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Abstract: The structural performance of glass panes under blast-induced pressures is commonly analyzed using 
single-degree-of-freedom (SDOF) models, which assume that the response is governed by the fundamental mode 
of vibration. However, in close-range explosion scenarios where the load duration is significantly shorter than the 
natural period of the glass pane, higher-mode effects can become significant. To enhance the blast resistance of 
glass panels, it is important to understand their behavior under a wide range of explosion scenarios, including 
close-range blasts. Unlike previous studies that have primarily focused on long-distance explosions with relatively 
long load durations, this study investigates the dynamic response of glass panes under short-duration blast loads. 
The investigation is conducted using calibrated finite element (FE) simulations on glass panes with varying 
dimensions and thicknesses, subjected to different blast intensities. Key response parameters examined include 
deflection shapes, bending stresses, and shear stresses. Results indicate that while the SDOF model can reasonably 
predict the maximum deflection of glass panes, it significantly underestimates peak bending and shear stresses in 
short-duration blast scenarios. A power-law relationship is proposed to quantify the discrepancy between SDOF 
and FE stress predictions as a function of the load duration-to-natural period ratio. These findings reveal the 
limitations of conventional SDOF models and highlight the need to account for higher-mode effects in the design 
of glazing systems exposed to close-in explosions. 
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1. INTRODUCTION 
 
Buildings such as government offices, hotels, 
and commercial facilities are often potential 
targets of terrorist attacks. These types of 
structures frequently incorporate large glass 
panes in their façades, which are widely 
recognized as the most vulnerable components 
during an explosion [1], [2]. Evidence from past 
terrorist incidents shows that buildings designed 
in accordance with modern codes of practice 
generally experienced limited structural damage. 
However, extensive damage to surrounding glass 
façades was frequently observed. Flying glass 
fragments from shattered panes have been 
identified as one of the primary causes of injury 
[3], [4].  
The behaviour of glass panes subjected to 
explosions can be analysed numerically using the 
finite element method (FEM), as demonstrated in 
previous studies [5], [6]. However, FEM 
analyses typically require considerable time and 
computational resources for both modelling and 
simulation. Therefore, for practical purposes, 
simplified single-degree-of-freedom (SDOF) 
models are often used as an alternative [7], [8], 
[9], [5]. Given that blast pressures generated by 
long-distance explosions generally have longer 
durations than those from close-range blasts, the 
response of the glass pane in such cases is often 
dominated by the fundamental mode of vibration. 
As a result, SDOF models can be effectively 
employed to estimate the response of glass panes 
under long-duration blast loading, offering a 
more practical alternative to complex numerical 
simulations. 
Long distance explosion scenarios are generally 
valid in situations where security measures have 
precluded the possibility of a large explosion 
(generated by a car bomb or trick bomb, for 
example) to be detonated at close range to a 
protected target. However, the target, or part of it, 
could still be susceptible to attacks by the use of 
smaller explosion devices at close range. 
Examples of such “minor” blast scenarios 
include the parcel bomb incident in Paris in 2007 
and the grenade attack on the US embassy in 

Greece in the same year.  This paper focuses on 
the dynamic behaviour of glass panes when 
subject to close-range explosions in which blast 
pressures of much shorter duration and higher 
peak overpressure are generated. With load 
duration shorter than that of the fundamental 
natural period of glass panes, higher modes 
effects can become significant and need to be 
taken into account in the strength evaluation.    
This paper investigates the influence of higher 
vibration modes on the dynamic response of 
glass panes. The response parameters of interest 
include displacement, normal (bending) stress, 
and transverse shear stress within the glass panes. 
The main contributions of this paper are as 
follows: (1) validation of finite element (FE) 
modeling under short-duration loading; (2) a 
comparative analysis of the responses obtained 
from calibrated FE simulations and SDOF 
models across varying ratios of load duration ( ) 
to the natural period ( ) of the glass panes; and 
(3) derivation of correction formulae for SDOF 
stress estimates under higher-mode influence. 
 
 
2. METHODOLOGY 

 
2.1. Geometry of Glass Panes 
This study examines the behavior of glass panes 
supported on two opposite sides, a configuration 
commonly found in façade walls, interior 
partitions, and display windows. This type of 
support typically results in a relatively long 
fundamental natural period compared to the 
duration of a blast load.  
 

