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Abstract. The increased awareness of electromagnetic wave hazards has prompted studies on
electromagnetic shielding using conductive materials in the construction industry. Previous studies
have explored the effects of the types of conductive materials and their mix proportions on the
electromagnetic shielding performance; however, there has been insufficient research on the effect of
the geometry of the conductive materials on the electromagnetic shielding performance. Therefore, in
this study, the dependence of the electromagnetic shielding performance on the cross-sectional
geometry, diameter and length of fibers was investigated. The results showed that the electromagnetic
shielding performance improved when the fiber length increased or the diameter decreased, but the
effect of the cross-sectional geometry of the fibers was smaller than the effect of the fiber spacing
factor.
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1. Introduction

Electromagnetic waves, which are composed of electric and magnetic fields acting at right
angles, can be generated for purpose of long-distance electrical transmission or produced during
normal operation of electronic equipment. Exposure to electromagnetic waves has been reported to
affect human health (Genuis 2008, Greenland et al. 2000, Kabuto et al. 2006). Li et al. (2002)
reported that the risk of miscarriage increased up to 1.8 times when the amount of exposure to
electromagnetic waves during pregnancy was more than 16 mG. Draper et al. (2005) also stated
the relative risk (RR) of leukemia was 70% higher in areas within 200 m of a high-voltage power
line than in areas that are 600 m away. In addition, the electromagnetic waves can interfere with
electronic signals inducing equipment malfunction or failure (Min 2009). Especially, the
electromagnetic interference (EMI) technology for military application is a risk for national
security. A typical example is an electromagnetic pulse bomb that can disable social civil and
military systems by disabling communication and electronic devices.

Studies on electromagnetic shielding have been conducted to protect important building
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structures or humans from electromagnetic wave hazards. In some of these studies conductive
materials were used for electromagnetic shielding because of their property to reflect or absorb
electromagnetic waves (White and Mardiguian 1988). Lee et al. (2003) applied carbon-based
paint-like conductive materials on a wall and measured an electromagnetic shielding effectiveness
of 9 dB in the frequency range of 30-1.5 GHz. Suchea et al. (2015) applied a paint-like material
containing graphene, Cu particles, and multi-walled carbon nanotubes (MWCNT) on a foam board
and reported an electromagnetic shielding effectiveness of 20-30 dB in the frequency range of 30-
1.5 GHz. However, paint-like shielding materials tend to get scratched easily, thus resulting in low
durability and increased maintenance cost. Hence, other studies have taken a different direction by
mixing conductive materials with other materials such as cementitious composite (Guan et al.
2006). Especially, carbon-based materials have been used in many previous studies due to their
relatively high electrical conductivity. Chiou et al. (1989) found that a cement paste containing 4
wt.% carbon fiber had a shielding performance of up to 25 dB. Kim et al. (2006) reported that
epoxy composite containing 1.6 wt.% carbon black had a shielding effectiveness of approximately
40 dB at a frequency of 850 MHz. Micheli et al. (2014) reported that a cement composite
containing carbon nanotube (CNT) had a high shielding effectiveness of approximately 50 dB in
the frequency range of 0.75-1.12 GHz.1 Although these carbon-based materials have high
electromagnetic shielding effectiveness, their practical application is economically infeasible due
to high costs. Thus, electromagnetic shielding studies using metal fibers, which have a relatively
low manufacturing cost and good conductivity, have also been undertaken. Wen and Chung (2004)
reported that a cement paste containing steel fibers with 8-μm diameter had an electromagnetic 
shielding effectiveness of up to 70 dB. Shyr and Shie (2012) produced a textile containing
stainless steel fibers and observed its shielding effectiveness to be more than 50 dB in the
frequency range of 30-1,500 MHz. Recently, as the interest in environmental protection has
grown, studies on the electromagnetic shielding performance of conductive industrial by-products
have also been undertaken (Bantsis et al. 2012, Baoyi et al. 2012, Kim and Yi 2015, Lim et al.
2011). These studies showed that the electromagnetic shielding performance of the conductive
industrial by-products was similar to that of previously studied conductive materials, but the
possible deterioration of the mechanical properties of cement composites containing industrial by-
products may have limited their practical application (Albano et al. 2005, Eisa 2014, Ghernouti
and Rabehi 2012, Khatib and Bayomy 1999).

These existing studies have shown that the inclusion of electrically conductive materials in a
composite matrix can improve the electromagnetic shielding performance of the composite
material. However, the findings were limited to the electromagnetic shielding performance with
respect to different types or mix proportions of the conductive materials. The electromagnetic
shielding performance of cement composites with regard to the geometry of the conductive
material, thus far, has not been studied.

