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Abstract: This paper proposes a structure for concrete composite materials that 

effectively attenuates transmitted power through the composite slab across a wide 

frequency range. The proposed structure is practical for electromagnetic interference 

shielding applications. To assess its effectiveness, the proposed structure has been 

compared with two other structures: a traditional wire mesh used in reinforced 

composites and an array of helices, a cutting-edge technique for manufacturing 

lightweight concretes with significant improvements in shielding properties. The 

comparison among full-wave simulation results indicates that the proposed method 

leverages the benefits of both techniques. It achieves a shielding effectiveness exceeding 

30 dB from low frequencies up to 8.5 GHz and beyond 55 dB from low frequencies up 

to 4 GHz. Furthermore, an experimental measurement was conducted to validate the 

full-wave simulation results. An experimental sample was fabricated according to the 

simulated proposed structure, and the measured shielding effectiveness confirmed the 

composite's capability in wideband electromagnetic shielding. Theoretically, the 

proposed structure can enhance the concrete's mechanical characteristics while 

improving its shielding effectiveness, making it suitable for designing ultra-high-

performance concretes. 

Keywords: Composite materials, Electromagnetic interference shielding, Helical 
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1 Introduction 

LECTROMAGNETIC interference (EMI) 

shielding is a method used to safeguard electronic 

devices from electromagnetic energy. There are several 

techniques for constructing a shielded environment, such 

as lining walls with aluminum foil or using steel 

chambers. Recently, shielded buildings are being 
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developed worldwide for various purposes [1]-[9]. In 

modern construction, particle-loaded concrete is 

increasingly being used instead of traditional concrete. 

This cement-based composite can significantly diminish 

transmitted electromagnetic power and provide shielding 

against electromagnetic waves while enhancing the 

mechanical properties of the structure. Both macroscopic 

and microscopic particles can be integrated into the 

composite to achieve these goals [10]-[22]. In general, 

the electromagnetic shielding phenomenon is caused by 

an impedance mismatch between the incident wave and 

the intrinsic impedance of the material of which the slab 

is made. This impedance mismatch may occur in various 

methods. In terms of adding metallic inclusions to a 

composite material, the primary physical mechanism is 

an increase in the effective electrical conductivity of the 

composite material because of metallic additives. This 

phenomenon leads to a significant rise in the reflected 

power from the composite slab. Another mechanism that 
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may occur is power loss. In certain conditions, when the 

host material of the composite or other additives is lossy, 

the multi-reflections and multi-scatterings inside the 

composite slab among metallic particles can result in 

notable power loss. Even though the analysis of these 

mechanisms is complex, they have been widely studied 

in recent years for diverse applications [23]-[25]. 

However, in most cases, reflection is the dominant 

mechanism. 

Different additives are used in designing composites 

for EMI shielding applications [10]-[22],[26]-[32]. 

Carbon-based additives have also been mixed into a 

cement matrix to create a durable slab for EMI shielding 

[13]-[21]. Steel fibers are another type of additive 

implemented in a cement matrix [22].  In another study, 

nickel filaments were incorporated into the design of 

shielding composites [27]-[29]. More recently, carbon 

nanofibers have been used for similar purposes [30]-

[32]. 

However, many of these studies are not suitable for 

application across a wide frequency range, presenting a 

limitation that needs further investigation. Additionally, 

the mechanical properties of concrete are essential from 

various perspectives. Macroscopic additives are more 

effective than microscopic additives in protecting 

concrete composites against larger cracks. Furthermore, 

macroscopic additives are more industrially feasible and 

have proven effective through empirical testing because 

achieving a uniform dispersion of nanoparticles in the 

composite is challenging and remains an active area of 

research. The proposed structure can improve the 

mechanical properties of the concrete composite, 

significantly enhancing its ductility. Additionally, it can 

be combined with microscopic additives. Using the 

proposed method in conjunction with nanoparticles is 

advantageous and can be applied in designing ultra-high-

performance concrete (UHPC) [33], [34]. 