Table 1. Dimension of glass panes 
Pane Dimensions (mm) Glass Thickness (mm) 

500 x 500 4 
1000 x 1000 10 
1000 x 1000 4 
2000 x 2000 19 

 
The glass panes were analyzed in three size 
categories: small (500 mm x 500 mm), medium 
(1000 mm x 1000 mm), and large (2000 mm x 
2000 mm). The thickness of each pane was 
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selected to meet wind load requirements in 
accordance with the AS 1288 standard [10], 
ensuring structural adequacy under normal 
service conditions. The detailed pane dimensions 
and thicknesses are listed in Table 1. 

 
2.2. Finite Element (FE) Modelling and 
Verification 
In this study, the dynamic behaviour of the glass 
panes was studied analytically using LS-DYNA, 
an explicit, non-linear 3D finite element analysis 
(FEA) code [11]. The glass panes were modelled 
using shell elements. Figure 1a shows a finite 
element (FE) model of a glass pane supported on 
2 sides. The X, Y, and Z axes in Figure 1a are the 
global axes in the FE model which are used as a 
reference for calculating the distribution of blast 
pressure and internal forces in the glass pane. 
Point O denotes the centre of the pane, while 
Point A is located at the support such that line 
OA is parallel to the X-axis. Figure 1b shows a 
typical shell element. Notations r, s, and t in 
Figure 1b refer to local axes in a shell element, 
and ak denotes the element thickness at node k. 
The shell elements used in this analysis 
considered both large deformation and transverse 
shear in the elements [12], [11], [13]. Annealed 
glass was used throughout the study. The glass 
material was modelled as a linearly elastic 
isotropic material with Young’s modulus = 

68,500 MPa, Poisson’s ratio = 0.23 and density = 
2,500 kg/m3. 
The analysis procedure was verified against 
results from physical experiments. Physical tests 
were conducted on a glass pane of size 1000 mm 
x 1000 mm x 5 mm, which was simply supported 
along two parallel edges. The glass pane was 
subject to an impact load from an elastic ball with 
a diameter of 27 mm. The elastic ball was 
dropped from a heigh of 1400 mm onto the centre 
of the pane. An accelerometer was attached to the 
ball to record its acceleration during impact. The 
deflection of the glass pane was measured using 
linear variable displacement transducers (LVDTs) 
positioned beneath the glass. The test set-up is 
illustrated in Figure 2. 
The impact load, illustrated in Figure 3, was 
calculated by multiplying the measured 
acceleration by the combined mass of the elastic 
ball and the attached accelerometer. The duration 
of the impact loading, also shown in Figure 3, 
was approximately 3 milliseconds, significantly 
shorter than the fundamental natural period of 
vibration of the glass pane (T = 84 ms). This 
impact duration is consistent with test results 
reported in the literature for a single loading 
cycle (Zhang et al., 2025). Since the load 
duration was much shorter than the fundamental 
period, the dynamic response of the glass pane 
was strongly influenced by higher vibration 
modes, as evidenced in Figure 4. 

 

              
 (a)       (b) 

Figure 1. Finite element model (a) FE model for glass panes supported on 2 sides, 
(b) Shell element [15] 
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Figure 2. The physical test set up    Figure 3. Impact load
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Figure 4. Deflections of the glass pane (a) at LVDT 1, (b) at LVDT 2 (refer Figure 2) 
 

Figure 4 presents a comparison between 
deflections obtained from the physical 
experiment and those predicted by the finite 
element (FE) analyses. As shown, the FE 
predictions align well with the experimental 
observations, particularly during the early phase 
of the response. However, in the physical test, the 
glass pane experienced multiple impacts due to 
the ball bouncing upon contact (Zhang et al., 
2025). Since this aspect of the experiment was 
not incorporated into the FE model, the 
numerical predictions could not fully match the 
measured deflections throughout the entire 
response. Nevertheless, the applicability of the 
developed FE models for simulating the dynamic 
behaviour of glass panes has been successfully 
verified. 

