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Abstract— Mechanical and electromagnetic properties (over
2–16 GHz) of self-compacted geopolymer concrete (SCGC) sam-
ples with different amounts of nanosilica (NS) and steel-fiber (SF)
have been examined. From the mechanical tests, it is observed
that, while the amount of NS added to SCGC samples does
not make any noticeable change in compressive strength and
modulus of elasticity values, an increase in the amount and/or
aspect ratio of SF additives improves these values. From the
electromagnetic tests, it is noted that the effect of SF on the
reflection properties of SCGC samples is relatively smaller than
the effect of NS. Besides, while the incorporation of NS improves
the resonance characteristics of transmission properties, additives
of SF decrease these properties over the entire frequency band.
Finally, sample C7, which has 1% SF with a smaller diameter and
2% NS in reference to the mass of the binder, has the optimum
NS and SF additives, producing maximum absorbance values.

Index Terms— Concrete, electromagnetic properties, geopoly-
mer, mechanical properties, nanosilica (NS), self-compact, steel
fiber (SF).

I. INTRODUCTION

ELECTROMAGNETIC signals have widespread usage
in industrial manufacture, wireless communication, and

military applications. Production of high-frequency electronic
equipments and household appliances, as well as ever-growing
wireless communication technology, have increased the risks
of electromagnetic signals on human being, such as nerve sys-
tem [1] and hormone profiles [2]. To eliminate or suppress the
aforementioned risks of electromagnetic signals, electromag-
netic shielding can be applied by weakening electromagnetic
signals across a material or a structure [3]–[9].

Metallic structures are the best and natural electromagnetic
shielding materials; however, their metallic corrosion effect,
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complex and expensive fabrication process, and high density
prevent them from being used directly within cement-based
structures [9], [10]. Besides, cement-based structures gen-
erally have a lower electromagnetic shielding effectiveness.
For example, reflection loss of an ordinary gravel is around
−5 dB [4]. To improve the shielding effectiveness and reduce
the electromagnetic interference of cement-based materials
(CBMs), various nanomaterial additives producing dielectric
and/or magnetic loss have been applied, including graphene
oxide, TiO2 powder, Fe3O4 powder, Mn–Zn powder, sil-
ica fume, carbon black, nanocarbontube, carbon filament
and carbon fiber, fly ash, ferrite powder, boron ores, and
rubber [4]–[18].

CBMs have widespread usage in the construction industry.
However, their brittleness limits their application for areas in
which severe earthquakes are possible to happen and in which
long-term service lives play a critical role. On the other hand,
engineered cementitious composites (ECCs) are a special
kind of fiber reinforced CBMs [19] to meet the demand for
construction areas prone to strong earthquakes because these
composites have high ductility compared with CBMs. Besides,
ECCs are unique composites having high tensile and flexural
strengths thanks to the fiber that interacts with cement matrix,
resulting in crack size minimization [20]. Various studies
have been performed on analysis of their mechanical [21],
micromechanism [22], and thermal [23] properties. In addition
mechanical properties, electromagnetic properties of ECCs has
been established recently [24]–[28].

The ordinary Portland cement (OPC) has been commonly
used as a binder for concrete structures. However, the man-
ufacture of cement is costly because it necessitates a high
amount of temperature. A recent study has revealed that
Portland cement production contributes to approximately 7%
of total CO2 in the world [29]. As a new form of concrete,
geopolymer concretes do not require OPC as a binder [30]
and, thus, are considered an environmentally friendly concrete.
In general, geopolymer concrete has good mechanical prop-
erties (gaining strength at early ages), resistance to acids and
sulfates, and low creep and shrinkage [31]. The utilization
of geopolymer concrete also reduces the consumption of
industrial waste and by-products in addition to the reduction
of CO2 emissions [32]. Besides, self-compacting geopolymer
concrete (SCGC) is considered one of the latest developments
in concrete technology with the advantage of no vibration
requirement for putting and placing. In this study, we examine
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the electromagnetic shielding effectiveness of SCGC with
various nanosilica (NS) and steel-fiber (SF) additives.

