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Abstract 
This paper aims at investigating the failure response of expanded metal meshes subject to transversal impact. 
Firstly, the study is performed through explicit nonlinear finite element analysis, in which a numerical model 
is developed to determine the impact performance and failure mode of expanded metal meshes. Thereafter, 
the effect of expanded metal cell geometries, impact mass and velocity on the structural response of the 
meshes is analyzed. Then the perforation resistance of the impacted meshes is assessed and analyzed by 
means of vulnerability curves for various expanded metal geometries subject to transversal impact. 
The extent of damage in the meshes is also evaluated, and the maximum displacements achieved in each 
impact scenario is quantified. At the end, it is demonstrated that the perforation performance of the meshes 
depends on the expanded metal cell dimensions expressed as a combination of the strand cross-section and 
major axis length. Finally, the results also show the feasibility of using expanded metal meshes to protect 
structures impacted by flying debris. 

Keywords 
expanded metal mesh, flying debris, impact, perforation resistance, vulnerability curves, finite element analysis 
protective structures. 

Graphical Abstract 

 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-0515-9400
https://orcid.org/0000-0002-1701-0550
https://orcid.org/0000-0003-0659-7963


Failure response of expanded metal meshes subject to transversal impact Gabriela Martínez et al. 

Latin American Journal of Solids and Structures, 2023, 20(7), e495 2/16 

1 INTRODUCTION 

Climate change around the world has intensified weather effects on buildings and structures, particularly in those 
situations arising from wind events such as cyclones, tornados, hurricanes, and typhoons. Flying debris, in a strong wind 
environment, impacting on infrastructure cause damage in building envelopes including walls, roofs, doors, window 
shutters or screens, etc. (Minor, 1994). Additionally, in times of social unrest building envelopes require protection 
against possible violent acts during demonstrations. In this case, different objects may be thrown against structures 
causing significant material loses. 

From a structural point of view, the use of elements in buildings as protective structures against impact of objects 
has been widely studied. Minor (1994) highlighted the importance of documenting the damage experience caused by 
storms and tornadoes to illustrate the significance of protecting a building envelope. Evaluation criteria to qualify 
products for use in building envelopes were described, and the evolution of these test standards and building codes 
criteria were followed. In many cases structural damage is unavoidable, nevertheless the damage can be mitigated by 
adequately accessing the corresponding protective system. In this sense, the response to windborne debris impact 
scenarios of various materials such as metal panels (Herbin and Barbato, 2012; Chen et al., 2014; Pathirana et al., 2017), 
expanded metal meshes EMM (Rambo-Roddenberry et al., 2012), structural insulated panels SIP (Chen and Hao, 2014; 
Meng et al., 2016; Chen et al., 2017; Saini and Shafei, 2020), cross-laminated timber CLT (Stoner and Pang, 2019), and 
wire meshes (Chen et al., 2017; Wang et al., 2021; Wang et al., 2022) have been analyzed. In these studies, the protective 
systems were experimentally tested, or numerically investigated, using a variety of masses, locations and velocities 
leading to the elaboration of vulnerability curves in which the corresponding limits for some combinations of these 
variables were established. 

In comparison to other materials (SIP, CLT and wire meshes), EMM are an economic and environmental friendly 
alternative for protective systems. EMM are manufactured using low-carbon steel in different sizes and shapes 
through an in-line expansion process without welds (EMMA 557-20, 2020). EMM have been employed as part of rock 
fall protection systems in roads and their efficiency have been proven (Hwang et al. 2005; Ji et al. 2010; 
Lee et al., 2011). In crashworthiness, EMM have also been used (Smith et al., 2021), the crushing behavior of 
expanded metal tubes under compressive loading has been widely investigated throughout experimental testing 
(Graciano et al., 2009; Smith et al., 2014a, Smith et al., 2014b; Smith et al. 2016) and using numerical simulations 
(Smith et al. 2014b; Nedoushan, 2020; Martínez et al., 2013). The impact response of expanded metal tubes under 
axial crushing has also been investigated (Nouri et al., 2014; Hatami and Nouri 2015; Borges et al., 2016; Jahromi and 
Hatami, 2017; Graciano et al., 2017; Hatami et al., 2017). In a search for feasible applications of EMM in structural 
components subject to transversal impact, Taghipoor et al. (Taghipoor and Noori, 2018; Taghipoor and Nouri, 2020; 
Taghipoor et al., 2020) conducted a series of studies on the performance of lattice-core sandwich panels under impact 
scenarios. Rambo-Roddenberry et al. (2012) carried out an experimental study on the resistance to windborne debris 
impact of EMM, the meshes exhibited two damage mechanisms in which the mesh was either deformed or broken 
(Figure 1). 