2.3. SDOF Model Formulation and 
Assumptions 
Analysis using a representative finite element 
(FE) model can provide accurate predictions of a 
structure’s dynamic behaviour. However, such 
analysis requires sophisticated FE software, such 
as LS-DYNA. Simpler methods, such as single-
degree-of-freedom (SDOF) models, have been 
widely used to predict structural responses under 
blast loading. SDOF models have been shown to 
provide reasonable estimates when the explosion 
originates from a long distance [7]. However, 
their applicability to glass panes subjected to 
close-range explosions remains uncertain and 
warrants further investigation to evaluate the 
accuracy of the results obtained from SDOF- 
based analyses. 
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In SDOF model analyses, the dynamic properties 
of the structure are characterized by its 
equivalent mass (m*), equivalent stiffness (k*), 
and equivalent damping (c) as shown in Figure 
5a. The applied loads must also be transformed 
into an equivalent force Methods for calculating 
these SDOF parameters are well documented in 
the literature [8], [16], [17]. In this study, the 
SDOF parameters representing the glass pane 
were calculated using Rayleigh’s method, which 
is based on the principle of conservation of 
energy. The blast induced pressure was defined 
by Eq 1, and the deflection shape function of the 
glass pane was of the sinusoidal form as defined 
by Eq 2 forming part of the Rayleigh’s method. 
The equivalent mass (m*) and equivalent 
stiffness (k*) representing the glass pane were 
calculated according to the deflection shape 
function using Eqs 3 – 6. Once these parameters 
were obtained, the fundamental natural period of 
vibration of the glass pane (T) could be estimated. 
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where (x,y) is the deflection shape function, p* 
is the equivalent force, x and y are coordinates on 
the glass pane measured from the bottom left 
corner of the pane (see Figure 1a), a and b are the 
width and length of the pane, h is the thickness, t 
is time, p(x,y,t) is the blast pressure function, pr(t) 
is the reflected pressure at time t, pi(t) is the 
incident pressure at time t, R is the distance from 
the explosive to the centre of the target, m is mass 
per unit area, E is Young’s modulus, and v is 
Poisson’s ratio.  
For glass panes supported on all four sides, 
membrane action has been found to dominate 
under large deflections [17]. An SDOF model 
that incorporates the contribution of membrane 
stiffness is shown in Figure 5b, and its equation 
of motion is presented in Equation 7. The 
displacement x(t) in Equation 7 can be solved 
numerically using the Central Difference Method 
for step-by-step time integration. 
 

( ) + . ( ) + . ( ) = ( ) (7) 
 

where ( ), ( ), and ( ) are the displacement, 
velocity, and acceleration at the centre of glass 
plates, and c is damping coefficient. 
  

 
Figure 5. SDOF model 

 
2.4. Blast Loading Model and Scenarios 
Blast pressures result from the instantaneous 
release of energy during explosive detonation. 
The magnitude of the blast loading is typically 
quantified in terms of the equivalent TNT weight 
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of the explosive [18], [4], [19], [2]. For 
explosives other than TNT, their weight can be 
converted into an equivalent TNT weight using 
Equation 8 [19]. 
 

WTNT = WEXP.(QEXP/QTNT)    (8) 
 
where WTNT is the equivalent TNT charge weight, 
WEXP is the weight of the explosive, QEXP is the 
mass specific energy of the detonated explosive, 
and QTNT is the mass specific energy of TNT. 
An explosion produces hot gases that expand 
rapidly, displacing the surrounding air and 
generating blast waves in the atmosphere. As the 
blast wavefront reaches the ground, it is reflected, 
and the interaction between the incident and 
reflected waves results in even higher pressures. 
When the blast wave strikes a target, its 
expansion is constrained, causing a sudden rise 
in pressure on the target surface, as illustrated in 
Figure 6. 
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in pressure on the target surface, as illustrated in 
Figure 6. 
 