Macroscopic conductive additives can be incorporated 

into concrete in various shapes and sizes. Helical-shaped 

particles are a well-known type of chiral inclusion used 

for electromagnetic interference (EMI) shielding 

applications, particularly due to their resonant properties 

[35]-[39]. These additives can be arranged in an array or 

distributed randomly, with each method having 

advantages and disadvantages. We prefer arranging them 

in the form of an array to maximize their potential to 

increase shielding effectiveness across a wide frequency 

range or improve different characteristics of composite 

materials. Namely, utilizing an array of chiral particles 

in a concrete host medium results in a lightweight 

concrete composite material with enhanced shielding 

effectiveness, making it suitable for EMI shielding 

applications [40]. Moreover, new techniques have 

recently emerged for organizing the conductive particles 

in concrete paste [41]-[43]. 

On the other hand, using wire mesh to construct 

reinforced concrete is a traditional technique. This 

composite structure can effectively attenuate transmitted 

electromagnetic power through the reinforced slab, 

specifically in the low-frequency range. The shielding 

effectiveness of a wire mesh has been extensively 

studied and mathematically analyzed in the past [44]-

[51]. However, its restricted ability in electromagnetic 

shielding, which is effective only in the low-frequency 

range, limits its usage in EMI shielding applications, 

especially in concrete composite designs. 

This paper introduces a novel structure for concrete 

composite materials for electromagnetic interference 

(EMI) shielding applications. The structure features an 

array of helical-shaped conductive particles as chiral 

additives mounted on wire mesh embedded in a concrete 

material as the host medium. This design combines the 

benefits of both wire mesh and chiral particles, 

providing significant shielding effectiveness over a wide 

frequency range. In certain cases, the helical particles 

can replicate the behavior of a below-cutoff cylindrical 

waveguide, leading to a significant decrease in 

transmitted power from the array of helical particles 

within its resonance frequency range. The wire mesh not 

only shields the low-frequency range but also acts as a 

short circuit termination at the end of the aforementioned 

cylindrical waveguide, substantially enhancing the 

shielding effectiveness across a wide frequency range. 

This paper is organized into four sections. Section 2 

introduces three composite structures prepared for 

investigation using full-wave simulations, comprising 

four sub-sections. The first sub-section introduces the 

wire mesh structure, the second details an array of 

helices structure, and the third presents the proposed 

structure, which includes a wire-mesh-mounted array of 

helices. The fourth sub-section provides the results and 

discussion of the full-wave simulations for all structures. 

Section 3 focuses on validating the full-wave 

simulations with experimental measurements. Finally, 

Section 4 concludes the paper and highlights the key 

findings of this study. 

2 Three Composite Structures Preparation for Full-

Wave Simulations 

2.1 Wire mesh 

The first structure involves implementing metal wire 

meshes embedded in the concrete paste, a traditional 

method for constructing reinforced concrete composites. 

Furthermore, it is a prevalent structure for shielding 

against electromagnetic power and can be used in 

concrete composites in some applications. A wire mesh 

is shown in Fig. 1(a). The shielding properties of this 

structure, along with similar structures or metamaterials, 
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have been extensively studied and mathematically 

analyzed [44]-[51]. These analytical methods provide 

insights into the behavior of a wire mesh within a 

concrete host medium. 

The shielding effectiveness parameter is usually 

denoted by the symbol SE and can be expressed as Eq. 

(1). In this context, Pi represents the power of the 

incident wave traveling toward the interface or slab, 

and Pt denotes the power of the transmitted wave 

traveling outward the interface or slab, illustrated in 

Figs. 1(a). 

( )(dB)
10 log i

t

P

P
SE =                           (1) 

The shielding effectiveness (SE) of a wire mesh 

illuminated by a TEM plane wave, as shown in Fig. 1(a), 

can be expressed as Eq. (1) [47].  