II. MATERIALS

A. Raw Materials and Mixture Proportions

Slag is a by-product of iron production in iron and steel
plants. Granulated slag showing a pozzolanic feature—called
ground granulated blast furnace slag (GGBFS)—is produced
when the iron blast furnace slag is suddenly cooled down.
At least 66% of the GGBFS’s mass consists of calcium oxide,
magnesium oxide, and silicon dioxide. The NS, which is
a highly pozzolanic material with fine particles (100 nm)
much less than the particles of an ordinary cement (approx-
imately 1000 times smaller), manufactured by aerosol was
purchased from the company Chemtrec in the USA. The SFs
in hooked-end shape with different amounts were used in the
fabrication of concretes. While crushed limestone with a grain
size varying between 5 and 11 mm was used as the coarse
aggregate, crushed sand with a grain size smaller than 4 mm
was utilized as the fine aggregate.

Some chemical admixtures, such as superplasticizers (SPs),
could be utilized to improve workability and prevent the
disintegration of particles. In our study, polycarboxylates ether
was applied as SPs with a specific gravity of 1.1 kg/m3 and
a density of 1.095 g/cm3. Besides, a mixture of Na2SiO3 and
NaOH operated as the alkaline solution was prepared in our
laboratory before one day of concreting. Na2SiO3 has the
ingredient, by mass, of 13.7% Na2SiO, 29.4% SiO2, and
56.9% water, which was purchased from a local supplier
(ZAG Kimya) in Gaziantep, Turkey. NaOH pellets were pur-
chased from Kosflake Company with a purity of 98% ∓ 0.5.
Fig. 1(a)–(e) illustrates photographs of GGBFS, NS, SF, SP,
and NaOH solution obtained from NaOH pellets. Table I
demonstrates the chemical composition and physical prop-
erties, such as the ignition loss, the specific gravity, and
the Blaine fineness, which affects the hydration rate (setting)
and the requirements for the amounts of water, retarder, and
dispersant, of GGBFS and NS [33]. SFs have the same
diameter of 0.75 mm, the aspect ratio of 40/80, and the relative
density of 7840 kg/m3 but different lengths of 30 (denoted by
“SF-1”) and 60 mm (denoted by “SF-2”).

B. Mixing Procedure and Sample Preparation

Ten different mixes with a constant binder content and
value of 500 kg/m3 were prepared to examine the mechanical
and electromagnetic properties (reflection, transmission, and
absorption) of SCGC. In preparation of each SCGC, first,
NaOH solution was obtained by dissolving NaOH pellets in
water. The optimum concentration for mechanical properties
of SCGC was achieved by dissolving these pellets in 12 molar
concentration of NaOH [34]. Next, Na2SiO3 and NaOH solu-
tions (with Na2SiO3 to NaOH ratio of 2.5 [35]) were mixed for
approximately 24 h to activate the prepared alkaline solution
before casting. Then, SP and extra water were sequentially
added in 1-min intervals after adding the prepared alkaline
solution. After, they were swiftly and continuously mixed for

Fig. 1. Photographs of (a) GGBFS, (b) NS, (c) SP, (d) SF, and (e) NaOH [33].

TABLE I

CHEMICAL COMPOSITION AND PHYSICAL

PROPERTIES OF THE GGBFS AND NS

Fig. 2. Procedures for preparing (a) alkaline activator and (b) SCGC [33].

2 min. Thereafter, SF was added to some mixtures, and the
fresh mixture was mixed for an additional 3 min to ensure
homogeneity throughout the mixture. NS was added into some
SCGC samples with a ratio of 2% by weight of the binder.
SF was also included in SCGC samples with the ratios of 0.5%
and 1.0%. Fig. 2(a) and (b) shows the procedures for preparing
alkaline activator and SCGC [33]. Mixture proportions of the
prepared SCGC samples with different NS and SF additives
are presented in Table II. For each mix, Na2SO3 + NaOH
solution, molarity, percentage of SP, and percentage of extra
water were set to 250 kg/m3, 12, 7, and 10, respectively.

