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An experimental validation of a mechanics-based finite element model for architectural
laminated glass units subjected to low velocity, two gram projectile impacts is described.
The impact situation models a scenario commonly observed during severe windstorms, in
which small, hard projectiles, such as roof gravel, impact windows. Controlled experiments
were conducted using a calibrated air gun to propel a steel ball against simply supported
rectangular laminated glass specimens. Dynamic strains on the inner glass ply were
measured using foil strain gages and a high speed data acquisition system. Impact speed,
interlayer thickness, glass ply thickness, and glass heat treatment conditions were varied.
Dynamic strains predicted by the finite element model were in close agreement with those
measured in the laboratory. C© 1999 Kluwer Academic Publishers

1. Introduction
Model building code procedures for the structural de-
sign of architectural glass to withstand windstorms have
historically been based on the resistance of glass panels
to lateral wind pressure loadings alone. However, post-
storm inspections of hurricane ravaged regions have
revealed that windborne debris impacts are a primary
cause of ultimate failure in architectural glass during se-
vere windstorms [1]. The failure mechanism has been
documented as a sequence of windborne debris impacts
followed by numerous cycles of positive and negative
wind pressures, which ultimately leads to a breached
building envelope [2–6]. High winds and rain enter-
ing a breached building envelope can cause extensive
damage to building contents and costly disruptions of
building operations. In fact, a significant portion of the
damage costs associated with hurricanes has been at-
tributed to this failure mechanism [1].

If the architectural glass is monolithic, then debris
impacts that cause fracture in the glass panel will
compromise its ability to sustain lateral wind pressure
loadings. Laminated glass; however, which normally
consists of two soda lime glass plies bonded to a thin
interlayer of an elastomeric polymer called polyvinyl
butyral (PVB), has shown inherent resistance to wind-
borne debris impacts because debris impacts typically
must induce fracture in both plies before the unit’s abil-
ity to sustain lateral wind pressure loadings is compro-
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mised [2]. That is, the outer glass ply can be fractured,
while the inner glass ply remains unfractured [6]. In
this context, the outer glass ply can be considered a
“sacrificial ply,” because it can be fractured while the
inner glass ply and the PVB interlayer remain intact. In
the sacrificial ply scenario the integrity of the building
envelope is preserved, provided that the inner glass ply
has sufficient resistance to wind pressures for the dura-
tion of the windstorm. Another important characteristic
of laminated glass is that when a glass ply fractures,
fragments tend to remain bonded to the PVB interlayer
and do not themselves become additional windborne
debris, which mitigates the risk of personal injury and
additional property damage.

To explore fully the feasibility of the sacrificial ply
concept, a project to develop a design procedure for
laminated glass under windborne debris impacts is cur-
rently being conducted by the authors. This new de-
sign methodology is intended to be used in conjunction
with existing procedures for the structural design of ar-
chitectural glass under wind pressures, such as those
cited in ASTM E1300 [7]. Current work consists of de-
veloping a finite element model to evaluate the effects
of low-velocity projectile impacts on laminated glass,
and then validating these finite element results with ap-
propriate laboratory tests. Laboratory validation of the
analytical model is important because these analytical
computations will be used extensively in developing
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the design procedure. In addition, there is relatively
little information in the literature pertaining to labo-
ratory verifications of analytical predictions of strains
and stresses in laminated glass units subjected to low
velocity projectile impacts. Experimental validation of
finite element analyses of windborne debris impacts
on laminated glass units is the primary focus of this
article.

2. Literature review
Analytical and experimental studies of projectile im-
pacts on architectural laminated glass units have been
performed [8–12]. Flocker and Dharani [9–12] mod-
ified the DYNA2D [13] finite element code to model
laminated glass under simulated windborne debris im-
pacts. Specifically, they incorporated the material prop-
erties and geometries of the glass plies and PVB inter-
layer, and they modeled impact effects such as outer
glass ply fracturing and PVB debonding.