1 2 3SE R A B k k k= + + + + +                     (2) 

Where R is the reflection loss related to the meshed 

screen, A is the attenuation corresponding to an aperture 

(a square made of metal wire) as a waveguide below 

cutoff, B is the multiple reflection correction factor, k1 

accounts for the various number of similar apertures per 

unit area, k2 accounts for the loss due to skin depth, and 

k3 accounts for the coupling between adjacent apertures. 

The reflection loss R can be determined by 
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4

k
R
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where k is expressed as 

                        96.69 10rk fs −=                                 (4) 

In Eq. (4), f is the frequency of the incident wave, s is 

the width of the square aperture or the size of the wire 

spacing as shown in Fig. 1(a), and εr is the relative 

electric permittivity of the host medium, which is the 

concrete material. The attenuation loss A and multiple 

reflections correction factor B should be respectively 

Fig. 1 (a) A wire mesh embedded in an infinite medium of the host material. In this work, the host material, which is represented in 

blue, is concrete. (b) The shielding effectiveness of the wire mesh shown in (a). 

Fig. 2 (a) Six-layer wire meshes embedded in the concrete material as the host medium, together forming a concrete composite slab 

with infinite cross-section. (b) The unit cell of the structure.  
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derived by Eq. (5) and Eq. (6). 

   27.3A t s=                                     (5) 
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                  (6) 

In Eq. (5), t is the depth of the square aperture. 

Additionally, the factors k1, k2, and k3 are expressed as 

Eq. (7), Eq. (8), and Eq. (9) respectively [47]. 

1 10log( )k a n= −                               (7) 

( )2.3
2 20log 1 35( )k w  −= − +                     (8) 

( )3 20log cot( 8.686)k A=                       (9) 

where a is the area of each aperture in cm2, n is the 

number of the wire mesh's unit cells per square 

centimeter, w is the metal wire’s diameter, and δ is the 

skin depth for the metal the wire mesh is made of. 

Figure 1(b) shows the shielding effectiveness of a 

single-layer wire mesh embedded in an infinite medium 

made of concrete material, as illustrated in Fig. 1(a), 

with s = 5 mm and w = 0.3 mm. these values for the 

shielding effectiveness have been obtained by Eq. (2). 

Generally, Fig. 1(b) demonstrates that the wire mesh 

attenuates the transmitted power at low frequencies 

based on the mesh size. In the very low-frequency range, 

the wavelength is much larger than the mesh size, 

allowing it to attenuate the transmitted power; however, 

as the frequency increases, its shielding effectiveness 

significantly decreases. From the perspective of 

frequency selective surfaces (FSS), it functions as a 

high-pass FSS [52]. 

A multi-layer structure can be implemented to increase 

the shielding effectiveness utilizing wire mesh. Figure 

2(a) illustrates six parallel wire meshes that make a six-

layer structure. The unit cell of this structure can be 

observed in Fig. 2(b). The cross-section of the slab and 

the wire meshes is infinite. It is assumed that an incident 

TEM plane wave propagates toward a concrete slab, 

including wire meshes along the -z-axis. This structure 

was simulated using CST Studio Suite software, and the 

results will be presented in Section 2.D. In the full-wave 

simulation, the reinforced concrete slab has a thickness 

of 8.5 cm, as depicted in Fig. 2(b). Table 1 lists the 

geometric parameters of each wire mesh. 

2.2 Array of helices 

The second structure features an array of helices as 

chiral particles embedded in a concrete slab, forming a 

composite material. Metamaterials, chiral particles, and 

chiral media are utilized for EMI shielding applications 

[52]. For instance, a multi-layer array of chiral particles 

can be employed to achieve high shielding effectiveness 

while also designing a lightweight composite material 

[40]. However, designing a wideband structure is a 

significant challenge. To address this, the helical 

particles in each layer vary in size, broadening the 

applicable bandwidth. 