 
Figure 6. Typical pressure-time history 

 

 
 

Figure 7. Distribution of blast pressure 
 

The blast-induced pressure then gradually 
decreases to ambient levels at time td, marking 
the end of the positive phase. Following this, the 
pressure may drop below ambient, creating a 
negative (suction) phase, before returning to 
normal atmospheric conditions. Since the 
negative phase typically reduces the target's 
deflection, its effect can be neglected, as is done 
in this study. 
The blast pressure parameters illustrated in 
Figure 6 depend on various factors, including 
charge weight (expressed as equivalent TNT 
weight), stand-off distance, the location of the 
detonation (in air or on the surface), and the 
presence of obstacles between the explosive and 
the target. Methods for estimating blast pressure–
time histories are well-documented in the 
literature [19]. Existing analytical approaches 
can generally be grouped into two main 
categories: (1) analytical methods that use 
empirical formulae and charts, and (2) numerical 
simulations, such as computational fluid 
dynamics (CFD), which are computationally 
expensive and thus better suited for modelling 
blast effects on structures with complex 
geometries or in complicated environments [20], 
[21]. Blast scenarios involving structures with 
regular geometry in standard environments, 
analytical methods based on formulae and graphs 
are typically sufficient [13], [19]. 
In this study, the ConWep method [22] was used 
to model the blast-induced pressures on the glass 
panes. ConWep is based on empirical test data 
and analytical approximations, and has been 
widely adopted by both researchers and 
practitioners. Furthermore, it has been shown to 
provide reliable predictions of blast effects [23]. 
The distribution of blast-induced pressure on the 
surface of a target is significantly influenced by 
the stand-off distance. At long stand-off 
distances, the distance from the explosive charge 
to any point on the planar target is nearly uniform, 

illustrated in Figure 7. Under such conditions, the 
blast pressure can be reasonably assumed to be 
uniformly distributed across the target surface. 
However, at short stand-off distances, this 
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uniform pressure assumption is no longer valid 
due to the increased variation in angle and 
distance. In this study, the distribution of the 

using Equation 9 [24]. 

 

 
Figure 8. Blast scenarios 

 
Pj(t) = Pro(t). cos2( ) + Pio(t). (1- cos ( ))2 (9) 
where Pro(t) and Pio(t) are the reflected and 
incident pressures respectively at point “O” as 
defined by ConWep, and  is the angle of 
incidence as illustrated in Figure 7.  
This investigation focused on analysing the 
effects of explosions generated by handheld 
bombs, such as grenades and parcel bombs, at 
close range to the target. The equivalent TNT 
weights in these scenarios ranged from 50 to 400 
grams. In this study, explosives were positioned 
directly in front of the centre of the glass panes at 
four different stand-off distances: 1.3 m, 3.2 m, 
5.0 m, and 100 m. Details of the blast scenarios 
are presented in Figure 8. Scenario D represents 
a case where a glass pane responds to a long-
range explosion at a stand-off distance of 100 m, 
included for comparison purposes. 
 
 
3. RESULTS AND DISCUSSIONS 

 
3.1. Deflection of Glass Panes
Figure 9a presents the displacement-time history 
at the centre of a glass pane measuring 500 mm 
x 500 mm x 4 mm, subjected to blast-induced 
pressure with a duration of 3.1 ms (scenario A) 
or corresponding to a td/T ratio of 0.12. Figure 
9b presents results for a glass pane of size 1000 
mm x 1000 mm x 10 mm under a blast pressure 

duration of 2.3 ms (scenario B), or td/T = 0.05. 
Figures 9c and 9d present results of glass panes 
of identical size (2000 mm x 2000 mm x 19 mm) 
but subjected to different blast scenarios. The 
glass pane in Figure 9c was exposed to a close-
range explosion, while the one in Figure 9d 
experienced a long-range explosion. Across 
Figures 9a – 9d, it is consistently observed that a 
decrease in the td/T ratio increases the 
contributions of higher modes, as indicated by 
the wavy broken lines in the figures. 
Results from the finite element (FE) analysis are 
presented alongside predictions from the SDOF 
models in Figures 9a–9d. The SDOF model used 
in the analyses did not include membrane 
stiffness (Figure 4a). Figures 9a–9d demonstrate 
that the deflection profiles obtained from the 
SDOF model without accounting for higher-
mode effects can still be representative of the 
actual behaviour, particularly when the td/T ratio 
is not less than 0.05. However, when the td/T 
ratio becomes smaller (as shown in Figure 9c), 
the accuracy of the SDOF model predictions may 
diminish. Furthermore, Figure 9c illustrates that 
higher-mode effects can lead to noticeable 
reduction in the maximum deflection of the glass 
pane. 
Since the parameters defining the SDOF 
generalization are based on an assumed 
deflection shape, it is important to compare this 