In this study, the effect of fiber geometry on electromagnetic shielding performance of fiber-
reinforced mortar was first evaluated experimentally, and the significances of the fiber length,
diameter, and volume fraction on electromagnetic shielding performance were further discussed
based on a regression analysis.

2. Experiment

Experiments were carried out to determine the effects of fiber geometry on the electromagnetic
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Table 1 Mineral composition of cement (by wt.%)

C3S C2S C3A C4AF Gypsum

51.87 19.42 4.84 10.27 3.90

Table 2 Chemical composition of cement (by wt.%)

CaO SiO2 Al2O3 MgO Fe2O3 SO3

58.6 22.1 6.4 4.1 3.5 2.6

K2O TiO2 P2O5 Na2O Ig. loss

1.8 0.3 0.3 0.2 0.2

Table 3 Properties of metal fibers

Metal fiber Stainless Steel Fiber(SSF)
Amorphous Steel

Fiber(ASF)
High Carbon Steel

Fiber(HCF)

Cross section
(mm)

Circle Rectangle Triangle

ϕ 0.2, 0.3, 0.4 1.6×0.029 0.57×0.57×0.57

Length (mm) 12, 16, 20, 24, 28 20 10, 20

Composition (wt.%) Fe(73), Cr(18), Ni(8) Fe(79), Cr(7) Fe(94), C(0.6), Ni(5)

shielding performance of fiber-reinforced mortars according to ASTM D 4935 and KS C 0304.

2.1 Materials

Ordinary Portland cement (type 1 per KS L 5201) with a density of 3.11 g/cm3 and sand with a
density of 2.62 g/cm3 and absorption of 1.62% were used for preparing the mortar. Tables 1 and 2
summarize the chemical and mineral compositions of the cement.

Three different types of metal fiber reinforcements with different geometries (SSF, ASF and
HCF) were used as conductive shielding materials for inclusion in the mortar. SSF fibers of
various diameters and lengths were also used to examine the effects of the length and diameter of
the fibers on their electromagnetic shielding performance. The properties and main compositions
of the metal fibers are shown in Table 3.

Fig. 1 shows the geometries of the metal fibers. SSF and ASF have circular and thin rectangular
cross sections, respectively, while HCF is a twisted fiber that has a triangular cross section. The
twisted surface of HCF gives the fiber various reflection angles when it encounters

(a) SSF (b) ASF (c) HCF

Fig. 1 Image of metal fibers

283



Young Jun Kim , Dinberu M. Yemam, Baek-Joong Kim and Chongku Yi

Table 4 Specimens considered in this study

Type
Metal fiber Volume fraction

(vol.%)Diameter (mm) Length (mm)

SSF

S_2_12 0.2 12

0, 0.3, 0.5

S_2_16 0.2 16

S_2_20 0.2 20

S_2_24 0.2 24

S_2_28 0.2 28

S_3_12 0.3 12

S_3_16 0.3 16

S_3_20 0.3 20

S_3_24 0.3 24

S_3_28 0.3 28

S_4_12 0.4 12

S_4_16 0.4 16

S_4_20 0.4 20

S_4_24 0.4 24

S_4_28 0.4 28

ASF A_20 1.6×0.029 20

HCF
H_10 0.57×0.57×0.57 10

H_20 0.57×0.57×0.57 20

waves, but SSF and ASF fibers have untwisted surfaces resulting in constant reflection angles.

2.2 Mix proportions

Mortars having a cement-to-fine-aggregate ratio of 1:2 and a water-to-binder ratio of 0.4 were
prepared for control specimens, and SSF-, ASF- and HCF-fiber-reinforced mortars at two volume
fractions of 0.3 % and 0.5 % were then prepared. The mix proportions of the mortars studied are
given in Table 4.

2.3 Test method

Test specimens were prepared as per ASTM D 4935. First, dry mixing of cement, sand, and
metal fiber was performed for 30 s to ensure a uniform distribution of the fiber in the mixture
using a mixer. Then, water was added and wet mixing was continued for 1 min and 30 s. The
prepared mixture was then poured into a plastic mold and compacted using a vibrating table. After
casting, the specimens were sealed and stored at 25±1°C and 50±2% relative humidity for 24 h.
The specimens were then demolded and cured in water at 23±3°C. For each mix proportion, one
test and one reference specimen were cast and cured. On the 7th day of curing, the test and
reference specimens were sliced and polished, to prepare three samples and one sample,
respectively, with a thickness of 5 mm. The surfaces of the samples were polished to minimize
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Fig. 2 Image of the experimental set-up

scattering of the electromagnetic waves when they were applied to the surface of the sample. The
thickness of the specimen was set to 5 mm to fulfill the requirements of ASTM D 4935 as well as
KS C 0304, which limits the thickness of a specimen to less than or equal to 5 mm (KSA 2014).