 
Figure 1: Residual deformation of EMM after missile impact: front view; (b) side view (Rambo-Roddenberry et al., 2012) 
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In recent years, there have been a growing use of expanded metal for aesthetic reasons and shading effects in 

façade claddings as shown in Figure 2, the mesh also works as a second skin to protect glass windows (Paule et al. 2006; 
Athens, 2007; Tsay et al. 2022; Khidmat et al. 2022; Rico-Martínez et al. 2022). 

 

Figure 2: Expanded Metal Façade Cladding at Hyundai Motor Training Center, South Korea. 
https://www.metadecor.nl/projecten/hyundai-motor-training-center-in-zuid-korea/ 

As seen above, a proper estimation of the performance of EMM subject to transversal impact caused by flying 
debris is needed. Therefore, in this study the performance of EMM subjected to transversal impact is investigated. 
The study is conducted numerically using explicit nonlinear finite element analysis. Firstly, a numerical model is 
developed to study the impact response and failure modes of the meshes. Secondly, a parametric study is conducted 
to investigate the effect of impact masses and velocities, as well as mesh geometries on the impact performance of 
the mesh. The perforation resistance of the meshes impacted by flying debris was assessed performing a support-fail 
analysis, vulnerability curves and measuring the maximum displacements of the mesh. In the end, it is demonstrated 
that the perforation resistance of the meshes depends on the expanded metal cell dimensions, and a combination of 
the strand cross section and major axis length. 

2 FINITE ELEMENT MODELLING 

In this section, a numerical model of the EMM is elaborated using ANSYS Explicit Dynamics (ANSYS, 2020). 
In previous studies (Rambo-Roddenberry et al., 2012; Hwang et al., 2005; Ji et al., 2010; Lee et al., 2011), the response 
of EMM under transversal impact has been evaluated merely in qualitative terms, consequently the numerical procedure 
is verified herein considering the experimental study conducted by Chen et al. (2014) on corrugated steel panels 
impacted by flying debris. Thereafter, a parametric study is performed to analyze the effect of various variables on the 
impact response of the EMM. Moreover, the risk of failure of the meshes is also assessed by using vulnerability curves 
and evaluating their perforation resistance. 

2.1 Numerical modelling for EMM 

In Figure 3, the main features of an expanded metal cell are depicted, this cell can be defined using two orthogonal 
axes, a major axis 𝑙𝑙1  and a minor axis 𝑙𝑙2. Additionally, 𝑡𝑡 and 𝑤𝑤 represent correspondingly the strand thickness and width. 

 
Figure 3: Notation for an expanded metal cell. 
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Similar to the corrugated panels tested by Chen et al. (2014), the dimensions of the EMM are 1200 mm by 762 mm. 
These dimensions are also comparable to those used by other authors (Herbin and Barbato, 2012; Meng et al., 2016; 
Saini and Shafei, 2020). As pointed out by Liu and Soares (2019), the resistance of plates strongly depends on the 
boundary conditions at the supports. In the numerical model, the expanded metal geometry is attached to a rigid frame 
with fixed supports at each of the contact points. This would be equivalent to supporting the mesh to the frame through 
weld points in each cell. 

