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A Computational Approach to Investigate Electromagnetic
Shielding Effectiveness of Steel Fiber-Reinforced Mortar

S.H. Kwon! and H.K. Lee?

Abstract: The electromagnetic shielding effectiveness of steel fiber-reinforced
mortar was numerically examined in this study. A series of numerical analysis on
twenty-seven types of specimens of different diameters, lengths, and volume frac-
tions of fibers were conducted using the FE program HFSS to investigate the effect
of the dimensions of steel fibers and the amount of fibers added to the mortar on
the shielding effectiveness. S-parameters of some specimens were experimentally
measured by the free space method and the experimentally measured S-parameters
were compared with those computed in order to verify the present numerical anal-
ysis method. It was found that smaller diameters and larger volume fractions pro-
vided better shielding effectiveness. Fiber length did not strongly influence the
shielding effectiveness. The number of fibers was found to strongly influence the
shielding of electromagnetic waves, and the optimal number of fibers in the mortar
was found.

Keywords: Fiber Reinforcement, Finite Element Analysis, Electrical Properties,
Electromagnetic Shielding.

1 Introduction

Residential and work environments are surrounded by a high volume of electro-
magnetic waves originating from sources such as mobile phones, wireless internet
networks, appliances, and radio communication. These electromagnetic waves may
interfere with one another, potentially leading to the malfunction of electronic de-
vices and noise in the communication [Wen and Chung (2004)].

The present study is a part of a project to develop technologies to enhance electro-
magnetic compatibility inside buildings. The project provides the means of shield-
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ing the electromagnetic waves that penetrate a building from the outside. The
broadband frequency protected by the shielding is then exploited to allow safe and
clean (person to person or device to device) wireless communication inside the
building. One effective way to shield an entire building from outside electromag-
netic waves is to construct the building with shielding materials.

One branch of the project to which this study belongs is focused on developing a
cement-based material that satisfies requirements for both mechanical performance
and electromagnetic shielding. Addition of a conductive and stiff material to ce-
ment based mix will be a way to achieve both requirements. Steel fiber and carbon
nanotube were originally considered as a possible material to be added to the mix.
Steel fiber has been widely used in real construction sites and is economically at-
tractive compared to carbon nanotube. Although many researches on carbon nan-
otube have been recently performed to enhance mechanical properties and elec-
tromagnetic shielding effectiveness of base materials [Ghanbari and Naghdabadi
(2009); Charkrabarty and Cargin (2008); Xie, Han and Long (2007)], carbon nan-
otube is still far from universal usage in construction practice. In this study, the
electromagnetic shielding effectiveness of steel fiber-reinforced mortar was numer-
ically examined. It is well known that the addition of steel fibers to cement-based
materials is an effective mean of reducing crack width and enhancing ductility. Re-
cently, a research group at the University at Buffalo revealed the excellent shielding
ability of steel fibers, from which a shielding effectiveness of 70dB at 1.5GHz has
been attained using a cement paste that contains 0.72 vol.% stainless steel fibers of
87m diameter and 6mm length [Wen and Chung (2004)]. In addition to that find-
ing, the shielding effectiveness of cement-based composites has been extensively
investigated [Fu and Chung (1997);Chiou, Zheng and Chung (1989); Fu and Chung
(1998)] by the same research group. For the sake of electromagnetic shielding, the
existing studies [Wen and Chung (2004); Fu and Chung (1997);Chiou, Zheng and
Chung (1989); Fu and Chung (1998)] imply that it is desirable to increase the num-
ber of fibers by using thin fibers while maintaining the same volume fraction of steel
fibers within the mortar. However, producing a large bulk of cement-based mate-
rial reinforced with thin fibers having a diameter of less than 50m would present
serious challenges in practice.