Although a number of publications have addressed
stress wave propagation through glass and projectile
impacts on glass, few publications have included exper-
imental verifications of analytically derived stresses in
glass panels under projectile impacts. Tsai and Kolsky
[14] recorded strain pulses in monolithic glass speci-
mens under projectile impacts using strain gages con-
nected to a cathode ray oscilloscope outfitted with a
wideband amplifier, and then compared these data to
strains predicted by elastic half-space theory. They
found that their analysis “gave surprisingly close agree-
ment with the main pulse shapes observed experimen-
tally.” The experimental methods described later in this
article are similar to those used by Tsai and Kolsky, but
the analytical predictions described herein were made
by applying finite element methodology, instead of us-
ing elastic half-space theory. Further, this article fo-
cuses on the impact response of laminated glass units
instead of monolithic glass plates. Kajon and Steindler
[15] also employed experimental procedures similar to
those described herein, but they impacted locomotive
windshields consisting of two plies of tempered glass,
a polycarbonate ply between the two glass plies, and
PVB to bond the three plies together.

Other authors [16–27] have addressed the response of
glass plates to projectile impacts, wherein they reported
various glass failure modes such as Hertz cone cracking,

TABLE I Laminated glass configurations tested under impact conditions

Laminated glass Overall specimen Total specimen PVB interlayer Glass ply Surface compressive prestress, MPa
configuration dimensions, H×W, mm thickness, mm thickness, mm thicknessa, mm (Glass type)b

A 305× 305 6.72 0.76 2.98 1.8 (Both plies annealed)
B 305× 305 10.32 0.76 4.78 4.2 (Both plies annealed)
C 305× 305 11.14 1.52 4.81 1.7 (Both plies annealed)
D 305× 305 11.61 2.29 4.66 2.2 (Both plies annealed)
E 305× 305 10.94 1.52 4.71 46.6 (Both plies heat-strengthened)
F 2486× 1473 10.78 1.52 4.63 67.1 (Both plies heat-strengthened)
G 1829× 1524 10.96 1.52 4.72 80.6 (Both plies fully tempered)

aGlass ply thickness obtained by subtracting PVB interlayer thickness from total specimen thickness and dividing the result by two. Both glass plies
have the same nominal thickness.
bSurface compressive prestress was measured with a Strainoptic Technologies, Inc. Grazing Angle Surface Polarimeter (GASP).

radial cracking and local crushing. Abou-el-leilet al.
[28, 29] compared analytical and experimental stresses
caused by small projectile impacts on helicopter wind-
shields, but their analytical model was based on Hertz
cone fracture theory rather than finite element analy-
sis. Other researchers [30–32] employed finite element
analyses to simulate impact loadings on glass, but the
primary emphasis of these studies was to measure de-
flections of the glass plates or to model Hertz cone
cracking.

In summary, review of the literature indicates that the
scope of this article represents new work that has not
been reported previously.

3. Finite element modeling
The primary purpose of this article is to validate exper-
imentally the analytical model developed by Flocker
and Dharani [9] for the analysis of windborne debris
impacts on laminated glass units. A specimen matrix
(Table I) of some common laminated glass configura-
tions was selected to validate the ability of the analyt-
ical model to predict radial strains on the inner glass
ply surface as a result of small projectile impacts. The
experimental plan included a sufficient variety of con-
figurations to assess radial strain response on the inner
glass ply surface due to the effects of: (1) impact veloc-
ity; (2) interlayer thickness; (3) glass ply thickness; and
(4) glass surface compressive prestress. The configura-
tions in Table I were also chosen to represent a broad
range of architectural laminated glass configurations
found in modern building design practice.

Because details of the finite element formulation of
the problem are found in Ref. [9], only a summary of
the finite element model is presented in this section. A
laminated glass system consisting of an outer glass ply
of thicknessho and an inner glass ply of thicknesshi ad-
hered to a polymer interlayer (PVB) of thicknesshPVB,
subjected to low velocity, two gram projectile impacts
is shown in Fig. 1. A steel ball of radiusR is included
to simulate the effect of windborne debris impacts from
small environmental projectiles such as roof gravel. A
strain gage rosette is mounted on the exposed surface of
the inner glass ply to measure the radial strain response
during impacts. The point of convergence of the axes of
the three strain gages in the rosette (Point A in Fig. 1)
is opposite to the impact site (Point B in Fig. 1). For
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Figure 1 Schematic diagram of a laminated glass unit under a low ve-
locity two gram steel ball impact.

the strain gage used in the experimental test,ro= 2 mm
andrs= 3 mm in Fig. 1.