III. MEASUREMENT PROCEDURES FOR MECHANICAL

AND ELECTROMAGNETIC TESTS

A. Measurement Procedure for Mechanical Tests

After casting three sets of SCGC samples in the form of a
cube (100 ×100 ×100 mm3) for tests of compressive strength
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Fig. 3. Photographs of testing machines for (a) compressive strength
measurements [26] and (b) modulus of elasticity [33].

TABLE II

SAMPLE LABELS AND THEIR MIXTURE INGREDIENTS OF SCGC [33]

and in the form of a cylinder (φ100 × 200 mm) for tests of
modulus of elasticity with different NS and SF additives, they
were demolded after 24 h and placed in the ambient environ-
ment for 28 days. Compressive strength tests of samples were
carried out using the built-in hydraulic compressive strength
testing machine purchased from BesMak (with the maximum
continuous loading capacity of 3000 kN) [26], as shown
in Fig. 3(a). On the other hand, modulus of elasticity tests
was conducted by a compress meter containing a dial gauge
capable of measuring deformation down to 0.002 mm by the
measuring machine shown in Fig. 3(b). The samples were
loaded three times to 40% of the ultimate load, which was
determined using compressive strength test results.

B. Measurement Procedure for Electromagnetic Tests

Additional SCGC samples with transverse dimensions of
500 × 500 mm2 and lengths of approximately 60 mm were
prepared for measuring their free-space electromagnetic prop-
erties (reflection, transmission, and absorption) by using a
constructed measurement setup, as shown in Fig. 4. Different
from the free-space measurement setup based on an arching
reflection method in the study [36], our measurement setup,
similar to those in the studies [11], [15]–[18], [37], is useful
for measuring both reflection and transmission properties of
prepared SCGC samples with different NS and SF additives.
It includes a vector network analyzer (VNA) instrument, two
horn antennas, and two coaxial-line cables [37]–[39]. The
VNA instrument (Keysight Instruments with model N9918A)

Fig. 4. Photo of the measurement setup used for measuring electromagnetic
properties (reflection, transmission, and absorption) of SCGC samples with
different NS and SF additives.

generates electromagnetic signals and measures forward and
backward reflection scattering (S-)parameters (S11 and S22)
and forward and backward transmission S-parameters (S21

and S12) of SCGC samples over the frequency range between
30 kHz and 26.5 GHz. It has a dynamic range of 90 dB
for a frequency range up to 18 GHz and a directivity greater
than 32 dB over the full frequency range. Horn antennas were
operated efficiently transmitting and receiving electromagnetic
signals to SCGC samples. They are linearly polarized antennas
purchased from the company Pasternack (PE9888-11) having
a cross section of 204 × 164 mm2 and an operating range
of approximately 2–16 GHz and with a nominal gain of
11 dB and an input VSWR of 1.5, which is corrected by the
calibration technique to be discussed shortly. The coaxial-line
cables each having a length of approximately 200 mm are
rugged phase-stable cables used for establishing a secure
connection between the VNA instrument and the input of
the horn antennas. Because we used the time-gating option
of the VNA, to be discussed in Section IV-B, which was
set around the sample region by selecting a proper time
interval in the time-gating process [37] and because prepared
samples had relatively larger transverse planes in square form
(500 × 500 mm2), it was observed that microwave absorbers
positioned near the SCGC samples did not much improve our
free-space measurements [38], [39]. For this reason, we con-
tinued our measurements without using absorbers for the sake
of simplicity and easiness.

Before starting to measurements, the measurement sys-
tem was calibrated using the thru-reflect-line (TRL) calibra-
tion technique [40]. This is a versatile calibration technique
and especially useful for free-space measurement systems
(calibrating measurement systems having genderless connec-
tions) [41]. Toward this end, while a highly reflective (without
the need for knowing its reflectivity) metal plate with a
transverse dimension of 500 × 500 mm2 and a thickness of
approximately 4 mm (greater than the skin depth for the
frequency range of 2–16 GHz) was operated as the short
standard, a free-space region of 7.89 mm, which was set by a
moving the receiving antenna located on a mechanical X-stage,
was utilized as the line standard. The SCGC samples were
located at nearly far zones of the transmitting and receiving
antennas [15], which were separated by a distance of more
than 2 m. This ensures approximately plane wave propagation
through the samples. On the other hand, the larger transverse
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Fig. 5. (a) Compressive strength and (b) modulus of elasticity results of
SCGC samples with different NS and SF for 28 days of hardened state [33].