For mechanical considerations, 0.15 to 0.50 mm diameter fibers are widely used in
practice [Shah and Naaman (1976);Felekoglu, Turkel and Altuntas (2007);Rahimi
and Kesler (1979)]. The employment of fibers incorporated for mechanical pur-
poses as electromagnetic shielding presents an optimal way to simultaneously achieve
both the required mechanical performance and electromagnetic shielding ability.
Concrete could be considered as a base material to which fibers are added, but large
aggregates may disturb the uniform distribution of the fibers, a factor that is impor-
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tant for electromagnetic shielding. For economic reasons, the use of cement paste
as a base material is not practical. Therefore, mortar was selected as a base material
in this study. In concrete, fibers of 20mm to S0mm length are usually used. How-
ever, in the case of mortar, the fracture process zone is much smaller than that of
concrete because there is no bridging effect from aggregates, and shorter fibers can
be used to prevent cracking [Bazant and Planas (1998);Gonzalez, Maimi, Turon,
Camanho and Renart (2009); Ferretti and Leo(2008)]. In previous studies, 6mm to
13mm long fibers have been used in steel fiber-reinforced mortar [Shah and Naa-
man (1976);Felekoglu, Turkel and Altuntas (2007);Rahimi and Kesler (1979)]. For
mechanical purposes, fibers are usually added in quantities as high as 1 to 3% of the
total volume of the base material. In this study, the effect of steel fiber-reinforced
mortar on electromagnetic shielding is numerically investigated according to differ-
ent volume fractions (1%-3%), different diameters (0.16mm-0.5mm), and different
lengths of fibers (6mm-12mm). Further, S parameters of some specimens were ex-
perimentally measured by the free space method and the experimentally measured
S parameters were compared with those computed in order to verify the present
numerical analysis method.

There are two types of tests for electromagnetic shielding effectiveness: the coax-
ial cable method and the free space method [Wen and Chung (2004);Ghodgaonkar,
Varadan and Varadan (1989);Kim and Lee (2009)]. The test results will potentially
be very sensitive to the inevitable errors induced in the process of manufacturing the
specimens, particularly because they are formed of a cement-based material; such
errors could be reflected as surface roughness, voids on the surface, non-uniform
distribution of fibers, or as the influence of external humidity conditions, temper-
ature, and so on. Therefore, it is preferred to assess electromagnetic shielding
effectiveness according to the parametric analysis noted above, before planning
and performing the tests. Furthermore, the randomly distributed fibers inside the
base material are fully modeled in the electromagnetic simulation performed in this
study; such a numerical approach based on full modeling of the composite has been
rarely attempted.

2 S-parameters and electromagnetic properties
2.1 S-parameters

The electromagnetic shielding effectiveness of materials can be quantitatively ex-
pressed by S-parameters [Wen and Chung (2004)]. Fig. 1 shows a schematic of a
waveguide in the middle of which a material is inserted. From one of both ends,
an electromagnetic wave is radiated. At the surface of the material, a part of the
incident wave is reflected, and the other part penetrates the material. A part of the
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penetrating wave is absorbed inside the material, and the other part is transmitted
through the material. The process of reflection, absorption, and transmission is
called scattering of the wave, and the S-parameter represents that scattering.
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Figure 1: Specimen in the middle of waveguide and electric field distributions in
regions I, II, and III [Bazant and Planas (1998)]

In the figure, the incident wave from the left end (port 1) progresses towards the
right end (port 2). When the material is homogenous, the scattering parameters of
a 2-port device are expressed by the following [Baker-Jarvis, Vanzura and Kissick
(1990)].
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R, = eXp(—}/()Lz) (6)

in which L, is the distance from port 1 to the left end of the specimen, while L, is the
distance from port 2 to the right end of the specimen. If the material is homogenous,
the parameter S, is identical to S}, since the scattering matrix should be symmetric
[Baker-Jarvis, Vanzura and Kissick(1990)]. In addition, the reflection coefficient I"
and the transmission coefficient 7" are given as follows [Baker-Jarvis, Vanzura and
Kissick (1990)].