The electromagnetic shielding performance of the mortars was measured by using a flanged
coaxial transmission guide setup as stated in ASTMInternational (2010), which covers a broad
range of wave frequencies from 300 MHz to 1.5 GHz. The test samples were first placed between
the two flanges, then electromagnetic waves produced by the signal generator were applied on one
side of the samples and the power received on the other side of the flange was measured by the
signal receiver. These measured powers were later used to compute the electromagnetic shielding
effectiveness of the test specimens. Fig. 2 shows the equipment used to perform this experiment.

2.4 Related equations

The electromagnetic shielding effectiveness (SE) is obtained according to Eq. (1) as shown
below. The received power without the sample present (P2) was measured by placing a reference
specimen that has an open region to allow free transmission of electromagnetic waves, and the
received power with the sample present (P1) was measured by placing the test specimen. Fig. 3
shows the reference and test specimen.

2

1log10
P

P
SE −= (dB)

where, P1 : received power with the material present (W) and

P2 : received power without the material present (W)

(1)

It is noted that the shielding effectiveness value, being expressed in decibel, allows to see the
minute changes in the performance of a material, but also may mislead interpretation of the results
as log scale is not as common as linear scale. For example, materials, having only 1 % difference
in electromagnetic power loss (90% and 99%), can have two folds difference in terms of SE values

Flange

Generator Receiver
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(a) Reference

Fig

(10 dB and 20 dB). Furthermore, extra care is required to carry out arithmetic operation on SE
values to analyze the data. Hence, in this study,
compare and discuss the experimental results

where

It is well known that the effect of fiber reinforcement on the mechanical properties of mortar is
closely related to the ways that the fibers are distributed in the matrix. In an attempt to quantify
effectiveness of fibers, the notion of fiber spacing
fiber spacing factor, Eq. (3), was suggested by
fibers are evenly distributed (James and James 1964)

3. Results and discussion

Figs. 4-5 presents the shielding effectiveness (SE) vs. frequency results obtained from mortars
reinforced with SSF having three different diameter
volume fractions. Each graph shows that the shielding effectiveness was affected by the fiber
diameter for a given length and volume fraction, and the improvement in the shielding

33 mm
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(a) Reference (b) Test

Fig. 3 Image of a typical pair of specimens

Furthermore, extra care is required to carry out arithmetic operation on SE
ence, in this study, shielding rate (%), per Eq. (

experimental results.

100
2

1 ×=
P

P
rateShielding (%)

where, P1 : received power with the material present and

P2 : received power without the material present

It is well known that the effect of fiber reinforcement on the mechanical properties of mortar is
closely related to the ways that the fibers are distributed in the matrix. In an attempt to quantify

notion of fiber spacing factor has been introduced. The formula for
fiber spacing factor, Eq. (3), was suggested by James et al. in 1964 with the assumption that

(James and James 1964).

fV
dS
1

8.13=

where, S : Fiber spacing factor,

Vf : Fiber volume fraction (vol.%)

d : Diameter of fiber (mm)

presents the shielding effectiveness (SE) vs. frequency results obtained from mortars
reinforced with SSF having three different diameters, five different lengths, and two different fiber
volume fractions. Each graph shows that the shielding effectiveness was affected by the fiber
diameter for a given length and volume fraction, and the improvement in the shielding

133 mm

76 mm
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Furthermore, extra care is required to carry out arithmetic operation on SE
Eq. (2), was adapted to

: received power with the material present and
(2)

It is well known that the effect of fiber reinforcement on the mechanical properties of mortar is
closely related to the ways that the fibers are distributed in the matrix. In an attempt to quantify the

introduced. The formula for the
assumption that the

(3)

presents the shielding effectiveness (SE) vs. frequency results obtained from mortars
and two different fiber

volume fractions. Each graph shows that the shielding effectiveness was affected by the fiber
diameter for a given length and volume fraction, and the improvement in the shielding
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(a) L 12mm (b) L 16mm

(c) L 20mm (d) L 24mm

(e) L 28mm

Fig. 4 Shielding effectiveness of mortar (SSF, Vf 0.3%)

performance of mortars reinforced with fiber can be easily appreciated by comparing the graphs of
the fiber-reinforced mortars with the one for the control specimen (OPC). These results also
clearly showed that the shielding effectiveness increased with the wave frequency. In particular,
when the frequency was more than 1,200 MHz, the increase in shielding effectiveness was more
distinct. This may arise from the tendency of electromagnetic waves to easily diffract at low
frequencies, but not so easily at high frequencies.