dimension (500 × 500 mm2) of SCGC samples removed the
diffraction effects, which might appear in their corners and
edges (sharp points). Finally, the time-domain gating feature
of the VNA was activated to eliminate any possible reflections
from the stage that the samples were located and between
transmitting and receiving horn antennas [15], [28], [37]–[39].

IV. MEASUREMENT RESULTS AND DISCUSSION

A. Results of Mechanical Properties of CSGC Samples

Fig. 5(a) illustrates the average compressive strength results
of SCGC samples for the 28 days of curing. It is seen from
Fig. 5(a) that the addition of NS to SCGC samples had almost
no effect on the compressive strength values. However, it is
observed that, as expected, an increase in the amount of SF and
its aspect ratio increases the measured compressive strength
values. The samples C5 and C9 have the highest compressive
strength values of 69.08 and 66.12, respectively [33]. Besides,
Fig. 5(b) demonstrates the average modulus of elasticity results
of SCGC samples for the 28 days of curing. It is noted
from Fig. 5(b) that the modulus of elasticity varies between
20.49 and 33.11 GPa for the prepared SCGC samples. Parallel
with the compressive strength test results, the modulus of
elasticity of SCGC samples increases with an increase in
the amount and aspect ratio of SFs. As an example of the
effect of SF amount, while sample C2 has the modulus of
elasticity value of 22.15, sample C3 has the modulus of
elasticity value of 29.09 (approximately 30% increase). As an
example of the effect of SF aspect ratio, whereas sample C2
has the modulus of elasticity value of 22.15, sample C4 has
the modulus of elasticity value of 24.39 (approximately 10%
increase). Besides, although NS does not essentially have an
effect of modulus on elasticity, it is observed from Fig. 5(b)
that additive of NS to SCGC samples decreased relatively in
small quantity the modulus of elasticity. For instance, while
sample C5 has the modulus of elasticity value of 33.11, sample
C9 has the modulus of elasticity value of 31.41 (approximately
5% decrease). We think that such a decrease can be associated
with unreacted NS particles in the matrix.

B. Results of Electromagnetic Properties of CSGC Samples

Before presenting the electromagnetic properties of pre-
pared SCGC samples, the effect of the time-domain gating was
examined. Fig. 6(a) and (b) demonstrates the forward reflection
|S11| (dB) and forward transmission |S21| (dB) properties of
sample C1 with/out time-domain gating over the 2–16-GHz
frequency band (the full frequency range of the antenna). Here,

Fig. 6. Analysis of the time-domain gating effect on measured |S11| (dB)
and |S21| (dB) of sample C1 over the 2–16-GHz frequency band.

| � | denotes the magnitude of the complex quantity “�.” It is
noted that, because backward reflection |S22| and backward
transmission |S12| properties are, respectively, similar to |S11|
and |S21|, from now on, only the results of |S11| and |S21|
will be presented for each sample for conciseness. Results are
presented in dB form in lieu of absolute form [15] because
such a presentation can effectively demonstrate discrepancies
between measured quantities with small differences in lev-
els. It is noted that the time-domain gating can be applied
over reflection or transmission responses. In our analysis,
we applied this gating over main transmission properties [41]
(roughly varying from −500 ps to 1.0 ns for each sample).
It is seen from Fig. 6(a) and (b) that gating eliminates ripples,
which could arise from reflections from the stage (or ground)
and between transmitting and receiving antennas, in reflection
and transmission properties of sample C1 over the full fre-
quency band. Besides, it is also noted from Fig. 6(a) that the
gating removes some measured artifacts (|S11| > 0 dB) [42]
at some certain frequencies and, thus, corrects the measured
|S11|. Furthermore, the gating makes the resonance properties
(e.g., the dip observed at approximately 4 GHz in |S11| and
|S21|) of sample C1 seen clearly, which are associated with
collective behavior of the multiple-bouncing signals within
the sample from its end faces. It should be mentioned here
that, as the first disadvantage of the time-domain gating
process, the isolation of ripples or superfluous signals in the
frequency domain by the time-domain gating process degrades
with increased frequency bandwidth [39]. As the second
disadvantage, because the time-domain gating filters undesired
or unwanted signals in the frequency domain by applying
a suitable window function, such as rectangular (default),
Hanning, and Kaiser–Bessel windows in the time domain, the
recovered signal after the gating process may have some small
ripples or bends at the lowest and height frequency regions of
the original signal. From this point on, we will present only
the results of gated reflection, transmission, and absorption
properties of SCGC samples.