 
Figure 4: Finite element mesh for an expanded metal cell. 

In the numerical model, the expanded metal mesh, the impact mass, and the rigid frame were modeled with SOLID 
186 elements (ANSYS, 2020), which is suitable for plastic deformation studies. These elements were employed previously 
to study the quasi-static and dynamic response of expanded metal tubes under axial crushing (Graciano et al., 2012; 
Martínez et al., 2013; Smith et al., 2014b; Borges et al., 2016; Graciano et al., 2017). Figure 4 shows a typical mesh of an 
individual cell. 

 
Figure 5: EMM geometry: (a) Dimensions and boundary conditions; (b) Axisymmetric model. 

Figure 5a depicts the geometry of an expanded metal mesh and the supporting rigid frame. An impact mass of 
100 mm x 50 mm is also illustrated in the middle of Figure 5a. It is clear that there is symmetry in geometry, loading 
protocol and support condition, therefore only a quarter of the total geometry is modeled. Figure 5b schematically 
shows the boundary conditions considered in the analysis. All degrees of freedom in the rigid frame are restricted to 
move in the impact direction. A bonded contact between the surfaces of the rigid support and the expanded metal 
mesh is defined. 
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The frame is modeled as a rigid solid while the debris is considered as a solid with an elastic modulus ten times 
higher than the EMM. The debris density is modified in order to change the magnitude of the masses. The debris is 
modelled employing a block geometry. The height of the debris was reduced, and the density modified proportionately 
to maintain its mass like in the verification procedure. The debris was given an initial velocity. The dimensions of the 
block are 100 mm x 50 mm (contact area) x 20 mm (height). 

 
Figure 6: Stress-strain curve for expanded metal mesh. 

EMM are mostly manufactured with ASTM A569 carbon steel, Figure 6 shows the material characteristic curve 
employed in the numerical model. The Young’s modulus is E= 205 GPa, and the Poisson’s ratio is v= 0.3, quasi-static yield 
stress σs= 304 MPa, ultimate tensile stress σu= 470 MPa, fracture strain (mm/mm) εu=0.21. The Cowper-Symonds (1957) 
rate-sensitivity formulation was considered herein to account for dynamic loading effects 

𝜎𝜎𝑑𝑑
𝜎𝜎𝑠𝑠

= 1 + ��̇�𝜀
𝐶𝐶
�
1
𝑝𝑝 (1) 

where 𝜎𝜎𝑑𝑑  is the dynamic flow stress at plastic strain rate, 𝜎𝜎𝑠𝑠 is the associated static flow stress, 𝜀𝜀̇ is the strain rate, 
the Cowper constant is 𝐶𝐶= 100 s-1, and the Symonds constant is 𝑝𝑝 = 10. 

2.2 Modelling verification 

In this section, the numerical procedure is verified using the results from the investigation performed by 
Chen et al. (2014) on the performance of corrugated panels impacted by windborne debris. Although the geometry of 
the panels is not similar to expanded metal mesh. It is important to reproduce Chen's model with the available 
numerical-computational tools. This verification makes it possible to establish a methodological pattern from a 
computational point of view based on current impact regulations. Figure 7 depicts a view of the corrugated panels, 
in which the geometry corresponds to panels with industry standard size dimensions of 1200 mm by 762 mm, with a 
thickness of 0.42 mm. The height of the corrugation is 16 mm (Figure 7). These panels were modelled considering 
Zincalume AZ150 (grade G550 steel) with the following material properties: Young’s modulus E= 220 GPa, Poisson 
ratio v= 0.3, quasi-static yield stress σs= 550 MPa, and density ρ= 7850 kg/m3. The material is modeled using the 
kinematic hardening model proposed in Eq. (1). The erosion criterion of this material is defined using a failure strain 
of the plastic kinematic constitutive model, then, the failure (erosion) strain of the material was set to 0.17. 

