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Abstract

This paper investigates transient dynamic loading and response of monolithic glazing. A complex phenomenon dependent upon material properties, structural arrangement and proximity to the explosive source. Accurate models of glazing breakage and post-fracture performance can be challenging. Maximum principal stress exceedence at randomly distributed micro-flaws determines initial fracture time and location. Many utilise simplified SDOF models to characterise break/no-break with limited capability to model fragment trajectories. Two full scale blast trials conducted at MOD Shoeburyness investigated monolithic glazing response as a function of panel thickness and blast stand-off. Bespoke instrumentation and high-speed photography captured panel response, fragment velocity and blast overpressure. Enabling a comparative study against CFD analyses; conducted with Air3D. Domain and mesh refinement produced reasonably accurate blast flow replication, permitting overpressure solution re-maps. Applied glazing loads were thus configured in an applied element method (AEM) model. Triangulated spatial discretization permitted fragmentation patterns indicative of monolithic glazing. Synthesising CFD and AEM, this paper outlines accurate representations of experimental results. Demonstrating that transient dynamic glazing response including post-fracture performance can be modelled with this methodology.
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Notations
αi: Angle of glass panel curvature, degrees
E: Young’s modulus of glass, GPa
G: Shear modulus of glass, GPa
P-I: Pressure-impulse

Ps: Peak free-field static overpressure, kPa
ρ: Density of glass, kg/m3
ta: Time of blast arrival, ms

1.0 Introduction

Glazing breakage during blast can result in significant economic and human cost. The St Mary Axe bombing (April 1992) shattered ~450 tons local external glazing with ~350 tons showering surrounding streets (Claber, 1998). Reports from the Oklahoma City bombing (April, 1995) inferred ~700 of ~1800 non-fatal casualties due to glazing fragments. On the largest scale, nuclear events in Japan incurred greatest hazard distances from glazing. Injuries were treated at 3.2 km in Hiroshima and 3.8 km in Nagasaki from ground zero (Fletcher et al, 1980). Monolithic glass represented ~90 % of glass in UK buildings towards the end of twentieth century (Claber, 1998). Breakage occurs at relatively low overpressures (Pritchard, 1981), producing sharp, angular fragments (Cormie, 2009). Significant hazard can thus be inferred for many blast scenarios. Breakage complexity is a function of glazing material, structural arrangement and framing, explosive proximity and randomly distributed surface flaws. Maximum principal stress exceedence illicits flexural failure and dynamic blast pressures induce fragment throw. Engineering professionals are thus presented with numerous challenges when appraising perceived hazard due to blast.
Many have relied upon classical SDOF models to calculate breakage likelihoods via modulus of rupture exceedence predictions. ISO damage diagrams commonly referred to as pressure-impulse (P-I) charts can be used to predict human hazard. Constant damage boundaries are represented by hyperbolas on pressure-impulse axes. Peak overpressure and specific impulse pairs enable hazard prediction as shown in figure 1. The UK government conducted a large number of annealed glazing cubicle trials over 1982-1997 (Claber, 1998). Test data and calculations produced estimated combinations of pressure and impulse for nominal fragment hazard levels; figure 2. P-I charts utilised with the hazard scheme form the Glazing Hazard Guide (Glazing hazard guide, 1997). Addressing ~30 configurations of variable thickness for two standard sizes (1.55 m x1.25 m & 0.55 m x 1.25 m). Structural geometry diversity and associated blast clearing effects introduce significant variability for glazing response not considered with this approach. Blast interaction with finite structural geometries results in both reflection and diffraction, termed ‘clearing’. Front-surface blast relief can significantly reduce reflected impulse applied to glazing. Further complexities such as the “second shock” are further neglected with simplified P-I chart and SDOF analyses. These phenomena can exert significant influence on panel response and post-fracture performance. Accurate hazard determination thus requires detailed analyses which may be beyond the scope of current numerical approaches.
This paper outlines the result of investigations into the synthesis of an Eulerian CFD solver with a new structural analysis technique, the applied element method (AEM). Full dynamic monolithic panel response during blast was subsequently modelled with encouraging levels of accuracy. Full scale experimental trials were conducted at MOD Shoeburyness, UK, to investigate monolithic glazing response with varying thickness over a range of target overpressures. The blast environment was characterised using an array of overpressure instrumentation. Glazing response was monitored via high-speed Phantom cameras operating at 5000 fps. Post-trial CFD analyses of the blast flow were experimentally benchmarked, enabling re-map for configuration of applied glazing blast loads in AEM. Computational solutions produced excellent levels of agreement with experimental data. This research demonstrates the advantages of this approach for ascertaining the full monolithic glazing response during a blast event including potential hazard due to fragment flight. Possible uses of this methodology include development of blast design charts to assist engineers in design and retro-active appraisals of glazing robustness for a design blast level.