Scenario A Scenario B Scenario C Scenario D

P i 26.51 kPa 37.48 kPa 79.81 kPa 5.53 kPa
P r 58.57 kPa 85.77 kPa 208.4 kPa 11.27 kPa
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3.2 m
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1.3 m

50 g TNT

100 m

100 kg TNT

assumed sinusoidal function with deflection 
profiles obtained from finite element (FE) 
analyses. Figure 10a shows the normalized 
deflection shape of the glass pane, as computed 

from the FE analysis (along the OA section 
defined in Figure 1a) at the moment of maximum 
deflection.  
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Figure 9. Deflection-time history of glass panes (a) td/T = 0.12, (b) td/T = 0.05, (c) td/T = 0.01, 
(d) td/T = 0.32 

 
Figures 10b–10d present deflection shapes at 
other time instances, as indicated in the 
respective legends. Overall, the sinusoidal 
deflection shape assumed in the SDOF 
generalization shows reasonable agreement with 
the FE results. However, a noticeable 
discrepancy is observed in Figure 10c, where the 
td/T ratio is very small (0.01). 
 
3.2. Bending Stress 
The strength of glass is commonly evaluated 
based on the major principal stresses estimated 

on the surface of the glass pane [13], [25], [16], 
[26]. For glass panes supported on two parallel 
sides, these stresses are primarily governed by 
bending. Figures 11a–11c present the time 
history of the maximum bending stresses at the 
centre of the glass pane. The results reveal a 
highly fluctuating time-history of bending stress, 
in contrast to the more predictable deflection 
response. This fluctuation is indicative of the 
significant influence of higher vibration modes 
on the bending stress. 
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uniform pressure assumption is no longer valid 
due to the increased variation in angle and 
distance. In this study, the distribution of the 

using Equation 9 [24]. 
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Figure 9. Deflection-time history of glass panes (a) td/T = 0.12, (b) td/T = 0.05, (c) td/T = 0.01, 
(d) td/T = 0.32 
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Figure 10. Deflection shape along section OA (a) Maximum deflection shape for different glass 
panes (b) 500 mm x 500 mm x 4 mm glass pane (td/T = 0.12), (c) 2000 mm x 2000 mm x 19 mm 

glass pane (td/T = 0.01), (d) 2000 mm x 2000 mm x 19 mm glass pane (td/T = 0.32) 
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Figure 11. Time history of the normalized bending stress at the centre of (a) a glass pane 
measuring 2000 mm x 2000 mm x 19 mm, with td/T=0.32, (b) a glass pane measuring 500 mm x 
500 mm x 4 mm, with td/T=0.12; (c) a glass pane measuring 1000 mm x 1000 mm x 10 mm, with 

td/T=0.05, (d) a glass pane measuring 2000 mm x 2000 mm x 19 mm, with td/T=0.01  
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Figure 11a demonstrates good correlation 
between the predictions of the generalized 
SDOF model and those from the finite element 
(FE) analysis. In blast scenarios with lower td/T 
ratios (Figures 11b and 11c), the maximum 
stress values predicted by the generalized SDOF 
model are significantly lower than those 
obtained from the FE analysis. While SDOF 
analysis offers the advantages of simplicity and 
lower computational cost, some limitations in 
accuracy have been identified. As shown in 
Figure 11, the magnitude of stress fluctuations 
increases as the td/T ratio decreases. Therefore, 
the accuracy of the SDOF model can be 
improved by modifying its results to account for 
higher-mode effects, whose significance has 
been shown to depend on the td/T ratio. The 
discrepancy between the FE and SDOF 
predictions of bending stress can be expressed 
as the ratio FEA / SDOF. Figure 12 illustrates 
that this ratio increases as the td/T ratio 
decreases. Furthermore, the relationship 
between FEA and SDOF can be modelled using 
the power function presented in Equation 8, 
which is valid for rectangular glass panes 
supported on two sides with td/T values ranging 
between 0.01 and 0.12. 
 

 
Figure 12. Relationship between FEA/ SDOF and 

td/T. 
 