 
Figure 7: Numerical model of the corrugated steel panel tested by Chen et al. (2014). 
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This computational model was elaborated using ANSYS Explicit (ANSYS, 2020), following the description of the tests 
performed by Chen et al. (2014). Four-node quadrilateral shell elements (Shell163) were employed in this numerical model. 
Following the recommendations in various international standards (AS/NZS 1170.2:2021, 2021; ASTM E1996-20, 2020), 
during the tests, a wooden debris with a mass of 4 kg, with 900 mm in length, and cross-section of 100 mm by 50 mm was 
employed. The wooden debris impacted in the center of the panel at a velocity of 22 m/s. To simplify the numerical model, 
the height of the debris was reduced, and to maintain its mass the density increased proportionately (Mohotti et al., 2013). 
The boundary conditions were similar to those employed in the tests for specimen CP2 (Chen et al., 2014), in which the 
specimens were attached to a rigid frame with screws separated 20 cm along four edges. A convergence analysis was 
performed, the size of the elements was set at 2 mm, leading to a total mesh size with 71383 elements. 

 
Figure 8: Numerical result for transversal impact of corrugated steel panel. 

 

Figure 8 shows a deformation view of the corrugated panel after impact. A close agreement is observed between 
the displacement–time histories obtained experimentally by Chen et al. (2014) and obtained numerically in Figure 9. 

 
Figure 9: Comparison of displacement–time histories of CP2 supported condition. 

2.3 Parametric study 

To investigate the performance of EMM subject to transversal impact, two objective function are considered in this 
study: vulnerability which is the capacity of the EMM to withstand the impact, and deformability attained by determining 
the maximum deflection in the transverse direction. A sensitivity analysis is performed to investigate the effect of the 
following parameters on these objective functions: 

• EMM cell geometry type: A, B and C 

• Impact velocity: 15, 20, 25, 30, and 40 m/s 

• Debris impact mass: 2, 4, 5, 6, and 8 kg 

Table 1 shows the geometry of the three EMM Type A, B and C. Combining all these parameters yields to a total 
of 75 runs, 25 runs for each mesh type. The impact area of the debris, the overall size of the mesh, the support type 
and the materials properties remain constant through the whole parametric study. 



Failure response of expanded metal meshes subject to transversal impact Gabriela Martínez et al. 

Latin American Journal of Solids and Structures, 2023, 20(7), e495 7/16 

Table 1: Geometry of various EMM cells used in the parametric study. 

EMM Type 𝒍𝒍𝟏𝟏 (mm) 𝒍𝒍𝟐𝟐 (mm) 𝒘𝒘 (mm) 𝒕𝒕 (mm) 𝑨𝑨𝒔𝒔 (mm2) % open area weight (kg/m2) 

A 76.2 33.8 5.2 5.0 26.0 69 12.37 

B 50.8 23.4 3.8 3.4 12.9 68 9.10 

C 61.0 25.1 6.1 4.3 26.2 52 17.36 

Figure 10 presents a comparison of the size of the EMM used in the parametric study. As seen in Table 1, the cross-
sectional area of EMM type A (𝐴𝐴𝑠𝑠=26.0 mm2) is similar to that of EMM type C (𝐴𝐴𝑠𝑠=26.2 mm2), and EMM type B has the 
smallest cross-section (𝐴𝐴𝑠𝑠=12.9 mm2). 

 

Figure 10: Comparative size of the EMM used in the parametric study. 

3 RESULTS 

In this section, the results are expressed in terms of vulnerability and displacement-time histories for all geometries, 
impact masses and velocities. In a previous stage, a convergence analysis is carried out to verify the sensitivity of the size 
of the elements on the impact response of the EMM. 

3.1 Mesh convergence analysis 

A convergence study was carried out for each type of mesh to be analyzed. All meshes type A, B and C were 
subjected to an impact mass of 4 kg with a velocity of 15 m/s for the convergence analysis. Thus, for mesh type A with 
w = 5.2 mm, element sizes of 6 mm, 5 mm, 4 mm, 3 and 2 mm were analyzed. Table 2 shows the size of the meshes for 
each element size considering symmetry in geometry and boundary conditions, and also the maximum displacement  
𝛿𝛿𝑚𝑚𝑚𝑚𝑚𝑚 computed accordingly. 