3.1 Effect of fiber size on shielding performance

Fig. 6 shows the improved electromagnetic shielding rate of SSF-reinforced mortar over OPC,
averaged over the frequency range of 300–1500 MHz for three different diameters and five
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(a) L 12mm (b) L 16mm

(c) L 20mm (d) L 24mm

(e) L 28mm

Fig. 5 Shielding effectiveness of mortar (SSF, Vf 0.5%)

different lengths of SSF. The results showed that the minimum improvement in shielding rate of
SSF reinforced mortar was nearly 20%. The average enhancements in shielding rates for the five
fiber lengths were 35.7% for 0.4 mm fiber diameter, 39.8% for 0.3 mm, and 53.6% for 0.2 mm,
respectively, at a volume fraction of 0.3%.

The same trend was observed at a volume fraction of 0.5%; where the average enhancements in
shielding rates for the five fiber lengths were 39.8% 45.1%, 61.2% for 0.4 mm, 0.3 mm, and 0.2
mm fiber diameter, respectively. These results suggest that the electromagnetic shielding rate of
the mortar improves as the fiber diameter decreases. The results can be attributed to a denser
distribution of fibers in the matrix due to the increase in the number of fibers with smaller
diameters for a given length and volume fraction.
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(a) Volume fraction 0.3 %

(b) Volume fraction 0.5 %

Fig. 6 Increase in the average electromagnetic shielding compared to that of OPC (%)

Fig. 6 shows the relationship between the improved electromagnetic shielding rates of SSF-
reinforced mortar vs. SSF fiber length. The improved electromagnetic shielding rate increased
with the length of the fiber. At the Vf of 0.3%, the average enhancements in electromagnetic
shielding rates for the three fiber diameters were 27.8%, 39.4%, 43.0%, 50.3%, and 57.2% for the
fiber length of 12 mm, 16 mm, 20 mm, 24 mm, and 28 mm, respectively. At the Vf of 0.5%, the
average enhancements in electromagnetic shielding rates for the three fiber diameters were
32.0%39.6%, 51.0%, 58.6%, and 64.1% for a fiber length of 12 mm, 16 mm, 20 mm, 24 mm, and
28 mm, respectively. However, at the Vf of 0.5%, the improved electromagnetic shielding rate for
0.2-mm diameter fibers having 24 mm and 28 mm lengths was found to decrease from 69.0% to
67.5%, respectively. This trend is opposite to the other results where the increase in
electromagnetic shielding rate showed a positive relation with the fiber length. This can be
attributed to the fiber ball effect that can result in an uneven distribution of fibers in the matrix,
which was clearly observed during mixing of fibers with 0.2-mm diameter and 28-mm length.

3.2 Effect of spacing factor on shielding performance

Fig. 7 shows the shielding rate, averaged over the frequency range of 300-1500 MHz, with
respect to the spacing factors. The spacing factor varied depending on the volume fraction and
fiber diameter. For a fiber diameter of 0.2 mm and a volume fraction of 0.5%, the spacing factor
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Fig. 7 SE versus Spacing factor

(a) Length 10 mm / Vf 0.3 vol.% (b) Length 10 mm / Vf 0.5 vol.%

(c) Length 20 mm / Vf 0.3 vol.% (d) Length 20 mm / Vf 0.5 vol.%

Fig. 8 Effect of cross-section shape on SE

was at its minimum value of 3.9, and for a fiber diameter of 0.4 mm and a volume fraction of
0.3%, the spacing factor was at its maximum value of 10.08. The results suggest that the
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Table 5 Equivalent diameter of non-circular fibers

Steel fiber SSF 0.2 mm ASF SSF 0.3 mm SSF 0.4 mm HCF

Cross-section area (mm2) 0.031 0.046 0.071 0.126 0.143

Diameter (mm) 0.2 0.24 0.3 0.4 0.43

electromagnetic shielding rate increases as the spacing factor decreases. This indicates that the
shielding effectiveness increases as the distance between fibers become smaller, resulting in a
denser distribution of fiber in the matrix. In addition, the shielding rate vs. spacing factor graphs
tend to fluctuate for the fiber lengths of 12 mm and 16 mm, while they show a more linear trend
for longer fibers.

3.3 Effect of fiber cross-section geometry on SE

The graph in Fig. 8 shows the results obtained from mortars reinforced with three types of
fibers having three different geometries (SSF, ASF and HCF). The fibers used also varied in
length, diameter, or volume fraction. The shielding effectiveness of HCF-reinforced mortars
showed a very similar trend with 0.4-mm SSF diameter in the high-frequency region, while in the
low-frequency region they showed relatively higher values for a given fiber length and volume
fraction. For the ASF specimens, the shielding effectiveness values were found to be lower than
for SSF with 0.2-mm diameter and higher than for SSF with 0.3-mm diameter.