1.1 Computational fluid dynamics
Computational fluid dynamics (CFD) programs such as Air3D can provide accurate models of blast flow propagation for structurally populated environments with simple and complex arrangements (Remennikov and Rose, 2005). Air3D (Rose, 2001), solves Euler equations with a finite volume methodology for air blast and shock. Second-order accuracy in space and time is achieved with the advection upstream splitting method and Muscl-Hancock integration (Rose, 2001). Efficient re-mapping of solutions from 1D to 2D to 3D minimizes computational overhead by delaying 3D calculation until blast waves propagate to areas of interest. Structurally populated simulations utilise rigid surfaces to represent structural geometries. CFD improves on SDOF models and P-I charts by modelling entire structures in isolation and as part of accurate cityscapes. CFD also accounts for the complete blast event including reflection, clearing, confinement and the “second shock”. Dynamic response of glazing panels during explosive events cannot be fully represented with CFD. Air3D utilises P-I limit criteria to simulate instantaneous window breakage. This does not however consider post-fracture performance.
1.2 The applied element method (AEM)
AEM is a new technique of computational structural analysis. A force-displacement approach, material continua are virtually de-coupled as shown in figure 3a. Virtual discretization into virtual elements simulates material continua via rigid body elements connected via zero length matrix springs at elemental faces. This contrasts with nodal connectivity typically defined with finite element material continua. Virtual matrix springs represent sets of three which consider stress and strain in six degrees of freedom. Each set represents a partial element volume determined by spring quantity. De-coupling enables AEM to accurately model continuous and discrete material response. Element deformations are fully represented by spring response and element separation is defined via constitutive separation strain settings per material. Strain exceedence permits spring removal, enabling glazing fracture and fragment flight. Extreme loading for structures (ELS) utilises AEM with an explicit solver for a Lagrangian reference frame.
ELS utilises Delaunay triangulation to spatially discretize glazing panels; shown in figure 3b. Unique subdivision of the total area into polygon seed regions defines a Voronoi diagram. Each region represents a spatial area closer to its seed than any other. Neighbouring seeds are connected across region boundaries, producing a Delaunay diagram and hence triangulated discretization. Analogous to discrete Kirchhoff triangular elements available with finite element modellers such as europlexus used by Larcher (Larcher et al, 2012), angular breakage patterns indicative of monolithic glazing can thus be represented.
2.0 Methodology
Computational solutions were experimentally benchmarked via blast trial data. CFD blast flow modelling is used to characterise the blast environment and AEM models glazing break up. Modelling is further described in section 2.1. Blast environment data is acquired via free-field and reflected overpressure measurements. Experimental measurements are further described in section 2.2.
2.1 Computational modelling
CFD analyses were prepared to model blast flow and overpressures applied to glazing panels. The three dimensional hydrocode, Air3D (Rose, 2001), was selected to complete this phase. Mesh and domain refinement was conducted to produce accurate and optimal solutions of blast flow experimental test cubicle locations; details in section 2.2. Initial analyses were performed for each stand-off by maximizing available computational capabilities. Full 3D domains were utilised with the finest achievable mesh, producing reasonably accurate overpressure and impulse results. This data was experimentally verified and provided a numerical benchmark. Required computational time to complete these simulations would be prohibitive for many as shown in table 1. Systematic domain reduction in the radially expanding 3D direction was conducted until convergence was found with experimental and full 3D results. Mesh refinement further optimized reduced domain solutions to produce significant efficiency gains in table 1.
Numerical analysis of monolithic glazing panel response was completed with the applied element method (AEM) modeller, extreme loading for structures (ELS) (Applied science international, 2010). An AEM model of the experimental test cubicle and glazing panel was designed to simulate experimental trials as shown in figure 4a. Edge supports were assumed semi-rigid with restricted degrees of freedom in figure 4b. Brittle by nature, monolithic glazing is often modelled as linear elastic up to failure. Elastic properties can vary based on chemical differences (Morison, 2007) with Young’s modulus in the range of 69-72 GPa. ELS utilises linear elastic and homogenous glazing material models. Initial fracture location randomisation is not achievable, but parametric studies can investigate panel response variation over a distribution of breakage strengths; an area of future research. Generally accepted to be a function of load magnitude, duration and material parameters, critical glazing stress has been found to increase inversely with load duration; dynamic fatigue. Seica (Seica et al, 2011) cited one manufacturer which provided monolithic failure stresses as 7 MPa for ‘permanent loads’, 17 MPa at ‘medium duration’ and 28 MPa for wind gusts. This paper utilised manufacturer supplied static-load material parameters to define the monolithic glazing material law within ELS; shown in table 2. Separation strain parameters were established with trial and error numerical series comparisons with high-speed video data. Further research will investigate load-dependent critical stress with parametric variation of separation strain.