Table 2: Results for the convergence analysis for EMM type A, m=4 kg, and V=15 m/s. 

Element size (mm) # 𝐍𝐍𝐍𝐍𝐍𝐍𝐍𝐍𝐍𝐍 # 𝐄𝐄𝐄𝐄𝐍𝐍𝐄𝐄𝐍𝐍𝐄𝐄𝐄𝐄𝐍𝐍 𝜹𝜹𝒎𝒎𝒎𝒎𝒎𝒎 (𝐄𝐄𝐄𝐄) 

6 13238 25366 48.10 

5 17195 38901 49.10 

4 24465 65144 50.05 

3 54641 154666 51.13 

2 68793 220058 51.35 
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Figure 11: Convergence analysis for EMM type A (m=4kg, and V=15 m/s). 

 
Figure 11 plots the maximum displacement in the case of EMM type A (m=4 kg and V=15 m/s). For EMM type A and 

type C with similar cross-sectional area (26.0 and 26.2 mm2 respectively), an element size of 3 mm was selected. EMM 
type B has a smaller area (12.9 mm2), therefore an element size of 2 mm was chosen. 

 

3.2 Vulnerability assessment 

In extreme situations, strong windstorms conditions and protests, debris of various sizes may fly at different 
velocities. Accordingly, a range of impact masses are considered herein beginning from 2.0 kg to 8.0 kg. Moreover, the 
range of velocities varies from 15 m/s to 40 m/s. These masses and velocities cover also the impact caused 
by intentionally thrown masses during demonstrations or acts where the integrity of facades can be affected. 

Table 3 summarizes the results obtained numerically accessing the perforation performance of the analyzed 
EMM under various combinations of debris mass and velocity, where ‘‘P” indicates perforation of the mesh, and 
‘‘N” non-perforation. For EMM type A, the panel withstand all debris impact masses at a velocity of 15 m/s, but fails 
when it is subjected to an 8 kg debris travelling at 20 m/s, the penetration resistance decreases with increasing 
velocity and mass. The panel is capable to reject an impact of a 2 kg debris at 40 m/s. For EMM type B and C, the 
penetration resistance decreases with respect to that of EMM type A. Both meshes failed to reject any debris mass 
impacting at a velocity of 40 m/s. Furthermore, these meshes were unable to withstand an impact mass of 8 kg, 
even travelling at the lower speed level V=15m/s. 

Table 3: Perforation performance for EMM with respect to the debris mass and velocity. 

EMM type Mass (kg) 
Velocity (m/s) 

15 20 25 30 40 

A 2 N N N N N 
4 N N N N P 
5 N N N P P 
6 N N P P P 
8 N P P P P 

B 2 N N N N P 
4 N N P P P 
5 N P P P P 
6 N P P P P 
8 P P P P P 

C 2 N N N P P 
4 N N P P P 
5 N P P P P 
6 N P P P P 
8 P P P P P 
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An alternative manner to visualize the results presented in Table 3 is through the vulnerability curves plotted in 

Figure 12. Correspondingly, the EMM are capable to withstand the debris impact when the combination of mass and 
velocity is below the corresponding curve. For instance, EMM type A is capable to withstand a debris with m=3kg 
travelling at V= 30 m/s. In contrast, EMM type B and C are perforated for this combination of mass and velocity. 
For a debris with m=2kg and V=15 m/s, all EMM are capable to reject the debris, and hence protecting the structure. 
Based on the thresholds depicted in Table 3 and Figure 12 for the combination of debris mass and velocity to break the 
EMM, EMM type A achieved the best perforation performance. In contrast, EMM type C is more vulnerable to be 
perforated by the debris. 