1) Reflection Properties: Fig. 7(a) and (b) illustrates fre-
quency dependence of reflection properties |S11| of the pre-
pared SCGC samples (C1, C2, . . . , C10) with different NS and
SF additives. The following points are noted from the results
in Fig. 7(a) and (b). First, when the |S11| values of the samples
C2, C3, C4, and C5 are compared with the |S11| value of sam-
ple C1 in Fig. 7(a), there seems relatively smaller effect of SF
on reflection properties |S11| of SCGC samples over 2–16-GHz
frequency range. Second, the addition of NS to SCGC samples
increases the interaction of electromagnetic waves with SCGC
samples. For example, sample C7 has three sharp dips where
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Fig. 7. Reflection properties of the prepared SCGC samples with different NS
and SF additives. (a) |S11| values of the samples C1, C2, C3, C4, and C5 and
(b) |S11| values of the samples C6, C7, C8, C9, and C10 over the 2–16-GHz
frequency band, and (c) � f7dB and (d) � f10dB values of all samples.

|S11| values drop to approximately −30, −24, and −37 dB at
frequencies of 4.86, 11.17, and 12.78 GHz, respectively. Third,
this interaction, however, decreases for SCGC samples with
a larger diameter of SF, which might demonstrate resonance
behavior at lower frequencies (less than 2 GHz). It is known
that a larger scatterer will demonstrate resonance behavior at
lower frequencies [43].

Aside from examining minimum reflection properties |S11|
at some frequencies, the analysis of cumulative reflection prop-
erties |S11| over the full frequency band is equally important
for gaining more information about reflection properties of
the prepared SCGC samples. To this end, in reference to a full
frequency band, we analyzed the effective bandwidth � f [28],
[44], which could be utilized as a fair comparison of absorbing
properties of our prepared SCGC samples with the same
thickness. Two precise metrics for the effective bandwidth
were utilized [44]: 1) the frequency bandwidth (� f10 dB) over
which |S11| is less than −10 dB for military applications and 2)
the frequency bandwidth (� f7 dB) over which |S11| is smaller
than −7 dB for general-purpose applications. Fig. 7(c) and (d)
illustrate the � f7 dB (%) and � f10 dB (%) values of prepared
SCGC samples. It is seen from Fig. 7(c) and (d) that sample
C7 has the highest � f7 dB and � f10 dB values compared with
those of the remaining SCGC samples. Besides, it can be
concluded within the scope of effective bandwidth that, while
all prepared SCGC samples can be used for a general-purpose
|S11| reduction (effective for � f7 dB), only sample C7 should
be selected for military applications with approximately 56%
value for � f10 dB (far above the � f10 dB values of other SCGC
samples).

2) Transmission Properties: In addition to reflection prop-
erties |S11|, we also measured transmission properties |S21|
of all prepared SCGC samples (C1, C2, . . . , C10). Fig. 8(a)
and (b) demonstrates the frequency dependencies of |S21|.
The following remarks are noted from the dependencies in
Fig. 8(a) and (b). First, different from the effect of SF on
|S11|, additives of SF reduce the value of |S21|, meaning that
SF prevents electromagnetic signals from passing through the
SCGC samples. For example, the |S21| value (dB) of sample

Fig. 8. Transmission properties of the prepared SCGC samples with different
NS and SF additives. (a) |S21| values of the samples C1, C2, C3, C4, and
C5 and (b) |S21| values of the samples C6, C7, C8, C9, and C10 over the
2–16-GHz frequency band, and (c) � f20dB and (d) � f30dB values of all
samples.