N _ Y
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where L is the material length, and ¥ and Y are expressed by the following equa-
tions [Baker-Jarvis, Vanzura and Kissick (1990)].
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In Egs. (9) and (10), j = v/—1, c,4cis the speed of the wave under a vacuum, @ is
the angular frequency, A. is the cutoff wavelength of the waveguide, & and L are
the permittivity and permeability of the vacuum, respectively, and }p and ¥ are the
propagation constants in the vacuum and the material, respectively [Baker-Jarvis,
Vanzura and Kissick (1990)]. Further, &; and p; are the complex permittivity and
permeability relative to those under the vacuum as described in the following equa-
tions [Baker-Jarvis, Vanzura and Kissick (1990)].

€ = [ep — jegleo = €xeo (11)

1= [Ug — jHR]Ho = HgLo (12)

When the lengths L; and L, are identical, the parameter S;; is equal to S;. The
parameter S;; is the ratio of the voltage at port i to the voltage at port j. It is
also a complex number. Generally, the parameter is represented in dB scale. The
complex number of §;; is converted to dB scale as follows [Baker-Jarvis, Vanzura
and Kissick (1990); Pozar (2005)].

Sij:oH—Bj 13)
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Sij(db) = 20 x log(v/a2 + B2) = 20 x log (L) (14)

J

In Eq. (14), V;r is the voltage at port j radiating the incident wave, and V; is
the voltage at port i receiving the incident wave [Baker-Jarvis, Vanzura and Kissick
(1990)]. When S1; is equal to zero in dB scale, it means that the incident wave from
port 1 is completely reflected from the surface of the material. When the value of
S»1is zero in dB scale, it means that the incident wave from port 1 is completely
transmitted to port 2.

2.2 Electromagnetic properties obtained from the S-parameters

The electromagnetic properties € and Uy given in Egs. (11) and (12) can be de-
termined from the S-parameters [Baker-Jarvis, Vanzura and Kissick (1990)]. If the
scattering parameters, S11, S22, S21, and Sip, are measured on a waveguide, the
electromagnetic properties, € and [y, can be determined through an inverse anal-
ysis. For non-magnetic materials, the parameters py and pg in Eq. (12) are 1.0
and 0.0. In the present study, the nonlinear least square optimization proposed in
the Marquardt-Levenburg method [Brown (1970)] is utilized to determine the di-
electric parameters, €, and &p, optimally fitting the S-parameters obtained from the
(numerical) parametric analysis.

3 Numerical analysis
3.1 General

In this study, waveguide tests on steel fiber-reinforced mortar with different fiber
volume fractions, lengths, and diameters (as illustrated in Fig. 1) are numeri-
cally simulated. There are several numerical methods such as finite element, fi-
nite difference, finite volume, boundary element methods [Oh, Katsube and Brust
(2007);Timmel, Kaliske, Kolling and Mueller (2007);Mai-Duy, Khennane and Tran-
Cong (2007)]. In this study, finite element method was exploited in the simulation.
Tab. 1 shows the analysis parameters, which were determined by considering the
dimensions of fibers being used in practice for mechanical purposes. Fig. 2 shows
real steel fibers of 0.16mm x 6.0mm.

The analysis was performed on a total of twenty-seven mortars. The commercial
finite element (FE) program HFSS Ver. 11 [HFSS (2008)] was used. The pro-
gram utilizes a three-dimensional full-wave FE method to compute the electrical
behavior of high-frequency and high-speed components [HFSS (2008)]. Using the
program, the mortar was modelled with tetrahedral elements and the convergence
was checked from the difference between the S-parameters at the previous and cur-
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rent steps as the number of elements was increased. When the difference was found
to be less than a predefined tolerance, the analysis was performed with the last mesh
refinement, increasing by 0.2 GHz increments from 8.1 GHz to 12.5 GHz. From
the results of the analysis, S-parameters were obtained for every analysis parameter.