 
Figure 12: Vulnerability curves for EMM type A, B and C. 

 

Figure 13a and 13b plot the displacements and the corresponding von Mises stress distribution when a mesh type 
A is impacted by a debris with m=4 kg at V=15 m/s. Although the condition of symmetry in two planes of the part was 
used for the analysis, all the geometry is shown for better understanding. Clearly, the mesh is going to be permanently 
deformed as the achieved stress level exceeds the material yield strength σs= 304MPa. This effect is observed for all the 
analyzed meshes, except for EMM type B subjected to a mass m=4 kg at V=15 m/s, in which the maximum stress reached 
287MPa (below yielding). 

 
Figure 13: Numerical results for EMM type A, m=4kg, and V=15 m/s: (a) total displacements, (b) von Mises stress distribution. 

Although the EMM provide an effective protection mechanism against debris impacts within the range of masses 
and velocities below the limits indicated in the vulnerability curves (Figure 12), these meshes are permanently deformed 
after the action of a debris, consequently, it is recommended to replace the EMM by others in original condition. 
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3.3 Deformability assessment 

In the previous section, the performance of the meshes in terms of the perforation of the debris was qualitatively 
assessed. For practical purposes, it is also necessary to determine the maximum deflection, this will allow adjusting the 
design parameters and quantify the minimum safety distance between the mesh and the structures under analysis to 
fulfill the protection task. It should be noted that the surface area of the mesh to be evaluated, the impact surface and 
the mesh contour conditions remain constant during all simulations. Figures 14, 15 and 16 show the displacement-time 
histories for EMM type A, B and C, respectively. A comparison time of 30 ms was established for all simulations. This time 
allows to see the evolution of the maximum deformation, and in case of perforation, it is also evident in this interval. 

Table 4: Maximum deflection δmax (mm) for EMM type A, B and C. 

EMM type Mass (kg) 
Velocity (m/s) 

15 20 25 30 40 

A 2 -34.94 -43.40 -51.67 -60.20 -77.65 
4 -51.91 -63.86 -76.64 -89.61 P 
5 -58.00 -72.30 -87.59 P P 
6 -64.32 -80.06 P P P 
8 -74.70 P P P P 

B 2 -41.96 -52.01 -59.91 -69.98 P 
4 -63.86 -73.67 P P P 
5 -72.39 P P P P 
6 -79.75 P P P P 
8 P P P P P 

C 2 -29.20 -36.82 -44.56 P P 
4 -43.97 -54.75 P P P 
5 -50.37 P P P P 
6 -55.14 P P P P 
8 P P P P P 

 

Table 4 shows the maximum deflection values reached in the meshes that were capable to reject the impact masses. 
EMM type B attained maximum deflection values for all velocities and masses, for a mass of 2 kg travelling at 15 m/s the maximum 
deflection is 41.96 mm, increasing the mass to 6 kg traveling at the same speed causes a maximum deflection of 79.75 mm. 

 
Figure 14: Displacement–time histories for EMM type A. 
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Figure 15: Displacement–time histories for EMM type B. 

Figures 14, 15 and 16 show a behavior of increasing deformations as the velocity of the impacted mass increases. 
For all mesh types, once the maximum displacement is achieved the displacement-time histories exhibit rebounds. In 
some cases, especially at high velocities the meshes are unable to reject the impact masses, hence breakage of the 
meshes is reached. These velocity and mass limits in which the EMM are broken represented the thresholds previously 
shown in Table 3 and Figure 12. 

 

 
Figure 16: Displacement–time histories for EMM type C. 
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Figure 17 shows the relationship between the maximum displacements reported in Table 4 and the impact masses for 
the three EMM types at V=15 m/s. EMM type C attained the lowest displacements, while EMM type B attained the largest 
displacement. It is worth pointing out that the expanded metal cells for the three meshes are different, both the dimensions 
of the strand cross-sections and the opening sizes (given that the lengths of the major and minor axes in Table 1) are different. 