Re-maps of experimentally benchmarked CFD overpressures configured applied glazing loading. AEM simulation accuracy is also determined by spatial discretization coarseness and to a lesser degree, virtual spring quantity. Meguro conducted 2D analyses to this end while developing AEM (Meguro and Tagel-Din, 2000). Results showed no translational displacement error with spring quantity variation. Rotational motion errors ranged from 1-25 % as a function of spring quantity. Error amplification was linked to large element sizes relative to total structure geometry. Reduced element geometries eliminated rotational error irrespective of spring quantity. These results demonstrate solution accuracy is a strong function of element size only. 1500 glazing elements in the x-z plane and produced lower bound fragments with 0.06 % of total window mass, correlating with post-trial fragment analyses. Current discretization resolutions of 1500 glazing elements produced mean 45 min solution times with 10 µs time intervals for 2 second solutions.
2.2 Experimental trials
Two full scale blast trials were designed and conducted at MOD Shoeburyness, UK, as summarised by table 3. Each utilised 39 kg of trinitrotoluene (TNT) flake with 2 kg of PE4 at 1 m altitude to deliver a hemispherical blast wave to two glazing panels. Two glazing panels mounted to test cubicles were normally orientated at differing stand-offs; shown in figures 5a-b. 19.5 m and 36 m distances were selected to achieve target peak free field overpressures of 35 kPa and 14 kPa respectively. Designed to cover an appropriate range of response, overpressures greater than 35 kPa can induce flying masonry and building collapse. Thus posing more significant hazard than glazing breakage. 14 kPa is predicted to be on the break safe contour of the P-I curve for 8 mm monolithic glazing, providing a lower limit for experimental glazing response.
Test cubicle instrumentation shown in figure 6 included Endevco piezo-resistive static overpressure gauges and high-speed Phantom video cameras operating at 5000 fps. Deflection gauges and velocity markers assisted experimental displacement and velocity analysis of high-speed video. The 19.5 metre test cubicles were equipped with reflected overpressure gauges attached to exterior window faces. Data from this gauge was compared to reflected static overpressure data recorded at unyielding test cubicle front surfaces. Free-field static overpressure gauges were positioned at 19.5 m and 36 m stand-offs as shown in figure 5a. Overpressure instrumentation was time sequenced with the electrical detonation trigger to define accurate time of arrival. Interior and exterior LEDs illuminated at each test cubicle to clearly define blast arrival in high-speed video footage. Colour grids were applied to glazing panels to aid fragment velocity analysis via high-speed video.
3.0 Experimental and CFD blast analyses

Peak measured overpressures of ~37k Pa and ~15 kPa closely match target overpressures in figures 7a-b. Table 3 indicates +6 % difference at 19.5 m and +7 % at 36 m. Experimental records of blast overpressure enabled CFD solution accuracy in free-field and reflected environments to be benchmarked. Figure 7a shows good agreement between trial and CFD data for peak overpressure, arrival time and positive phase duration. CFD results show lower magnitude “second shock” with variable arrival versus trial data. An artefact of Air3D’s caloric perfection assumptions for pseudo-air detonation products (Rose, 2001). Producing slightly increased CFD impulse decay over the latter 50% of the figure duration compared to trial data. Figure 7b shows excellent levels of agreement with minimal difference for total blast impulse at this greater stand-off.
Reflected overpressure and impulse data recorded by window and test cubicle gauges enabled CFD results to be benchmarked. Correlation is clearly visible in figures 8a-b for experimentally measured overpressures at the window and unyielding test cubicle steel surface. Intuitively, greater divergence may be expected due to window breakage. Near-identical profiles infer reflected static overpressure experienced at the original spatial location of the window is closely approximated by measurements from the steel surface of the test cubicle.

Figures 8a-b also compare experimental reflected overpressure data to CFD solutions at 19.5 m. CFD data represents blast flow at the test cubicle front, based on correlation identified above. Examination demonstrates good levels of agreement for peak overpressure, arrival time and positive phase duration for both trials. Minor differences are visible with increased CFD impulse decay in the final 50 % of the plot duration; described previously. Glazing breakage typically occurs 3-5 ms after blast arrival. Close correlation up to ta+18 ms indicates CFD blast flow solutions can correctly model applied glazing loads in this critical period. This also suggests reasonable solution accuracy for blast clearing around the test cubicles at 19.5 m; animated in figure 9.