Figure 2: Steel fibers (0.16mm diameter, 6.0mm length)

Table 1: Analysis parameters
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In reality, the permittivity of a mortar depends on many factors such as internal
humidity, pore or void systems, temperature, and degree of hydration. However,
this study is focused on the effect of fibers, and the permittivity of the mortar
was assumed to be constant when referred to the previous researches [Wittmann
(1975);Halabe, Sotoodehnia, Maser and Kausel(1993)]. The real and imaginary
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parts of the assumed relative permittivity for plain mortar were 10.0 and 2.0. The
fibers inserted into the mortar mix are generally made of stainless steel to prevent
corrosion. The real part of the relative permittivity of stainless steel is 1.0, and its
bulk conductivity is 1,100,000 Siemens/m.

3.2 Distribution of steel fibers in mortar matrix

Steel fibers are randomly distributed throughout a mortar in the process of mixing
[Li, Zhao and Liu(2008)]. This random distribution must be considered in the
modelling of a fiber-reinforced mortar. Fig. 3 shows the procedures for modelling
the randomly distributed steel fibers and the specimen inserted in the waveguide.
When the dimensions of the specimen simulated in the analysis are [} X I x t(l] >
l>), and the diameter and length of the fibers are d and [, fibers are firstly modelled
to be distributed in a cube of [ x [ xI, where [ = [} +I. If the volume fraction
of steel fibers to the total volume of the cube is af, and the volume of one steel
fiber is v, the number of steel fibers distributed in the cube, N, is expressed as the
following.

_Vy _apxixixl

N =2 "
vy 7'Ed2lf/4

15)

The total volume of the cube is divided into N unit cubes, as shown in Fig. 3(a).
Both the volume of the unit cube Vunit and the length of one edge of the unit cube
lunit are given by the following equations.

Eilxlxl
N N

1

lunit = (Vum')f)§ (17)

vum't =

(16)

The center of each fiber was located at the center of the unit cube, as shown in Fig.
3(b). This is not realistic. However, this configuration was implemented in order to
obtain an ideal distribution of fibers and to avoid a biased distribution that would
likely arise from a purely random distribution. The direction of the centered fibers
was randomly determined in three dimensions. The fiber distribution in the total
volume (Fig. 3) had a length, diameter and volume fraction of 6.0mm, 0.16mm
and 1%, respectively. Next, the specimen of the rectangular parallelepiped was lo-
cated in the center of the cube, as shown in Fig. 3(d), and all regions beside it were
eliminated, as shown in Fig. 3(e). When fibers intersected, they were assumed
to be connected. Finally, the specimen was inserted into the center of the waveg-
uide. The dimensions of the specimen, /; X I, X t, were [{=19mm, /,=18mm, and
t =5mm, respectively. One side of the specimen was intentionally made slightly
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different from the other to make the incident wave propagate in the same direction
inside the waveguide and to prevent unnecessary error caused in determining the
direction of the wave. Fig. 4 shows the notation method for the specimens accord-
ing to the combination of analysis parameters, where D denotes the diameter in 0.1
millimeter, L the length in millimeter, and % the volume fraction of fibers. The
numbers of fibers and (finite) elements in each specimen are listed in Table. 2.

4 Verification of numerical analysis method

Prior to the parametric analysis, S-parameters of a type of the specimens, D16-
L6-3%, were measured through the free space test method, as shown in Fig. 5.
The test specimen had dimensions of 150x 150 x 5mm. Mortar reinforced with the
same steel fibers, as shown in Fig. 2, was cast into a mold of the same size. The
specimen was demolded a day after casting, and cured for two weeks under 60%
relative humidity at 20°. Three companion specimens were prepared, and the test
was performed 15 days after casting following Bois et al. [Bois, Benally, Nowak
and Zoughi (1998)]. Bois et al. [Bois, Benally, Nowak and Zoughi (1998)] car-
ried out experiments on electromagnetic characterization of cement-based material
according to cure-state. It was observed from the experimental results of Bois et
al. [Bois, Benally, Nowak and Zoughi (1998)] that the electromagnetic properties
become constant after 15 days of curing.