The glass plies and steel ball are modeled as linear
elastic materials. The deviatoric and volumetric behav-
iors are given by

Si j =
[

Eνεv
(1+ ν)(1− 2ν)

+ p

]
δi j + Eεi j

(1+ ν)
(1)

p = − Eεv
3(1− 2ν)

(2)

where Si j is the deviatoric stress tensor,δi j is the
Kroenecker delta,εi j is the strain tensor,εv is the vol-
umetric strain tensor,p is pressure,E is Young’s mod-
ulus andν is Poisson’s ratio. The PVB interlayer is
modeled as a linear viscoelastic material. The devia-
toric stress tensor is given by

Si j (t) = 2
∫ t

0
G(t − τ )ėi j (τ )dτ (3)

wheret denotes time,̇ei j the deviatoric strain rate and
G(t) the stress relaxation modulus, which is assumed
to be of the form

G(t) = G∞ + (G0− G∞)e
−βt (4)

whereG∞ is the long time shear modulus,G0 is the
short time shear modulus andβ is the decay factor.

Figure 2 A typical mesh used in the finite element analysis.

The volumetric response is elastic, so the pressurep is
computed from the current volumetric strainεv using

p = −K εv (5)

whereK is the bulk modulus.
A nonlinear finite element code, DYNA2D [13], is

employed to model the average radial strain response
over the region covered by the strain gage. DYNA2D
is a nonlinear, explicit, finite element code for analyz-
ing the transient dynamic response of two-dimensional
solids, and was developed by Whirley, Englemann and
Hallquist at the Lawrence Livermore National Labora-
tory. It can be used to simulate contacts, explosives
and propellants. Here, it is used to analyze the dy-
namic response of laminated glass units subjected to
low velocity small projectile impacts. The laminated
glass system and steel ball are discretized using a four-
node element. A typical mesh is illustrated in Fig. 2.
In the current problem, the size of the laminated glass
unit is very large compared to its thickness and the size
of the steel ball. It is, therefore, reasonable to assume
that the radius of the laminated glass unit is infinite. To
simulate this assumption in the finite element analysis,
the laminated glass unit radius is limited to 40 mm, and
non-reflecting boundaries are used along its perimeter.
That is, no support is applied to the laminated glass
unit. Under this assumption reflected stress waves do
not have enough time to travel back to the center of
the laminated glass unit after reaching its boundaries
during the impact load duration; hence, the boundary
condition of the laminated glass unit has no effect on
the stress waves at its center during the impact load
duration. Average radial strains at the strain gage lo-
cation are computed by averaging the radial strains of
the finite elements covered by the strain gage active
grid. The following constants are used in the analysis
[9, 33]: for glass,E= 72 GPa,ν= 0.25, mass den-
sity ρ= 2500 kg/m3; for steel,E= 200 GPa,ν= 0.29,
R= 3.97 mm,ρ= 7800 kg/m3; and for PVB,K = 20.0
GPa,G0= 0.33 GPa,G∞= 0.69 MPa,ρ= 1100 kg/m3

andβ = 12.6 s−1.
First, the effect of element size on solution conver-

gence was investigated. Results show that average ra-
dial strain peak values decrease in magnitude and ap-
proach a constant value as element length decreases.
Satisfactory convergence was achieved by limiting the
element length in the radial direction to be less than or
equal to 0.25 mm.
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Figure 3 Typical average radial strain from finite element analy-
sis at strain gage location for Configuration B (ho= hi = 4.78 mm,
hPVB= 0.76 mm) under a two gram steel ball impact.

Fig. 3 shows typical average radial strains at the strain
gage location as a function of time after impact for
various impact velocities for Configuration B in Table I.
Radial strains are observed to increase monotonically
with respect to increasing impact velocity. The peak
of the average radial strain shown in Fig. 3 is also the
peak of the entire dynamic response, since the local
maximum strains generated by reflected stress waves
are much smaller after the first impact pulse, which has
a duration of approximately 30µs for the impact tests
performed in this study.

Effects due to variations in material properties used
in the finite element analyses were also studied. Stong
[34] observed a range of measured Young’s modulus
for glass of 71.3 to 76.2 GPa. It is found that a change
in Young’s modulus from 71.3 to 76.2 GPa (a 6.6% dif-
ference) produces a change in computed peak strains
at the strain gage location from 316 to 303µm/m
(a 4.2% difference). With a Poisson’s ratio of nearly
0.5, PVB is nearly incompressible, which implies that

Figure 4 Test apparatus used to acquire radial strain responses for laminated glass configurations subjected to two gram steel ball impacts.

its bulk modulus is very large [35]. The computed peak
radial strains approach a constant value as bulk modu-
lus increases. When the bulk modulus exceeds 20 GPa,
computed strains are essentially independent of bulk
modulus. Thus, using a PVB bulk modulus of 20 GPa
or larger in the analytical model accounts well for PVB
incompressibility. The computed peak radial strains ap-
proach a constant value as the short time shear modulus
G0 decreases. When the short time shear modulus is less
than 0.50 GPa, peak radial strains are approximately
independent of this parameter. A short time shear mod-
ulus value of 0.33 GPa, as reported by Hwang [33], was
selected for PVB in this analysis.