However, the three types of fibers have different cross-sectional areas as well as cross-sectional
geometry. Thus, simple comparison of the electromagnetic shielding performance of these fibers
based on the above graphs is difficult. Therefore, in this study, the spacing factor was used to
analyze the effect of cross-sectional geometry on the electromagnetic shielding performance. The
fiber spacing factors were calculated using the diameter and volume fractions of fibers. In the case
of non-circular fibers (HCF and ASF), the equivalent diameters were adopted for the calculation
(Choi et al. 2012). Table 5 summarizes the diameters of fibers while length is 10 mm for HCF, 12
mm for SSF, and 20 mm for SSF, ASF, and HCF. The equivalent diameter of ASF was found to
be between the 0.2-mm and 0.3-mm diameters of SSF, while the equivalent diameter of HCF was
found to slightly higher than the 0.4-mm diameter of SSF.

(a) Length 10, 12 mm (b) Length 20 mm

Fig. 9 Effect of fiber cross-section geometry on SE
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Fig. 9 shows the relationship between spacing factors and average electromagnetic shielding
rates of the metal fibers with different cross-sectional geometries. An inverse relationship between
the spacing factor and the electromagnetic shielding rates regardless of the length of the fiber was
evident.

3.4 Regression analysis

To analyze the relative influence of the factors affecting the electromagnetic shielding
performance of the fiber-containing mortar, the electromagnetic shielding rate (%) averaged over
the frequency range of 300-1,500 MHz was the dependent variable, and the length, diameter, and
volume fractions of the fibers were considered as the independent variables. The equation for the
shielding rate found by the regression analysis, using SPSS, is as follows.

F=53.700 + 1.929X1 – 94.500X2 + 30.667X3 > 0, R2 = 0.913 (4)

Where F is the average electromagnetic shielding rate of the mortar (%), X1 is the length of the
fiber (mm), X2 is the diameter of the fiber (mm), and X3 is the volume fraction of the fiber (vol.%).
The result of the analysis showed that the electromagnetic shielding performance of the mortar
was proportional to the fiber length and volume fraction and was inversely proportional to the fiber
diameter. Eq. (4) indicates that the average electromagnetic shielding rate increases by 1.929%
when the fiber length increases by 1 mm, and the average electromagnetic shielding rate increases
by 9.45% when the fiber diameter decreases by 0.1 mm. Also, the average electromagnetic
shielding rate increases by 3.067% when the volume fraction increases by 0.1%.

In order to analyze the relation between dependent variable and each independent variable
considered in this study, the variables were transformed into standard form (Michael 1997), where
independent variables are standardized by their coefficients. In this study, the standardized
coefficient values of the independent variables were found to be 0.760 for X1, -0.538 for X2, and
0.214 for X3. The analysis results, therefore, suggest that fiber length had the largest effect on the
electromagnetic shielding rate of the mortar and volume fraction had the least effect on the
electromagnetic shielding rate.

4. Conclusions

In this study, the following conclusions were obtained based on the results of the experiments.
(1) The electromagnetic shielding performance of the mortar compared to OPC was improved

by 1.7-3.5 times at a volume fraction of 0.3% and by 2.0-3.6 times at a volume fraction of 0.5%.
(2) The electromagnetic shielding performance of the fiber-reinforced mortar improved when

the diameter of the mixed fibers decreased or the fiber length increased for a given volume fraction
of fiber. Moreover, for a given fiber diameter and length, the electromagnetic shielding
performance improved when the fiber volume fraction increased.

(3) In this study, the effect of the fiber cross-sectional geometry on the electromagnetic
shielding effectiveness of the mortar was not distinct, but a strong relation between the
electromagnetic shielding rate and the fiber spacing factor was observed.

(4) Regression analysis results showed that the fiber length had the largest effect on the
electromagnetic shielding performance, and the fiber volume fraction had the smallest effect.

Through this study, the trends of electromagnetic shielding with the geometry and size of the
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fibers (diameter, length, and cross-sectional geometry) were investigated. Fibers having smaller
diameters, greater lengths, are recommended for a high electromagnetic shielding effectiveness.
However, the fiber length should be small enough to avoid forming fiber balls. Based on the
results of this study, shielding experiment using concrete and polymers are planned for the future;
by these efforts, it is anticipated that construction materials for electromagnetic shielding that can
be used in various environments will be developed.
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