whereas only the
bottom edge was supported vertically. Two loading con-
ditions were considered. The static barrier load was
applied as liner loading 1 kN/m at 1.1 m above the bot-
tom edge (Fig. 2). For the simulations of soft-body impact,
a numerical model of impactor developed in [3] was used.
The model consisted of two pneumatic tires and a steel rim
with a total mass of 50 kg according to [9].

The set-up of the soft-body impact model is shown in
Fig. 9. The swing of the pendulum was simulated by setting
it in motion with the initial velocity v, calculated for a given
drop height () with g =9.81 m/s” according to Eq. (1):

vy =2 - M

According to [2], various drop heights were consid-
ered (450, 700 and 900 mm). The values correspond to the
impact energies of 220.7, 343.4 and 441.4 J, respectively.

Eight-node continuum shell finite elements (SC8R ele-
ments from ABAQUS elements library [12]) were used for
the glass and interlayer. The continuum shell finite ele-
ments, just like regular shell elements, have only displace-
ment degrees of freedom and the thickness is interpreted
from the geometry of an element [12]. The continuum

Glass panel

Line load 1kN/m
(at 1.1 m)

Fig. 7 Finite element model used for static barrier loading

Glass panel

50 kg impactor

Fig. 8 Finite element model used for soft-body impact

shell elements allow for efficient modeling using only one
element through the thickness of the element [13]. A con-
vergence study was employed to determine optimum FE
size of glass and interlayer. Different FE sizes around the
holes (from 25 to 5 mm) were investigated while keeping
the global element size of 40 mm. The results were stud-
ied by examining the relative change in output variable
extrema with global maximum principal stress in glass
O max @S @ base value. Fig. 10 shows results of the con-
vergence study. It was concluded that the FE mesh con-
verges to a sufficient degree at the FE size of 5 mm (rel-
ative change of global maximum principal stress in glass
O\ max Was less than 2 %). Final mesh pattern consisted of
88441 finite elements (Fig. 10).

Material properties of glass and interlayer are shown
in Table 1. Glass was represented using linear elastic
material properties according to [11]. In post-breakage
state, reduced value of Young's modulus of fractured glass
(in compression) was set based on previous studies [3].
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Fig. 9 Convergence of the FE model in terms of relative change of
global maximum principal stress in glass
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Fig. 10 Convergence of the FE model in terms of relative change of
global maximum principal stress in glass

Table 1 Summary of material properties [11, 17, 3]
Density [kN/
3.

Elastic modulus Poisson's ratio

Material

m’] [MPa] [-]
70 000 (intact)
Glass 25 17 500 (fractured, 0.23
in compression)
Interlayer 10 2:2 (5 min. load) 0.49

379.8 (20 ms load)

Due to the viscoelastic nature of the PVB interlayer,
the mechanical response of a laminated glass element
is substantially influenced by the duration of loading [14].
For static and dynamic loading, the value of Young's mod-
ulus was calculated with respect to [15, 16] for 5 min. and
20 ms load duration, respectively.

5 Results and discussion

5.1 Static loading

Fig. 11 presents principal tensile stress map of the panel
loaded with static barrier load. Clear influence ofholes in the
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glass resulting in stress concentrations can be observed.
The stress around the holes (28.8 MPa) is approximately
60 % higher than the stress outside the perforated area.
Table 2 shows a comparison of experimental and
numerical results in terms of horizontal displacement ()
and vertical stress at specific positions of strain gauges
(0y,, 0y,, 0y;). The table provides also predicted global val-
ues of maximum principal tensile stress (o, ,,,) and max-

imum horizontal displacement (J,__ ). For the purpose of

the validation, the experimental results were considered as
reference values. Table 2 shows that the numerical model
is capable of predicting the values of stress and deflec-
tion with a reasonably good accuracy (differences less
than 5 %). The maximum deflection of the panel (found in
FE study) was approximately 4 % larger than the deflec-
tion predicted at the LVDT position. Similarly, the value
of maximum (global) principal tensile stress in glass was
found to be 52 % larger than the vertical stress simulated
at the gauge position.

The value of maximum principal tensile stress in glass
was checked against allowed values based on the charac-
teristic strength of toughened glass 120 MPa [16] and the
load duration factor k,, , = 0.77 (for barrier loads). It was
found that the utilization level of the panel under static load
was 0.26. The maximum deflection was 24 % lower than the
allowed value (43.8 mm) as specified by the standard [17].