This design leverages the resonant properties of an 

infinite periodic planar array of helical particles to 

effectively attenuate transmitted electromagnetic power, 

making it suitable for EMI shielding applications. 

Theoretically, the strong attenuation of transmitted 

power from infinite periodic arrays of helical particles, 

as shown in Fig. 3(c), is due to the particles' ability to 

imitate the TE11 mode of a cylindrical waveguide and the 

corresponding surface current on the helical wire. This 

occurs in the resonance frequency range below the TE11 

mode cutoff frequency of a cylindrical waveguide with a 

radius similar to that of the helical particle. 

Figure 3(a) shows an infinite periodic planar array of 

conductive cylinders (cylindrical waveguides), while 

Fig. 3(c) illustrates an infinite periodic planar array of 

seven-turn helices. Figures 3(e)-3(h) compare the 

electric field configurations on a cross-section of these 

two planar arrays. Figures 3(e) and 3(g) provide the 

comparison at 2GHz, which is within the resonance 

frequency range below the TE11 mode cutoff frequency 

of 3.1 GHz for the cylindrical waveguide. Figures 3(f) 

and 3(h) show a similar comparison at 3.5 GHz, above 

the cutoff frequency. These comparisons reveal a 

considerable similarity in the electric field 

configurations at different frequencies. Furthermore, 

Figures 3(i)-3(l) compare the power density on a cross-

section perpendicular to the slab and parallel to the 

incident wave propagation direction.  

 

Table 1. The wire mesh’s specifications of each layer. 

Wire mesh 

layer number 

Size of the aperture 

“s” (mm) 

Metal wire 

diameter “w” (mm) 

Layer 1 25 0.3 

Layer 2 25 0.3 

Layer 3 25 0.3 

Layer 4 12 0.3 

Layer 5 12 0.3 

Layer 6 8 0.3 

 

Table 2. The particles’ specifications of each planar array of 

helices. 

Planar Array 

Number 
Array 1  Array 2 Array 3 Array 4 Array 5 Array 6 

Fractional size 1 1.25 1.252 1.253 1.254 1.255 
R (mm) 3.9 4.9 6.1 7.7 9.6 12 

Pitch angle 4.55○ 4.55○ 4.55○ 4.55○ 4.55○ 4.55○ 

Number of turns 1.75 1.75 1.75 1.75 1.75 1.75 

Axial length (mm) 3.4 4.3 5.4 6.8 8.4 10.5 

Wire diameter (mm) 0.16 0.20 0.26 0.32 0.4 0.48 

Resonance 

frequency (GHz) 5.28 4.22 3.38 2.70 2.16   1.73 
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Fig. 3 The similarity between the electric field patterns and the transmitted power of two different planar arrays embedded in a 

concrete composite: an infinite periodic planar array of conductive cylinders (cylindrical waveguides) (left two columns) and an 

infinite periodic planar array of seven-turn helices (right two columns), both with identical radii of 12 mm. The TE11 mode cutoff 

frequency of the cylindrical waveguide is 3.1 GHz. The blue transparent cube represents the surrounding concrete material as the host 

medium. (a) The infinite periodic planar array of conductive cylinders. (b) The unit cell of the array in (a). (c) The infinite periodic 

planar array of seven-turn helices. (d) The unit cell of the array in (c). (e) The electric field configuration on a cross-section, parallel 

to the array plane, of the cylinder at 2 GHz, below the cutoff frequency. (f) Similar to (e) at 3.5 GHz, beyond the cutoff frequency. (g) 

The electric field configuration on a cross-section, parallel to the array plane, of the helix at 2 GHz, below the cutoff frequency. (h) 

Similar to (g) at 3.5 GHz, beyond the cutoff frequency. The electric field configuration of the TE11 mode can be observed in the helix 

array in (g) and (h), which is analogous to the array of cylindrical waveguides in (e) and (f). (i) The time-average power density 

contour on a cross-section, perpendicular to the array plane, of the cylinders at 2 GHz, below the cutoff frequency. (j) The time-

average power density contour on a cross-section, perpendicular to the array plane, of the cylinders at 3.5 GHz, beyond the cutoff 

frequency. (k) Similar to (i) for the array of helices. A significant attenuation of the transmitted wave can be observed in (i) and (k). 