The specimens were installed in the apparatus of the free space measurement sys-
tem having horn antenna with lenses (8~12GHz frequency range capacity) as shown
in Fig. 5. Compared with the conventional free space method, the free space
method having horn antenna with lenses has some advantages: 1) concentration
of the electromagnetic waves by lenses, 2) requirement of the smaller specimens,
3) more accurate results in comparison with the conventional free space method
[Seo, Chin and Lee(2004)].

In order to verify the present numerical analysis method, a comparison between the
experimentally measured S-parameters and the S-parameters computed from the
present numerical analysis was made, and the results are shown in Fig. 6. For the
parameter S21, the calculated values are very close to the measured values at the
beginning, at roughly 8.1GHz. However the difference increases with a rise of fre-
quency and decreases after 10GHz for D16-1.9-3% and D16-1.12-3%. In contrast,
the difference of D16-L6-3% continues to rise even after 10GHz. For the param-
eter S11, the difference monotonically increases with an increase of frequency. In
this case, however, the difference is small, unlike in the case of the parameter S21.
Considering that errors inevitably occur in experiments and that there is uncertainty
regarding the permittivity of the mortar material, the calculated S-parameters can
be considered to be close to the measured values. Therefore, it is reasonable to
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Figure 3: Procedure of modeling randomly distributed steel fibers and the specimen
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Figure 4: Specimen notation method according to combination of analysis param-
eters

quantitatively determine the electromagnetic shielding effectiveness of steel fiber
reinforced mortar from the FE analysis technique used in this study.

5 Results and discussion
5.1 S-parameters

Figure 7 shows the simulated electromagnetic field distribution at 12.5GHz in a
vacuum, for plain mortar, and for mortar. The wave is not reflected but is com-
pletely transmitted in the waveguide when no material is inserted into the waveg-
uide, as shown in Fig. 7(a). In the case where plain mortar is in the middle of the
waveguide as shown in Fig. 7(b), the wave is not transmitted as much as in the case
of Fig. 7(a). In the case of mortar (D16-L6-3%), the incident wave from the upper
port is almost completely reflected from and absorbed into the material, and it is
much less transmitted than when using plain mortar, due to the steel fibers.

The S-parameters expressed in dB scale for every specimen are plotted over the
frequency axis in Fig. 8. From this graph it is possible to quantitatively determine
the magnitude of the effect of the steel fibers on the electromagnetic shielding.
First, for the S21 parameter, S21 increases as its diameter increases, eventually
approaching that of plain mortar. This means that the proportion of the wave that
is transmitted decreases with the increase of diameter.

As for the S11 parameter, S11 of plain mortar decreases until 10 GHz and increases
thereafter. S11 when steel fibers of 0.50mm diameter are used is similar to S11 for
plain mortar. In contrast to those cases, S11 straightens and rises as the diameter of
the steel fibers decreases from 0.30 to 0.16mm.

In order to specifically analyze the variation of S-parameters according to the vol-
ume fraction, length, and diameter of fibers more thoroughly, the S-parameters
were averaged over frequencies of 8.1GHz to 12.5GHz, and the averaged values
are plotted in Fig. 9. In Fig. 9(a), S11 slightly increases with an increase of volume
fraction, while S21 decreases. This indicates that the incident wave from port 1
is reflected more than it is transmitted with an increase of volume fraction. The
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Table 2: The number of fibers and elements in the specimens