C1 is, in general, greater than those of the samples C2, C3, C4,
and C5, except for the frequency around 4 GHz. On the other
hand, sample C3 has the lowest |S21| value (approximately
−46 dB) at nearly 12.4 GHz. Second, similar to the point made
in the analysis of reflection properties |S11|, the addition of NS
to SCGC samples with SF having a smaller diameter improves
the interaction of electromagnetic signals. For instance, while
sample C3 has one dip value around 12.4 GHz, sample C7
has two dip values around 5.73 (−44.57) and 11.42 GHz
(−46.1 dB). Besides, whereas sample C2 has no |S21| value
less than −40 dB, sample C6 has a |S21| value of −44.7 dB
at 9.6 GHz.

Parallel with the definition of effective bandwidths (−7 and
−10 dB) for reflection properties, we also determined effective
bandwidths for transmission properties. However, in lieu of
−7- and −10-dB values for effective bandwidths for reflection
properties, we considered −20 dB (� f20 dB) and −30 dB
(� f30 dB) values for effective bandwidths for transmission
properties to better evaluate the wave attenuation performance
of the prepared SCGC samples. Fig. 8(c) and (d) shows
� f20 dB and � f20 dB values. It is observed from Fig. 8(c) that
the addition of SF to SCGC samples, in general, increases
� f20 dB due to the well-known absorption capability of SF [45].
Specifically, the SF brings SCGC samples in microwave
absorption capability around −7 dB. On the other hand, when
the � f20 dB values in Fig. 8(d) are compared, it is seen that
the SCGC samples with SF additives having smaller diameter
(30 mm) interacts with electromagnetic signals more than the
SCGC samples with SF additives having a larger diameter
(60 mm). Additionally, effect of NS deteriorates � f30 dB values
except for sample C7, which has the maximum f30 dB value of
22.95%.

3) Absorption Properties: In addition to reflection and
transmission properties, absorption properties of prepared
SCGC samples are also important because these properties
can demonstrate the ability to absorb electromagnetic signals.
Absorption properties of a sample can be written as [15]

A = 1−R − T (1)
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Fig. 9. Absorption properties of the prepared SCGC samples with different
NS and SF additives. (a) A values of the samples C1, C2, C3, C4, and C5
and (b) A values of the samples C6, C7, C8, C9, and C10 over the 2–16-GHz
frequency band, and (c) � f08 and (d) � f09 values of all samples.

where R = |S11|2 and T = |S21|2 denote, respectively, the
reflectivity and the transmittivity. It is seen from (1) that the
values of R and T should approach zero in order to get
maximum absorption by the sample.

The expressions of |S11| and |S21| of a flat sample (with
infinite transverse area) surrounded by free-space can be
written [43] as

|S11| =
∣∣∣∣�(1 − P2)

1 − �2 P2

∣∣∣∣, |S21| =
∣∣∣∣ P(1 − �2)

1 − �2 P2

∣∣∣∣ (2)

where � is the interfacial reflection coefficient and P is the
propagation factor within the sample. Their expressions are

� = z − 1

z + 1
, P = e− jk0nd, z =

√
μr

εr
, n = √

μrεr (3)

where z and n are the normalized intrinsic impedance and
the refractive index of the sample; d is the sample length;
μr and εr are the relative permeability and permittivity of the
sample; k0 = ω/c is the free-space wavenumber; ω = 2π f
is the angular frequency; c is the velocity of light in vacuum
(approximately air); and f is the linear frequency.

It is noted from Fig. 8(a) and (b) that |S21| of all prepared
SCGC samples are smaller than −10 dB. Then, we can
consider these samples as high-loss samples (P2 → 0) [43],
[46] and approximate |S11| and |S21| in (2) to

|S11|approx = |�|, |S21|approx = |P(1 − �2)|. (4)

Therefore, maximum A can be achieved if |�| approaches
zero, which can be realized when μr

∼= εr , for
high-loss samples with a small |P| value. An identical
result is also utilized for metal-backed (shorted) samples
[15], [28], [45], [47].