(l) Similar to (j) for the array of helices. A considerable transmission can be observed in (j) and (l). (m) The shielding effectiveness of 

the infinite periodic planar array of conductive cylinders, shown in (a), obtained by full-wave simulation. (n) The shielding 

effectiveness of the infinite periodic planar array of seven-turn helices, shown in (c), obtained by full-wave simulation. 
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The comparison highlights significant shielding 

properties for both planar arrays at 2 GH, as shown in 

Figs. 3(i) and 3(k), while also indicating notable power 

transmission through both arrays at 3.5 GHz. Figures 

3(m) and 3(n) illustrate the shielding effectiveness of 

both planar arrays as obtained from full-wave 

simulations, highlighting the similar behavior of both 

arrays. From the perspective of frequency selective 

surfaces (FSS), the array of helices operates as a band-

stop FSS [52]. 

The scattering of an individual chiral particle or 

canonical helix is maximized when the wavelength is 

approximately equal to the particle's circumference [37]. 

The resonance frequency of a helix-loaded composite 

occurs at a wavelength equal to 0.75 times the total 

length of the helix wire, which is almost the same as the 

circumference of the helix in particles with a small 

number of turns and pitch angle [38],[39]. Similarly, for 

an infinite periodic planar array of helical particles with 

a slight pitch angle and few turns, such as one of the 

planar arrays in the six-layer structure shown in Fig. 

4(a), the central frequency of the resonant band is the 

frequency whose wavelength is roughly equal to the 

helical particle's circumference within the unit cell of the 

planar array. 

Given our design objectives, we use a 6-layer structure 

consisting of six parallel infinite periodic planar arrays, 

which are dense enough, as shown in Fig. 4(a). All 

planar arrays are embedded in concrete as the host 

medium.  

The elements within each planar array have identical 

orientation and geometry, but the arrays can vary in 

element and unit cell size. Different unit cell sizes are 

selected to achieve a wideband structure. In this 

example, the particle and unit cell size in each planar 

array is scaled from the previous array. We aim to 

design an array of helical particles for shielding 

applications in the frequency range of 2-4 GHz. Thus, 

the largest particle (layer 6) and the second smallest 

particle (layer 2) are designed in such a way that the 

center of their resonance bands occur at 1.7 GHz and 4.2 

GHz, respectively. Additionally, an extra layer (layer 1) 

Fig. 4 An array of helical particles including six parallel infinite periodic planar arrays of helices embedded in a concrete material 

as the host medium, together forming a concrete composite slab with infinite cross-section. (b) The unit cell of the structure. 

Fig. 5 An array of helical particles, including six parallel infinite periodic planar arrays of helices mounted on wire meshes, which 

are embedded in a concrete material as the host medium, together forming a concrete composite slab with infinite cross-section. (b) 

The unit cell of the structure. 



Iranian Journal of Electrical & Electronic Engineering, Vol. 20, No. 03, September 2024     7 
 

with a smaller particle size and higher resonance 

frequency (5.2 GHz) is included to enhance performance 

within the desired frequency band. 

The distances between the arrays are assumed to be 

arbitrary and dependent on the specific utility and design 

requirements. In this study, we design and simulate one 

6-layer array of helical particles using the full-wave 

simulation software CST Studio Suite. The composite 

slab has a thickness of 8.5 cm, as shown in Fig. 4(b). 