Specimen The number of fibers | The number of elements
D16-L6-1% 273 236,275
D16-L6-2% 539 577,252
D16-L6-3% 829 1,169,383
D16-L9-1% 226 278,278
D16-L9-2% 442 502,462
D16-L9-3% 680 1,179,114
D16-L12-1% 223 288,108
D16-L12-2% 420 410,554
D16-L12-3% 614 741,347
D30-L6-1% 88 40,923
D30-L6-2% 158 89,547
D30-L6-3% 209 159,727
D30-L9-1% 67 41,120
D30-L9-2% 118 92,328
D30-L9-3% 199 190,829
D30-L12-1% 62 48,402
D30-L12-2% 109 99,599
D30-L12-3% 176 185,085
D50-L6-1% 21 13,536
D50-L6-2% 56 25,592
D50-L6-3% 91 53,255
D50-L9-1% 22 12,032
D50-L9-2% 49 23,352
D50-L9-3% 70 39,761
D50-L12-1% 17 11,284
D50-L12-2% 42 23,937
D50-L12-3% 62 135,121

impact of diameter is depicted in Fig. 9(b), in which S11 slightly decreases while
S21 steeply increases. The variation of S21 for fiber diameters ranging from 0.16
to 0.30mm is much larger than that of S21 for fiber diameters ranging from 0.30 to
0.50 mm. This indicates that the wave is more transmitted when fiber’s diameter is
increased. In contrast with the volume fraction and diameter, the effect of the fiber’s
length is not important. This is shown in Fig. 9(c) where S11 and S21 are flatter
and have no increasing or decreasing trend according to changes in length. Shield-
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Figure 5: Schematic configuration of the free space test measurement system
[Felekoglu, Turkel and Altuntas (2007);Rahimi and Kesler (1979);Brown(1970)]
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Figure 6: Comparison between measured and calculated S-parameters

ing effectiveness is directly related to the S21 parameter, because it represents the
amount of transmitted waves. Therefore, the diameter and volume fraction of fibers
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Figure 8: S-parameters obtained from analysis
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are the main factors influencing shielding effectiveness. Shielding effectiveness is
enhanced by the increase of fiber volume fraction and the decrease of fiber diame-
ter. Maximum shielding effectiveness was achieved in the case where fiber diameter
was 0.16mm and the fiber volume fraction was 3%. The average value of S21 for
different fiber lengths is -33 dB, indicating that the electric field intensity of the
incident wave is reduced as much as 98%.

5.2 Permittivity of steel fiber-reinforced mortar

Multiple studies on methods to determine complex permittivity from S-parameters
have been performed [Kim and Lee (2009); Baker-Jarvis, Vanzura and Kissick
(1990);Seo, Chin and Lee (2004)]. Generally, for a non-magnetic material, S11 is
measured, and the real and imaginary parts of the relative permittivity complex
value of S11 are determined [Kim and Lee (2009);Seo, Chin and Lee (2004)].
However, it was found that the permittivity that optimally fits the S11 value ob-
tained from the present analysis yields an erroneous S21 value; the S21 value cal-
culated based on the permittivity determined only from S11 is quite different from
the S21 value of the analysis results. Therefore, the permittivity that best fits S11
and S21 was determined in the present study by using the Marquart-Levenburg
method [Brown (1970)]. The estimated permittivity thus found for each specimen
is plotted over frequency in Fig. 10. Since the permittivity was determined under
the assumption that the mortar is a homogenous material, it can be considered as
an averaged property of the mortar, given that permittivity highly depends on the
interior positioning and direction of fibers within the material when looking at the
material on a microscopic level.

Similar to the averaged S-parameters shown in Fig. 9, the real and imaginary parts
of the permittivity are averaged over frequencies ranging from 8.1GHz to 12.5GHz,
and the averaged values of permittivity are shown in Figs. 11 and 12. The real part
of the permittivity for the plain mortar is 10.0. For all the specimens, (except the
cases where the fiber diameter is 0.16mm and the fiber volume fractions are 2% and
3%) the real parts are larger than or similar to that of the plain mortar, as shown
in Fig. 11(b). As shown in Fig. 11(a), the real part of the permittivity appeared
to decrease with an increase of the volume fraction for the fiber diameter 0.16mm,
while it gently increased or remained constant for the diameters of 0.30mm and
0.50mm. The values are nearly constant for different fiber lengths, except for the
cases D16-L6-1%, D30-L6-2%, and D30-L6-3%, as shown in Fig. 11(c). A clear
trend for the real part of permittivity could not be found. However, the imaginary
part shows a salient tendency according to the analysis parameters in Fig. 12. It
increased with an increase of the volume fraction. Then, it remained nearly constant
for the three different lengths of fibers, and decreased as diameter increased.
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Figure 9: S-parameters averaged over a frequency range from 8.1 to 12.5GHz
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5.3 Shielding effectiveness according to the number of fibers