= 1.27 . ( / )  (8) 
 

The probabilistic strength of glass depends on the 
effective area of the glass pane, which is 
influenced by the surface stress distribution [27]. 

Under dynamic conditions, surface stresses vary 
over time, as illustrated in Figures 13a–13b, and 
can be difficult to predict. Discrepancies between 
estimates from the SDOF analysis and those from 
the finite element (FE) analysis are particularly 
pronounced when the td/T ratio is small. Even at 
td/T = 0.32 (Figure 13a), notable differences 
remain. For glass panes subjected to close-range 
explosions (i.e., small td/T ratios), the time-
dependent variation of surface stress must be 
considered when calculating the probabilistic 
strength of the glass. However, detailed 
considerations of failure probability are beyond 
the scope of this paper. 
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Figure 13. Maximum bending stress profile 
along section OA in: (a) glass panes of size 

2000 mm x 2000 mm x 19mm (td/T=0.32), (b) 
glass panes of size 2000 mm x 2000 mm x 19mm 

(td/T=0.01) 
 
3.3. Transverse Shear Stress 
In glass panes subjected to static loading, the 
effect of transverse shear stress is often neglected. 
This is because, under static conditions, the 
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Figure 11. Time history of the normalized bending stress at the centre of (a) a glass pane 
measuring 2000 mm x 2000 mm x 19 mm, with td/T=0.32, (b) a glass pane measuring 500 mm x 
500 mm x 4 mm, with td/T=0.12; (c) a glass pane measuring 1000 mm x 1000 mm x 10 mm, with 

td/T=0.05, (d) a glass pane measuring 2000 mm x 2000 mm x 19 mm, with td/T=0.01  
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Figure 11a demonstrates good correlation 
between the predictions of the generalized 
SDOF model and those from the finite element 
(FE) analysis. In blast scenarios with lower td/T 
ratios (Figures 11b and 11c), the maximum 
stress values predicted by the generalized SDOF 
model are significantly lower than those 
obtained from the FE analysis. While SDOF 
analysis offers the advantages of simplicity and 
lower computational cost, some limitations in 
accuracy have been identified. As shown in 
Figure 11, the magnitude of stress fluctuations 
increases as the td/T ratio decreases. Therefore, 
the accuracy of the SDOF model can be 
improved by modifying its results to account for 
higher-mode effects, whose significance has 
been shown to depend on the td/T ratio. The 
discrepancy between the FE and SDOF 
predictions of bending stress can be expressed 
as the ratio FEA / SDOF. Figure 12 illustrates 
that this ratio increases as the td/T ratio 
decreases. Furthermore, the relationship 
between FEA and SDOF can be modelled using 
the power function presented in Equation 8, 
which is valid for rectangular glass panes 
supported on two sides with td/T values ranging 
between 0.01 and 0.12. 
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glass panes of size 2000 mm x 2000 mm x 19mm 
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magnitude of transverse shear stress in thin glass 
panes is typically much smaller than that of the 
principal (bending) stresses. However, under 
dynamic loading, the bending moment stress 
profile varies with time, and its slope can be 
significantly steeper than that in static loading. 
Since transverse shear stress is related to the rate 
of change of bending moment, its magnitude 
under dynamic conditions can become substantial. 
The significance of transverse shear stress in 
dynamically loaded glass panes is illustrated in 
Figure 14, where its intensity is expressed as the 
ratio of maximum transverse shear stress to 
maximum bending stress ( yzmax / bmax).  
 

 
(a) 

 
(b) 

Figure 14. Time history of the ratio of maximum 
shear stress to the maximum major principal 

stress (a) in glass pane of size 1000 mm x 1000 
mm x 4 mm, (b) in glass pane of size 2000 mm x 

2000 mm x 19 mm 
 

Figures 14a and 14b present the time histories of 
the ratio yzmax / bmax for td/T = 0.02 and 0.01, 
respectively. The shaded regions in both figures 

indicate the time intervals during which the 
bending stress reaches its maximum. During 
these periods of peak bending stress, the ratio 
yzmax / bmax is generally low and comparable to 

values observed under static loading conditions. 
However, the figures also show that the ratio 
yzmax / bmax increases as the td/T ratio 

decreases, emphasizing the growing significance 
of transverse shear stress in short-duration blast 
loading scenarios. 
Figures 14a and 14b show that the ratio yzmax / 

bmax is very high during the initial stage of the 
response. At this early phase, the magnitude of 
the transverse shear stress can reach levels 
comparable to the bending stress (i.e., yzmax / 

bmax 
explosion occurs at close range, the glass pane 
may fail due to excessive shear stress. However, 
it is important to note that such high shear stress 
levels occur only for a very brief duration, on the 
order of microseconds. 