The geometric parameters were determined through a 

parametric study. Specifically, the number of turns 

should be an odd multiple of a quarter-turn (1.75 turns) 

to achieve a bi-anisotropic slab capable of effectively 

interacting with two orthogonal polarizations of the 

incident wave's electric field. Additionally, a ring was 

added to the end of the helical particles to enhance the 

practicality of the structure and facilitate its realization. 

Table 2 presents the specifications of the helical 

particles’ geometry for each array. 

2.3 Array of helices mounted on wire meshes 

The third and proposed structure combines the first 

two designs. It incorporates a multi-layer array of 

helices, where each planar array of helices is mounted on 

a wire mesh. The size of the wire mesh apertures (wire 

spacing) in each layer matches the unit cell size of its 

corresponding planar array of helices. Figure 5 illustrates 

the proposed structure and its unit cell. We simulated 

and assessed this 6-layer structure using the full-wave 

simulation software CST Studio Suite. The geometric 

parameters of the helical particles and the wire mesh are 

identical to those specified in Sections 2.A and 2.B, as 

detailed in Tables 1 and 2. 

Theoretically, the wire mesh acts as a short circuit 

termination for the cylindrical waveguides imitated by 

the helical particles. This significantly enhances the 

slab's shielding effectiveness, even at the operational 

frequency of the helix array. 

Mounting the planar array of helices on a wire mesh 

also facilitates the production of concrete composites 

with embedded helical arrays, which otherwise face 

manufacturing challenges. This proposed structure not 

only mitigates these manufacturing difficulties but also 

ensures better distribution of the helical particles within 

the host medium of the composite material. The uniform 

distribution of the additives is a crucial factor in the 

composite material's mechanical characteristics and 

electromagnetic shielding properties. 

2.4 Results and Discussion 

The shielding effectiveness of the three structures 

presented in Sections 2.A, 2.B, and 2.C were evaluated 

by full-wave simulations in CST Studio Suite software. 

In the software, full structures cannot be simulated due 

to the infinite cross-section of the slabs; instead, a unit 

cell approach with periodic boundary conditions is used. 

The unit cell of these three structures can be observed in 

Figs. 2(b), 4(b), and 5(b) respectively. Two ports are 

placed on either side of the slab. Port 1 is excited, and 

the total power delivered to Port 2 is measured. 

Shielding effectiveness is calculated using Eq. (1). A 

Floquet port is implemented to excite the unit cell, and 

the frequency domain solver utilizes the Method of 

Moments (MoM) for simulation. Moreover, Table 3 

presents the characteristics of the materials used in all 

simulations, as recorded in the software database. 

Figure 6 compares the shielding effectiveness of 

concrete composites reinforced by three different 

structures, each with a thickness of 8.5 cm. For the first 

structure, which employs wire mesh, line graph (1) 

shows that the shielding effectiveness is significantly 

high at low frequencies but decreases considerably as the 

frequency increases. This trend is consistent with the 

mathematical analysis results for a single-layer wire 

mesh shown in Figure 1(b). 

 

Table 3. The materials’ characteristics in the full-wave 

simulations. 

Material Quantity Value 

Concrete 
r Dispersive, Complex, and 1st 

order model 

 5.5-0.2i at f=1.36 GHz 

 5.5-0.12i at f=2.52 GHz 

 5.55-0.09i at f=3.68 GHz 

r 1 

steel 

r 1 

r 2000 

 1.03e+07 (S/m) 

 

Fig. 6 The shielding effectiveness of concrete composites 

reinforced by three different structures, each with a thickness 

of 8.5 cm obtained by full-wave simulations. 
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Fig. 7 (a) six different helical steel particles. (b) Six planar arrays of helices mounted on wire meshes. (c) securing the sixth 

layer in its position within the mold. (d) six layers fixed in their position within the mold. (e) Back view of the proposed 

structure in the mold before pouring the concrete paste. (f) The reinforced (with steel additives) and the control (without steel 

additives) samples after the drying process.  (g) Preparing a slab in a holder for mounting in the test setup. (h) putting gaskets 

around the samples in the holder for mounting in the test setup. (i) The iron shelter. (j) The test setup. (k) The horn antenna, 

which illuminates the electromagnetic incident wave toward the concrete composite slab. (l) The horn antenna and spectrum 

analyzer in the iron shelter. 