Initial laboratory experiments indicated that impacts
with the air gun used in this study could be made con-
sistently within 1 mm from the point of convergence
of the three strain gage axes of the strain gage rosette.
However, it is assumed that the point of convergence
of the strain gage rosette in the finite element analy-
sis (Point A in Fig. 1) is exactly opposite to the im-
pact site (Point B in Fig. 1). The effects of deviation in
impact location (from the point of convergence of the
strain gage rosette) on the average radial strain from
finite element analysis were studied. For example, with
hi = ho= 4.81 mm,hPVB= 1.52 mm and an impact ve-
locity of 9.1 m/s, a radial impact location deviation of
1 mm from the point of convergence produces approxi-
mately 10% deviation in the peak value of the computed
average strain. Thus, the effects of deviations in impact
location are significant, and these effects need to be
considered carefully when comparing computed finite
element strains to measured strains.

In summary, a finite element approach was applied
to model a laminated glass system subjected to low
velocity impacts from small projectiles. Effects on the
computed results due to variations in finite element size,
laminated glass configuration, material properties and
impact location were investigated. Computed finite ele-
ment results will now be compared with corresponding
experimental data for the configurations in Table I to
assess the validity of the finite element model.

4. Experimental plan and test apparatus
The test apparatus in Fig. 4 was used to acquire the
radial strain responses for the configurations in Table I.
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A detailed description of the test apparatus in Fig. 4 is
given below.

Square, 305× 305 mm laminated glass specimens
as described in Table I were secured in a custom-built
wooden holding frame with rubber spacers, while the
larger rectangular specimens (Configurations F and G)
were secured in commercially constructed aluminum
frames using rubber gaskets. Thus, all specimens were
simply supported along their entire perimeters. How-
ever, to be consistent with the non-reflecting boundary
support condition employed in the finite element model,
projectile impacts were made at sufficient distances
from specimen boundaries [at least 102 mm (4 in.)] so as
to minimize the possibility of wave reflection and other
boundary effects in the laminated glass specimens.

A compressed air gun was fabricated in-house to
propel the steel balls. Selection of the 7.94 mm di-
ameter, 2.0 gm hardened chrome steel ball projectile
was made on the basis of windstorm records and his-
torical accounts of window glass damage caused by
windborne debris impacts [36, 37]. Positioning of the
air gun over the impact site was accomplished using a
laser pointer as a sighting device in conjunction with a
three-dimensional positioning table. All impacts were
made normal to the outer glass ply with a gun muzzle-
to-glass distance of 25 mm, which made velocity loss
between the gun muzzle and the impact site negligi-
ble. Velocity for each impact was measured at the gun
muzzle using optical sensors described by Behr and
Kremer [8]. Accurate measurement of impact veloci-
ties was ensured through the use of high speed 35 mm
photography under a stroboscopic light source, as well
as a commercial ballistic chronograph normally used to
establish muzzle velocities of firearms. Both techniques
for calibrating the projectile velocities are detailed by
Behr and Kremer [8]. Analysis of the recorded veloc-
ity data for all impacts made in this study indicated that
impact velocity could be controlled to within±0.5 m/s.

Impacts were made on the outer glass ply directly
opposite the point of convergence of the strain gage
rosettes mounted on the exposed surface of the inner
glass ply. Thus, it was necessary to transpose the lo-
cation of the point of convergence to the impact side
(i.e., the outer glass ply) using an inspection micro-
scope to minimize impact location errors. Post-impact
inspections indicated that each impact location could be
controlled to within a radial distance of 1.0 mm from
the center of the point of convergence target.