S, Max. Principal
SNEG, (fraction = -1.0)
SPOS, (fraction = 1.0)
{Avg: 75%)
+2.8826+07
+2.641e+07
+2.4010+07
+2.161e+07
+1.921e407
+1.6816+07
+1.441e+07

¥ @ @

+1.2010407
+9.605e+06
+7.2040+06
+4.802e+06
+2.4010406
+0.0002+00

o & ¢
® & o

Fig. 11 Results of FE study: Map of maximum principal tensile stress in

glass (figure shows tensile side of panel)

Table 2 Experimental results (static barrier loading of 1 kN/m) for
tested specimen and numerical FE predictions

Values measured and predicted in Global values

specific locations pre(;i](;t;:/[d by
o oy, Oy, Oys O\ max Orax
[mm] [MPa] [MPa] [MPa] [MPa] [mm]
EXP 3022 2072 15.40 14.28 - -
FEM 2890  18.99 15.42 14.84 2882  33.34
FEM/EXP  0.96 0.92 1.00 1.04 - -
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5.2 Soft-body impact

Figs. 12 and 13 present results of soft-body impact sim-
ulations in terms of history of force (F) in the pendulum
and maximum principal tensile stress in glass (o)
respectively. In addition, the figures show a comparison of
results of the intact glass panel (continuous lines) and the
panel with single glass ply fractured (dashed lines) sub-
jected to soft-body impact released from 450 mm.

Dynamic response of a panel subjected to soft-body
impact lasted much longer than the time of physical con-
tact between the glass and the impactor. It can be noticed
by comparing the histories of force and stress in glass.
The maximum value of stress occurs approximately 10 ms
later than the time when the force reaches its maximum.

The maximum force for the fractured model was approx-
imately 8 % lower than for intact model for the same drop
height (450 mm). It can be explained by the fact that the
force highly depends on the stiffness of the panel. The frac-
tured panel shows lower stiffness due to the reduced
Young's modulus of glass for fractured ply. The fractured
panel shows approximately 15 % higher value of maximum
stress in comparison to the intact panel despite of lower
force. This is due to the fact that in the laminated glass
consisting of two plies with different Young's moduli the
stiffer ply attracts more stress.

The results of the numerical studies are summarized
in Table 3. The values of maximum principal tensile stress
in glass was compared to the allowed values based on the
characteristic strength of toughened glass 120 MPa [16]
increased by a factor of 1.4 due to the increase of glass
strength at high strain rates [2, 17]. Under soft-body impact
the intact panel shows utilization level of 61 % for the high-
est impact energy (drop height of 900 mm). The fractured
panel despite the lower stiffness presents the utilization
level of 50 % for the reduced drop height (450 mm).

5.3 Reduced modelling
The soft-body simulations were re-run for a reduced panel
without holes (Fig. 14). The global element size of the panel
was kept 40 mm, which resulted in total number of finite
elements of 9300, which is approximately 1/10 of the total
number of finite elements of the model with holes.

To account for the increased stress around the holes,
a stress concentration factor K| for a single row of circular
holes in infinite plate (Fig. 15) subjected to simple bending
was considered [18].

The stress concentration factor K, was calculated
according to Eq. (2):
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Fig. 12 Results of soft-body impact simulations (intact glass):

Force vs. time
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Fig. 13 Results of soft-body impact simulations (intact glass):

Maximum principal tensile stress in glass vs. time

Table 3 Numerical results (soft-body impact)

Drop height Allowed stress

- Fun NI oy IMPa] 2 OO
Intact glass

450 7.26 72.72 168.0
700 9.15 90.69

900 10.39 102.7

Fractured glass

450 6.71 83.41 168.0

2 3
K, =1.787 - 0.060{1] - 0.785(1j + 0.217(% )
L L L

where d is the diameter of hole (50 mm) and L is the cen-
tral spacing of the holes in an array (125 mm). For the
panel with array of holes, the stress concentration factor
K, was 1.65.



Fig. 14 Finite element mesh for reduced model (without holes)
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Fig. 15 Single row of circular holes in infinite plate [18]

Fig. 16 presents a comparison of results of soft-body
impact simulations of the full model (with holes) and the
reduced model without openings. The results of the reduced
model were multiplied by the stress concentration factor X,
The maximum value of principal tensile stress in glass for
the reduced model overestimates the full model by only
5 %. This approach provides sufficient results and signifi-
cantly reduces computation time of the impact analysis.

6 Conclusions

The paper presents a case study of a slender glass panel
with complex geometry. It provides results of in-situ veri-
fication and results of numerical simulations that comple-
ment the experimental results. Based on the evaluation of
the experiments and performed numerical studies the fol-
lowing conclusions can be drawn:
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Fig. 16 Results of soft-body impact simulations (intact glass):

Maximum principal tensile stress in glass vs. time

» The structural design of the glass panel was proven
by experimental in-situ verification including static
barrier loading and soft-body impact test of intact
and in post-failure state. The results from the static
loading test shows that under the loading of 1.0 kN/m,
maximum stress and deflection are within accept-
able limits. The soft body impact tests proved the
safety of the panel in intact state and in in post-fail-
ure state (fractured glass).

» Nonlinear model developed is capable of producing
accurate results and predicting the structural behav-
ior of the glass panel under static barrier load (dif-
ferences in comparison to experimental results were
found to be less than 5 %).

* From the FE study on the impact behavior of the
panel it is concluded that the glass panel is able
to resistant soft-body impact from the double-tire
impactor dropped from 900 mm. Pre-fractured panel
shows approximately 15 % higher value of maxi-
mum stress in comparison to the intact panel despite
of lower force.
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