Table 4. Shielding effectiveness (SE) of structures with macroscopic additives 

Type of Additives 
Slab Thickness 

(cm) 

Additives Volume 

Fraction 

SE (dB) at 

f =1.5 GHz 

SE (dB) at 

f =3.5 GHz 
References 

Wire mesh (single layer) 2.5 0.15% 4 3.3 [47],[48] 

Randomly distributed rods 2.5 2.4% 16 28 [40] 

Multi-layer array of helices 11 0.1% 23 44 [40] 

Multi-layer array of helices 

with end ring 
8.5 0.3% 41 57 This study 

Proposed structure 8.5 0.4% 57 58 This study 
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Line graph (2) illustrates the shielding effectiveness 

for the second structure, which includes only an array of 

helices. It indicates very low attenuation of transmitted 

power at low frequencies. However, notable shielding 

effectiveness is observed between approximately 1.5 and 

5.5 GHz, with values exceeding 30 dB and peaking at 

around 60 dB in the 2.5 to 3.5 GHz range, indicating 

substantial attenuation. 

Line graph (3) depicts the shielding effectiveness of 

the proposed structure, which combines an array of 

helices mounted on six-layer wire meshes. This graph 

shows a significant improvement compared to the first 

and second structures, which use only wire mesh or an 

array of helices alone. The proposed structure notably 

enhances the shielding property, especially within the 

resonance frequency range of the helical particle array. 

Significant attenuation is achieved over a wide 

frequency range, with shielding effectiveness exceeding 

30 dB from low frequencies up to 8.5 GHz and beyond 

55 dB from low frequencies up to 4 GHz. These results 

demonstrate that the proposed structure can substantially 

attenuate transmitted power through the composite slab 

across a broad frequency range. 

In terms of shielding properties, the helix-loaded 

composites significantly outperform conventional EMI 

shielding structures, including metallic wire meshes and 

randomly distributed rods [7],[40],[47],[48]. Table IV 

compares these structures, all utilizing macroscopic 

additives at various additive volume fractions (the ratio 

of the metallic additives' volume to that of the 

composite) embedded within concrete material. The 

comparison reveals that helical-based composites can 

achieve high levels of shielding effectiveness with lower 

additive volumes [40]. 

It should be noted that there are no significant 

restrictions on the thickness of the proposed structure to 

achieve this level of shielding effectiveness. The 

thickness of the slab can be reduced by decreasing the 

pitch angle (or spacing between turns) of the helix 

particles or the space between different layers of the 

array. These changes will reduce the thickness of the 

proposed structure without a noticeable decrease in its 

shielding properties across the same frequency band, 

which is one of the advantages of this structure. 

3 Validation with Experimental Measurement 

An experimental measurement was conducted to 

validate the results of the full-wave simulation for the 

proposed structure, described in Section 2.C. We 

manufactured a reinforced concrete composite sample 

with cross-sectional dimensions of 40×40 cm2 and a slab 

thickness of 8.5 cm. This thickness was selected to 

match the simulated samples. Additionally, we 

attempted to ensure that the geometry and size of the 

helical particles and wire meshes in the experimental 

sample matched those used in the full-wave simulations 

for the proposed structure, as detailed in Tables 1 and 2. 

All components were made of steel. Figure 7(a) shows 

the six different helical particles corresponding to each 

layer (planar array). To fabricate the reinforced concrete 

composite, the helical particles for each of the six layers 

were mounted on their respective wire meshes and fixed 

using red spray adhesive. These six planar arrays of 

helices mounted on wire meshes are shown in Fig 7(b). 