Although it is possible to fracture both glass plies of
a laminated glass unit as a result of a projectile impact
on the outer glass ply, fracture of the inner glass ply
at the active grid location of a strain gage could lead
to gage lift-off and erroneous output from that strain
gage. Also, the overriding objective of the sacrificial
ply design concept is to ensure that the inner glass ply
of a laminated glass unit remains unfractured as a result
of windborne debris impacts. For these reasons, impact
velocities in this study were kept below those that would
consistently cause inner glass ply fracture. The lower
bound of impact velocity for each configuration was
selected on the basis of laboratory trials to be 9.1 m/s
(30 ft/s).

For the velocities and laminated glass configurations
employed in this study, the portion of the radial strain
response of most interest occurs within approximately
30µs after impact and is characterized by a steep strain
gradient. For these reasons, the data acquisition system
needed to have a sufficiently high frequency response
bandwidth and a sufficiently high data acquisition rate
to capture the radial strain response adequately. Ra-
dial strains were measured with Measurements Group
CEA-06-125UR-350 45◦ strain gage rosettes mounted
on the inner glass ply of the specimens. Rosettes in-
cluded three 350Ä, 3.175 mm gage length constantan
foil strain gages encapsulated in a polyimide backing.

Strain gage rosettes were bonded to the inner glass
ply of the laminated glass specimens using Measure-
ments Group M-Bond 200 cyanoacrylate adhesive.
Light abrasion of the inner glass ply surface with a
220 grit silicon carbide sandpaper over the area to be
covered by the rosette was performed to ensure good
adhesion of the strain gage rosette to the glass. It is
important to emphasize that the overall objective of
the sacrificial ply concept is to allow the outer ply of a
laminated glass unit to fracture under windborne debris
impacts, but to protect against inner glass ply fracture.
Thus, the strain gage measurements were intended to
be made on an unfractured inner glass ply. The small
amount of surface abrasion employed in this study to
improve bonding of strain gages to the inner glass ply
of laminated glass test specimens did not undermine the
objectives of this paper, since these objectives did not
include an investigation of inner glass ply failure modes
as a result of projectile impacts on the outer glass ply.

Each strain gage was connected to a Measurements
Group Model 2311 strain gage conditioning amplifier
in a three-wire quarter bridge configuration to measure
tensile strains. Conditioning amplifiers were operated
in “wideband mode” to allow unfiltered passage of the
strain gage signals and to maximize the frequency re-
sponse of the amplifiers. Using the portion of the strain
response of interest to this study as a guide (Fig. 3) in-
dicated that the frequency component of the main strain
peaks was about 33 kHz. The manufacturer’s reported
frequency response for the 2311 amplifiers is given as
dc to 50 kHz at−0.5 dB and dc to 135 kHz at−3 dB
in the wideband mode within an amplifier gain range
of 100 to 1100 [38]. Additionally, the manufacturer re-
ported that the slew rate of the 2311 amplifier is greater
than 6 V/µs over all gain settings [39]. Therefore, the
frequency response of the amplifiers was more than
adequate for capturing that portion of the radial strain
response of primary interest in this study.

Shunt calibration of the strain gage conditioning am-
plifiers was performed with a Measurements Group
Model 1550A strain indicator calibration box. A 5 volt
bridge excitation and an amplifier gain setting of 1100
on each strain gage conditioning amplifier was found to
provide high signal-to-noise ratio and negligible zero
shift with time. Conditioned and amplified output from
the conditioning amplifiers was sent to two HP54600A,
100 MHz, two-channel digital oscilloscopes. Digitized
radial strain response curves from the oscilloscopes
were transferred across an IEEE488.2 interface with the
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Figure 5 Representative set of radial strain response curves for each gage of one rosette during a 9.1 m/s impact on Configuration F:ho= hi = 4.63 mm,
hPVB= 1.52 mm.

aid of a program written in QuickBASIC on a 80386
personal computer for later viewing and analysis. The
effective data acquisition rate was 2.0 million samples
per strain gage channel per second (2.0 MHz), which
permitted the strain pulse from each strain gage to be
captured and graphed with precision. At a data acqui-
sition rate of 2 MHz, approximately 0.5µs elapses be-
tween samples. For a strain pulse with a duration of
30µs, approximately 30µs÷ 0.5µs/point= 60 points
are available to plot the main portion of the strain pulses
presented in this article (Fig. 5).