The variations of the S-parameter and permittivity according to the analysis of pa-
rameters are portrayed in Figs. 8 to 12. Another important factor is the number of
fibers in a specimen, listed in Tab. 2. The S-parameters and permittivity are plotted
over the number of fibers in Figs. 13 and 14, respectively.

Figure 13 reveals a definite influence of the number of fibers on the S-parameters.
The rate of change of the S11 and S21 parameters, respectively, is shown to be
very steep until a concentration of around 400 fibers; thereafter, the S11 and S21
parameters change only gradually with an increase of the number of fibers. This
means that shielding effectiveness is not significantly enhanced beyond a certain
number of fibers. The results in Fig. 13 could be used as fundamental data in
determining the optimal amount of fibers to shield electromagnetic waves while
obtaining required mechanical performance.

A noteworthy feature of the real part of the relative permittivity is found in Fig.
14(a). The real part increased at the beginning with an increase of the number of
fibers, but remained at a lower and constant value beyond 400 fibers. Meanwhile,
the increase rate of the imaginary part is very steep under about 400 fibers and
is reduced thereafter, which corresponds to the trend for specimens D16-L9-2%
and D16-L12-2%. This variation of the imaginary part might be explained by the
increase of conductivity. The imaginary part of permittivity is related to the loss or
dissipation of electric energy. The conductivity of the mortar is increased with the
increase of fiber content, and the dissipated energy is also increased. The abrupt
drop of the real part indicates that there is a threshold for the number of fibers in
enhancing the shielding effectiveness, and this drop might be due to the fact that the
internal scattering of the wave entrapped by the steel fibers in the mortar increased
when exceeding a certain number of fibers.

Based on the results in Fig. 14, it can be concluded that within the scope of this
study the optimal number of fibers for shielding is around 400, at which S21 is
about -30dB, indicating that the electric field intensity of the incident wave is re-
duced as much as 97%.

6 Conclusions and future study

The effects of diameter, length, and volume fraction of steel fibers on electromag-
netic shielding effectiveness in steel fiber-reinforced mortar were numerically in-
vestigated in this study. Some of the analysis results were compared with test
results to verify the analysis method. The comparison showed good agreement
between the calculated and the measured results. From the analysis results, the
following salient features were found.
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Figure 10: Permittivity determined from S-parameters
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1. The number of fibers is a very important factor influencing the degree to
which electromagnetic waves are shielded, and the optimal number of fibers
inserted in a specimen with dimensions of 19x18x5mm is about 400, at
which S21 is about -30dB, that is, 97% reduction in electric field intensity.

2. The real part of permittivity increased at the beginning with an increase of
the number of fibers, but remained at a lower and constant value beyond
400 fibers. Meanwhile, the increase rate of the imaginary part is steep under
about 400 fibers and is reduced thereafter.
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3. The rate of change of the S11 and S21 parameters, respectively, is very steep
until a concentration of around 400 fibers; thereafter, the S11 and S21 pa-
rameters change only gradually with an increase of the number of fibers.

4. Smaller fiber diameters and larger fiber volume fractions provide better shield-
ing effectiveness.

5. Fiber length does not strongly influence shield effectiveness.

6. At a diameter of 0.16mm, 2% volume fraction, and length exceeding 9mm,
97% shielding effectiveness for the electric field intensity can be achieved.

In order to extensively investigate the shielding effectiveness of cement-based ma-
terials reinforced with steel fibers and to examine an applicability of those materials
in practice, computational and experimental works considering more parameters
than those considered in this study will be planned in the near future.
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