Figures 8c-d compare experimental and CFD results for overpressure and impulse at 36 m test cubicles fronts. Glazing panels at 36 m were not instrumented with reflected pressure gauges. Correlation between window and test cubicle data in figures 8a-b confirms this is representative of the glazing panel overpressure environment. Figures 8c-d demonstrate good levels of overall agreement between trial and CFD data for arrival time, peak overpressure and positive phase duration. CFD results show slightly increased impulse decay in the final 50 % of the plot duration versus experimental data. As described previously, critical glazing response is typically 3-5 ms after blast arrival. Close correlation up to ta+22 ms indicates CFD solutions will accurately model this period of response. This also infers accurate CFD representation of blast flow clearing around the test cubicle at 36 m.
3.1 AEM glazing response
Experimental glazing response data benchmarked numerical models produced using the AEM package, ELS. Re-maps of CFD overpressure configured dynamically applied glazing panel loads; confidence in CFD data established by experimentally benchmarking with reasonable accuracy in free-field and reflected environments. Figure 10 compares AEM and experimental peak leading fragment displacement and velocity. Close correlation is visible with maximum +/-15 % difference for both trials; shown in tables 4-5. 15 % differences for initial fracture times at 36m indicate earlier element separation in both AEM models. Sources of error include variable glazing strength and separation strain settings. Model refinement may enhance results, but monolithic glazing strength variability is likely to produce a distribution of differences over a wider experimental sample. Parametric studies for glazing material settings are an area of future research.
Figure 10 shows experimental trials produced a broad spectrum of glazing response. At one extreme the 4 mm monolithic panel at 19.5 m was severely over matched, represented by steep displacement and velocity gradients. In contrast, the 8 mm panel at 36 metre stand-off fractured substantially later than the other panels. In-frame oscillations are visible prior to initial fracture at ta+46 ms. Responses for 4 mm at 36 m and 8 mm at 19.5 m were similar and between the two extremes. Quantitative verification in figure 10 highlights encouraging methodology accuracy over a broad blast response range.
Figure 11 compares linear approximations of 2D deflected panel shapes at various intervals from an AEM simulation to trial results. Linear panel curvature reference points were selected in the absence of multiple high-speed camera angles necessary for full 3D curvature comparisons. Table 6 shows AEM results for upper and lower α compare well with the trial data with only α2 and α3 slightly outside +/-20 %. Visual appraisal of in-flight spatial fragment locations shows relative agreement. Demonstrating AEM’s virtually discretized continuum model produces reasonable accuracy for post-fracture simulation. Current results suggest separation strain settings to be a reasonable numerical threshold for glazing fracture. Parametric variation of separation strain is an area of future research. Geometrically similar fragments in figure 11 indicate AEM’s triangulated spatial discretization is well suited to monolithic glazing fracture. Encouraging results shown for panel displacement and curvature are representative of each AEM simulation.

4.0 Conclusions

This paper has demonstrated a new methodology for determining monolithic glazing panel performance during blast from initial deflection through to post-fracture. Re-maps of CFD overpressure data configured transient dynamic loading for applied element method models. CFD and AEM solutions were experimentally benchmarked with encouraging levels of accuracy. It is suggested that the demonstrated methodology can produce comprehensive accounts of monolithic glazing response for any range of blast scenarios. CFD simulations can include geometrically precise structures and cityscapes limited only by computational capabilities. CFD can also model complex blast phenomena such as multiple reflections, clearing, confinement and the “second shock”. Aspects of blast events which can thus be integrated into AEM models of glazing performance. Producing comprehensive appraisals of total blast response of glazing including post-fracture fragment analyses. Application of this methodology could include conceptual structural design phases or retro-active appraisal of glazing robustness for a design blast scenario. Whilst not demonstrated here, the ability to accurately model interior geometric structural layouts with AEM enables interior fragment distributions to be analysed post-detonation. Glazing hazard determination can thus be enhanced versus simplified SDOF models of window breakage. Current guidance available with the UK glazing hazard guide (Glazing hazard guide, 1997) can also be developed; currently relies upon pairs of peak blast pressure and impulse to predict hazard based on interior structural configuration in figure 2. Future research intends to expand this paper’s experimental and numerical methodology to determine breakage probabilities for monolithic glazing panels. Panel response and fragment characteristics of velocity and mass will be investigated as a function of blast environment, glazing edge supports, panel area and thickness, aspect ratio and variable glazing strength. It is intended to produce usable engineering documents to predict breakage probabilities with variation factors represented by the aforementioned experimental variables.
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