5. Results and discussion
It is important that finite element strain computations
and experimental strain measurements for each con-
figuration be put on the same basis in order to ensure
rational comparisons between the two sets of results.
Average peak strains from the finite element analysis
were computed over the region covered by the active
grid of each strain gage, because strain gage measure-
ments represent an average strain over the active grid of
the gage. In addition, because the middle gage of each
rosette was 1.27 mm closer to the point of convergence
of all three gages as compared to the other two gages,
it was necessary to account for this position variance in
the finite element model computations.

A representative set of radial strain response curves
for each gage of one rosette during a 9.1 m/s impact
on Configuration F is shown in Fig. 5, along with the
average radial strain response as predicted by finite el-
ement analysis. It should be noted that the curves in
Fig. 5 represent only that portion of the radial strain re-
sponse of interest to this study. It is clear from Fig. 5 that

the measured radial strain response compares closely
in both shape and magnitude with the finite element
prediction. Fig. 5 also shows that the radial strain of the
middle gage of the rosette (Channel 2) is higher than
those in the other two gages, due to the aforementioned
fact that the middle gage was 1.27 mm closer to the
point of convergence of all three gages as compared
to the other two gages. Measured radial strains for the
middle gage were typically 15 to 20% higher than the
other two gages, which was reasonable given its closer
proximity to the point of impact.

Comparisons of peak radial strains from the finite
element analysis to those measured experimentally are
given in Table II. Variations in the number of data points
(n) reported in Table II are generally due to the fact that
some impact locations were impacted more than once
when no visible damage was noted on the glass surface
after a prior impact. Inspection of the data for those
cases where multiple impacts were made on a given
impact location indicated that multiple impacts had no
noticeable effect on measured radial strains, provided
that earlier impacts at the same location produced no
visible surface damage, as detectable by the unaided eye
to the outer glass ply. In a limited number of instances,
data from strain gage rosettes were not used due to
incomplete adhesion to the glass substrate.

Table II contains a summary of computed and mea-
sured peak strains on the inner glass ply surface for
laminated glass Configurations A through G under two
gram steel ball impacts. Coefficients of variation in
measured peak strains range from a low of 1.5% to
a high of 26.0%, with an average of 15.6% for the val-
ues reported in Table II. Percent differences between
finite element and experimental peak strains in Table II
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TABLE I I Computed and measured peak strains on inner glass ply surface due to a two gram steel ball impact

Laminated glass Impact velocity, Finite element average Measured mean peak strain, Percent
configuration m/s (ft/s) peak strain (µm/m)a ±one standard deviation (µm/m)a difference (%)b

A 9.1 (30) 580 580± 130 (CV= 22.4%;n= 16)c 0.0
12.2 (40) 780 770± 200 (CV= 26.0%;n = 11) 1.3

B 9.1 (30) 330 360± 50 (CV= 13.9%;n = 13) 8.7
12.2 (40) 450 420± 80 (CV= 19.0%;n = 6) 6.9
15.2 (50) 590 580± 130 (CV= 22.4%;n = 6) 1.7
18.3 (60) 730 790± 70 (CV= 8.9%;n = 6) 7.9

C 9.1 (30) 310 260± 40 (CV= 15.4%;n = 9) 17.5
15.2 (50) 560 630± 80 (CV= 12.7%;n = 6) 11.8
18.3 (60) 690 650± 10 (CV= 1.5%;n = 5) 6.0

D 9.1 (30) 310 280± 30 (CV= 10.7%;n = 5) 10.2
15.2 (50) 560 550± 80 (CV= 14.5%;n = 5) 1.8
21.3 (70) 830 790± 130 (CV= 16.5%;n = 5) 4.9

E 9.1 (30) 320 360± 50 (CV= 13.9%;n = 8) 11.8
21.3 (70) 840 940± 200 (CV= 21.3%;n = 7) 11.2

F 9.1 (30) 330 310± 30 (CV= 9.7%;n = 12) 6.3
21.3 (70) 860 940± 240 (CV= 25.5%;n = 8) 8.9

G 9.1 (30) 320 310± 20 (CV= 6.4%;n = 6) 3.2
21.3 (70) 840 1020± 210 (CV= 20.6%;n = 4) 19.4

aPeak strains are rounded to the nearest 10µm/m.
bPercent difference between finite element and measured peak strains is calculated as follows:

∣∣∣ finite element−measured
(finite element+measured)÷ 2

∣∣∣ × 100%.
cCV= coefficient of variation [(standard deviation÷ mean)× 100%];n= number of data points.

range from 0 to 19.4%, with an average of 7.7%. Thus,
the experimental strain data are repeatable, and the cor-
relations between finite element predictions and exper-
imental data are good.