 
Figure 17: Relationship between impact mass and δmax for all EMM at V=15 m/s. 

3.4 Failure mechanism analysis 

Figure 18 illustrates the progressive damage for mesh type A impacted by a mass of 4 kg at 40 m/s. As seen in Figure 
18b to Figure 18e, the expanded metal cells in the central area of the panel, in the plane of the mesh and perpendicular 
to the impact load, undergo large displacements through a flexural mechanism in which the open area of the mesh 
significantly increases. At the same time, the stress levels also increase until the mesh is unable to withstand the impact, 
and hence the strands are strained to the point of breaking (Figure 18e). 

 
Figure 18: Progressive damage for EMM type A (m=4 kg; V=40 m/s). 

In various studies regarding the collapse mechanism of EMM subject to compressive or shear loading 
(Graciano et al., 2009; Graciano et al. 2012; Martínez et al., 2013; Borges et al., 2016; Teixeira et al., 2016; 
Graciano et al., 2019), the expanded metal cell exhibits a bending mechanism in which the strands in the mesh undergo 
high levels of plastic deformation in the nodes (Figure 19). 

 
Figure 19: Free body diagram of a single EMM strand under bending. 
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Figure 19 shows the free body diagram of a single expanded metal strand under bending. According to Graciano et al. (2012), 
the load 𝑃𝑃𝑖𝑖 required to attain the plastic moment capacity forming a plastic hinge in the node of an expanded metal cell is 

𝑃𝑃𝑖𝑖 = 2𝜎𝜎𝑦𝑦
𝑤𝑤𝑡𝑡2

𝑙𝑙1
 (2) 

To obtain Eq. (2), it was assumed that each strand in an expanded metal mesh behaves like a beams subject to bending. 
From Eq. (2), it is also clear that the following parameter is representative of the flexural stiffness of an expanded metal cell 

𝜃𝜃 = 𝑤𝑤𝑡𝑡2

𝑙𝑙1
  (3) 

This parameter was also employed to investigate the effect of the cell size on the impact response of expanded 
metal tubes (Borges et al., 2016; Graciano et al., 2017). Figure 20 plots the maximum displacements attained for the 
EMM in terms of the flexural stiffness represented by θ and calculated with Eq. (3). It is clearly observed the maximum 
deflection varies with the cell stiffness, the larger the stiffness the smaller is the maximum deflection. For EMM type 
B (θ=0.86) impacted with a mass of 6 kg the maximum displacement is 79.75 mm. In contrast, for EMM type C (θ=1.85), 
when it is impacted with a mass of 6 kg the maximum displacement is 55.14 mm, and for EMM type A (θ=1.706) the 
maximum displacement is 64.32 mm. In summary, the largest the stiffness the lowest the maximum displacement. 

 
Figure 20: Maximum displacement in terms of the stiffness θ of the expanded metal cells (V=15m/s). 

4 CONCLUSION 

In this work, the failure response of EMM subjected to transversal impact caused by flying debris was investigated 
herein through explicit nonlinear finite element analysis. A numerical model was developed to simulate the mesh 
responses towards transversal debris impacts. The numerical methodology was verified by comparison with 
experimental results available in the literature. Afterwards, a parametric study was conducted considering various debris 
masses and velocities, as well as various expanded metal cell geometries. 

Vulnerability curves of the meshes were elaborated in terms of the impact mass and velocity. From the results, both 
the impact mass and velocity affect the impact performance of the EMM. It was observed that the penetration resistance 
of the meshes depends on the expanded metal cell dimensions, a combination of the strand cross section and major axis 
length. It was demonstrated that EMM are capable to withstand flying debris impacts. EMM are a feasible alternative to 
protect structures subjected to debris impacts. 

It is noteworthy that additional experimental tests are still required to further verify the penetration resistance of 
EMM. Some additional parameters should be included in future studies such as the stiffness of the supporting frame, 
impact location and the material properties of the mesh. 
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