Fig. 9(a) and (b) illustrates the frequency dependence of
A of the prepared SCGC samples. It is noted from Fig. 9(a)
and (b) that all samples have lower A values at frequencies
lower than approximately 4 GHz. Especially, the samples
C1 and C10 behave as transparent materials below 4 GHz,

which can be attributed to no SF content. Beyond this fre-
quency, their absorption capabilities demonstrate few oscil-
lations, which we think are partly due to relatively smaller
internal multiple reflections and are partly due to the cables,
in general above 0.6 except for some discrete frequencies,
such as 5.9 and 12 GHz. Besides, sample C7 has A values
approaching unity (approximately 0.996) at specific frequen-
cies of 11.17 and 12.75 GHz. To gain more information about
the absorption capabilities of the prepared SCGC samples,
we evaluated the effective bandwidths � f08 and � f09, which
corresponds to the frequency bandwidths, when A is greater
than the value of 0.8 and 0.9, respectively. The calculated � f08

and � f09 values are demonstrated in Fig. 9(c) and (d). It is
noted from the results in Fig. 9(c) and (d) that sample C2 has
better � f08 and � f09 metric values than those of sample C6.
Besides, it is clearly seen from Fig. 9(c) and (d) that sample
C7 has the maximum � f08 and � f09 values (far greater than
those of the remaining samples). This means that, in terms
of the absorption capabilities of the prepared SCGC samples,
one can conclude that sample C7 has the optimum NS and SF
additives.

In our current study, we presented only |S11| and |S21|
[and then calculated A from (1)] of SCGC samples because
measured phases of S11 and S21 include some errors due
partly to the insufficient accuracy of the X-band stage in
our present measurement setup. In near future, we want to
improve the accuracy of phase measurements by our setup.
Besides, in this study, electromagnetic reflection, transmission,
and absorbance properties of SCGC samples with different
NS and SF additives have been measured (along with their
discussions). As future studies, we want to conduct studies on
the same properties of SCGC samples with different additives,
such as graphene oxide, TiO2 powder, Fe3O4 powder, Mn–Zn
powder, silica fume, carbon black, nanocarbontube, carbon
filament and carbon fiber, fly ash, ferrite powder, boron ores,
and waste tire rubber.

V. CONCLUSION

Various SCGC samples with different NS and SF additives
were prepared, and their mechanical (compressive strength
and modulus of elasticity) and electromagnetic (reflection,
transmission, and absorption properties) properties were mea-
sured. The following main results are noted from mechanical
tests. First, the amount of NS added to SCGC samples does
not make any noticeable change in compressive strength and
modulus of elasticity values. Second, a small amount of
decrease in modulus of elasticity after NS addition to SCGC
samples arises mainly due to unreacted NS particles in the
matrix. Third, an increase in the amount and/or aspect ratio
of SF additives improves both the compressive strength and
the modulus of elasticity values of SCGC samples. Fourth,
NS additive does not essentially have an effect on the modulus
of elasticity. The following main results are observed from
electromagnetic measurements. First, the effect of SF on |S11|
measurements of SCGC samples is relatively smaller than the
effect of NS on the same measurements. Second, within the
scope of effective bandwidth, it can be said that, while all
prepared SCGC samples can be used for a general-purpose
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|S11| reduction, sample C7 can be used for general-purpose and
military applications. Third, while additives of SF decrease the
values of |S21| (attenuation), the addition of NS improves the
resonance characteristics of |S21|. Fourth, while all prepared
SCGC samples have smaller absorbance for frequencies lower
than 4 GHz, sample C7 has absorbance values approach-
ing unity (approximately 0.996) at specific frequencies of
11.17 and 12.75 GHz. Finally, incorporation of SF to SCGC
samples in general (except for sample C2) improves the
absorption capabilities of SCGC samples, and sample C7 has
the optimum NS and SF additives, producing maximum � f08

and � f09 values.
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