When comparing Configurations B, C and D in Ta-
ble II (i.e., Configurations B, C, and D have the same
nominal glass ply thickness, but have different PVB
interlayer thicknesses), a slight decrease in peak radial
strain is observed as PVB interlayer thickness increases
in both the finite element analysis results and the lab-
oratory measurements. Glass ply thickness appears to
have a more pronounced effect on peak radial strains,
as seen when comparing peak strains at the same im-
pact velocity for Configurations A and B in Table II
(i.e., Configurations A and B have the same PVB in-
terlayer thickness but have different nominal glass ply
thicknesses).

Surface compressive prestress, as present in heat-
strengthened and fully tempered glass types, had no
apparent effect on measured peak strrains caused by
projectile impacts, as seen when comparing peak strains
at the same impact velocity for Configurations C, E,
F and G in Table II (Configurations C, E, F and G
all have the same nominal glass ply thicknesses and
PVB interlayer thickness, but the glass plies are com-
prised of different glass types). This would be expected,
since the stresses due to the impact loading are super-
imposed on the surface compressive prestresses that
pre-exist in heat-strengthened and fully tempered glass
plies. Since strain gages measure strain differentials
from an unloaded (unstrained) condition to a loaded
(strained) condition, superimposing tensile strains to
heat-strengthened and fully tempered glass surfaces
causes these surface strains to become “less negative.”
Thus, although Table II shows no significant differences
in peak strains (or, more precisely, peak strain differ-
entials) due to projectile impacts as a function of glass
type, the presence of surface compressive prestress in
heat-strengthened and fully tempered glass types will

Figure 6 Peak radial strains by finite element analysis and by experiment
on inner glass ply surface of all laminated glass configurations tested
under a two gram steel ball impact.

increase the overall fracture resistance of inner glass
plies under windborne debris impacts, as reported ear-
lier by Behr and Kremer [8]. Improved impact resis-
tance can be expected from heat-strengthened and fully
tempered glass types because one mode of glass frac-
ture is related to the net tensile stress on a given glass
surface.

A graphical summary of all computed and measured
peak strains in this test program is given in Fig. 6. Dis-
tribution of data about the 45◦ line of equality in Fig. 6
demonstrates the close overall correlation between the
finite element computations and the measured strain
data. It is also interesting to note that this close corre-
lation between the finite element computations and the
measured strain data exists despite the fact that damage
to the outer glass ply was not explicitly incorporated
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into the finite element computations. Thus, for this im-
pact scenario, it does not appear important in the finite
element formulation to model outer glass ply damage
in order to calculate reasonably accurate inner glass ply
strains.

6. Conclusion
This study confirmed the ability of an analytical finite
element model to predict accurately the peak strains
in representative architectural laminated glass units as
functions of impact velocity, laminate configuration,
and component material properties. Correlations be-
tween peak radial strains computed using finite ele-
ment analysis and those measured experimentally were
close, with the average difference between analytical
predictions and experimental data being 7.7%. Peak
radial strain increases significantly as projectile impact
velocity is increased, and peak radial strain decreases
significantly as glass ply thickness is increased. Peak
radial strain decreases only slightly, however, as PVB
thickness is increased, and peak radial strain (or, more
precisely, the increment of peak radial strain due to pro-
jectile impact) is unaffected by the existence of a state
of compressive prestress on the glass surface—as exists
in heat-strengthened and fully tempered glass. Thus,
net glass surface stresses due to heat treatment during
manufacture and projectile impacts during service can
be obtained by straightforward algebraic superposition
of these stresses.

The successful experimental validations of finite el-
ement computations performed in this study accom-
plished an important step toward developing a com-
prehensive, mechanics-based, failure prediction model
for laminated glass units under low velocity projectile
impacts such as those encountered during severe wind-
storms. Specifically, strains and stresses computed by
finite element analysis will be related to the probabil-
ity of inner glass ply failure in laminated glass units
under windborne debris impacts. Then, a design pro-
cedure will be developed for architectural laminated
glass units wherein only the outer (exterior) glass ply is
broken during windborne debris impacts. Provided that
the unbroken inner glass ply is designed for the appro-
priate lateral wind pressures, the resulting “sacrificial
ply” laminated glass units will improve significantly
the overall resistance of building envelope systems to
the ravaging effects of severe windstorms.
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