 
 

4. CONCLUSIONS 
 
The findings of this study confirm the significant 
influence of higher vibration modes on the 
dynamic response of glass panes subjected to 
close-range blast loading. The following key 
conclusions are drawn: 
1. The finite element (FE) models have been 
shown to accurately simulate the short-duration 
dynamic response of glass panes, particularly 
during the critical early phase of loading. Despite 
minor discrepancies caused by multiple impacts 
in the physical experiment, the overall agreement 
confirms the capability and validity of the FE 
models for use in this application. 
2. Comparative analysis between calibrated 
finite element (FE) simulations and single-
degree-of-freedom (SDOF) models demonstrates 
that SDOF models can effectively estimate the 
maximum deflection at the centre of glass panes, 
provided their limitations are acknowledged. 
3. Higher-mode effects were found to 
significantly influence the displacement, normal 
(bending) stress, and transverse shear stress in 
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correction formula was developed to improve 
SDOF stress estimates by accounting for the 
influence of higher vibration modes. This 
correction enhances the accuracy of SDOF 
predictions in short-duration blast scenarios 
involving glass panes supported on two sides. 
Furthermore, the simulations indicate that the 
SDOF model provides reasonably accurate 
results when td/T > 0.1. 
4. At the early stage of response, very high 
transverse shear stress was observed, particularly 
near the centre of the pane. If the explosion 
occurs at close range, this intense shear stress, 
although short-lived, may cause shear failure. 
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magnitude of transverse shear stress in thin glass 
panes is typically much smaller than that of the 
principal (bending) stresses. However, under 
dynamic loading, the bending moment stress 
profile varies with time, and its slope can be 
significantly steeper than that in static loading. 
Since transverse shear stress is related to the rate 
of change of bending moment, its magnitude 
under dynamic conditions can become substantial. 
The significance of transverse shear stress in 
dynamically loaded glass panes is illustrated in 
Figure 14, where its intensity is expressed as the 
ratio of maximum transverse shear stress to 
maximum bending stress ( yzmax / bmax).  
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(b) 

Figure 14. Time history of the ratio of maximum 
shear stress to the maximum major principal 

stress (a) in glass pane of size 1000 mm x 1000 
mm x 4 mm, (b) in glass pane of size 2000 mm x 

2000 mm x 19 mm 
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indicate the time intervals during which the 
bending stress reaches its maximum. During 
these periods of peak bending stress, the ratio 
yzmax / bmax is generally low and comparable to 

values observed under static loading conditions. 
However, the figures also show that the ratio 
yzmax / bmax increases as the td/T ratio 

decreases, emphasizing the growing significance 
of transverse shear stress in short-duration blast 
loading scenarios. 
Figures 14a and 14b show that the ratio yzmax / 

bmax is very high during the initial stage of the 
response. At this early phase, the magnitude of 
the transverse shear stress can reach levels 
comparable to the bending stress (i.e., yzmax / 

bmax 
explosion occurs at close range, the glass pane 
may fail due to excessive shear stress. However, 
it is important to note that such high shear stress 
levels occur only for a very brief duration, on the 
order of microseconds. 
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influence of higher vibration modes on the 
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close-range blast loading. The following key 
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significantly influence the displacement, normal 
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correction formula was developed to improve 
SDOF stress estimates by accounting for the 
influence of higher vibration modes. This 
correction enhances the accuracy of SDOF 
predictions in short-duration blast scenarios 
involving glass panes supported on two sides. 
Furthermore, the simulations indicate that the 
SDOF model provides reasonably accurate 
results when td/T > 0.1. 
4. At the early stage of response, very high 
transverse shear stress was observed, particularly 
near the centre of the pane. If the explosion 
occurs at close range, this intense shear stress, 
although short-lived, may cause shear failure. 
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