In the second step, each layer was secured in its position 

within a mold, as illustrated in Figs. 7(c)-7(e). Then, the 

concrete paste was poured into the mold. 

Two samples were prepared: one reinforced with 

helical steel additives and wire meshes, and one control 

sample without any conductive additives. Both samples 

had dimensions of 40×40×8.5 cm3, as depicted in 

Figure 7(f). After the drying process, the shielding 

effectiveness of both slabs was measured using the iron 

shelter and the test setup shown in Fig. 7(i) and Fig. 7(j), 

respectively. Measurements were taken across a 

frequency range from 1 to 12 GHz in 0.25 GHz 

intervals. 

The transmitted power through control samples 

(samples without the array of helices or wire mesh) 

differs between experimental measurements and full-

wave simulations due to slight variations in the concrete 

material’s behavior in each method. To eliminate the 

effect of the concrete material on the shielding 

effectiveness of the composites in both experimental 

measurements and full-wave simulations, control 

samples were used. The normalized shielding 

effectiveness (SEN) of the reinforced sample is the 

Fig. 8 A comparison between the normalized shielding 

effectiveness of the proposed structure derived by full-wave 

simulation and experimental measurement. This figure 

illustrates the difference in shielding effectiveness between 

the reinforced sample (containing the array of steel helices 

mounted on wire meshes) and the control sample (without any 

steel additives) for both the full-wave simulation and the 

experimental measurement. 
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difference between its shielding effectiveness and the 

control sample’s shielding effectiveness, calculated by 

Equation (8). 

Reinforced sample Control sample(dB) (dB)NSE SE SE= −     (10) 

Figure 8 compares the normalized shielding 

effectiveness of the proposed structure obtained from the 

experimental measurement and the full-wave simulation. 

It indicates that the full-wave simulation results align 

with the experimental measurements, suggesting that the 

structure can significantly attenuate the transmitted 

power through the concrete composite slab across a wide 

frequency range. 

4 Conclusion and Highlights 

In conclusion, utilizing an array of helical particles 

mounted on wire meshes in a composite material 

leverages the advantages of both structures: the array of 

helices and the wire meshes. The wire mesh can shield 

against low-frequency incident waves, while the helical 

particle array operates in a higher frequency range where 

the wire mesh alone cannot provide sufficient shielding 

effectiveness. The key findings of this paper can be 

highlighted as follows: 

• Low-Frequency Shielding: Wire mesh exhibits 

significant electromagnetic shielding 

effectiveness in the low-frequency range, 

functioning as a high-pass frequency selective 

surface (FSS). 

• Limitations of Wire Mesh: Although wire mesh 

is commonly used in the production of 

reinforced concretes, its limited bandwidth 

restricts its effectiveness for wideband 

electromagnetic shielding applications. 

• Helical Particles' Resonance: The helical 

particles' ability to imitate the dominant mode 

of a cylindrical waveguide and the 

corresponding surface current on the helical 

wire results in a strong attenuation of 

transmitted power from infinite periodic arrays 

of helices. 

• Band-Stop FSS Functionality: An array of 

helical particles can effectively attenuate 

transmitted power through the composite slab 

within its resonance frequency range, which lies 

below the dominant mode cutoff frequency of a 

cylindrical waveguide with a radius similar to 

that of the helical particle. In terms of FSS, it 

functions as a band-stop filter. 

• Wideband Shielding: The combination of 

helical particle arrays mounted on wire meshes 

in a composite material offers significant 

shielding effectiveness across a wide frequency 

range. This proposed structure is suitable for 

EMI shielding applications and also facilitates 

the industrial application of helical arrays 

within concrete. 

• Multilayer Structure Benefits: Implementing a 

multilayer structure enhances the engineering of 

composites, helping to achieve specific design 

objectives. 

Beyond improving electromagnetic shielding, the 

proposed structure can also enhance the mechanical 

properties of concrete, making it an ideal candidate for 

the development of ultra-high-performance concretes. 
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