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Abstract:

Activated alkaline slag concretes (AASC), also known as geopolymer concretes (GPCs), are
concretes with high mechanical properties. Theoretical alkali-active materials, granulated
blast furnace slag (GBFS) and nano-silica (NS) contain aluminosilicate materials that play an
effective role in improving the mechanical properties of concrete. The use of fibers such as
polyolefin fibers (POFs). in the composition of concrete improves the resistance of concrete
against applied loads. In this research, tests of compressive strength, tensile strength, modulus
of elasticity, impact of falling weight, and determining the ultrasonic pulse velocity (UPV),
scanning electron microscope (SEM), X-Ray fluorescence (XRF) and X-Ray diffraction
(XRD), at the age of 90 days under 25 and 500 °C was done on GPCsThe results demonstrate
that adding NS to GPCs changes the resistance of the sample against heating treatment in the
compressive strength test from 16.4 to 8.4%, from 21 to 13% in the tensile strength test, and
41 to 33% in the modulus of elasticity. Besides, the presence of POFs in the GPCs mixture
substantially affect tensile strength, and resistance against an impact. In the following, the
results UPV test are compared and evaluated through numerical investigations by conducting
UPV tests and analysis SEM, XRD and XRF.

1. Introduction

GBFS is considered an environmentally friendly material.
Using this material instead of cement can improve concrete
resistance and decrease the growing demand for its usage in
concrete [1, 2]. Comparing the concrete containing regular
Portland cement with GPCs [3], McNulty [4], asserted that
the GPCs have higher compressive strength [5]. Several
studies have shown that GPCsS exposed to high
temperatures have better performance than ordinary portland
cement concrete (OPCC). [6-8].

The resistance of GPCs under high temperature depends on
several factors such as the amount of heat, curing, and
chemical composition [9]. Kong et al. [10] investigated the
behavior of GPCs at a high temperature, depending on the
size of the aggregates. They realized that the resistance loss
in GPCs samples at a higher temperature was probably due
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to the thermal inconsistency between the geopolymer matrix
and the entire mixture's constituents. The bonding types the
constituent components of concrete and the characteristics
of each component in OPCC and GPCs are different from
each other [11-13]. In addition to positively affecting the
mechanical properties, the presence of silica particles in the
GPCs accelerates the geopolymer reaction and reduces the
compound alkalinity [14]. Such being a case mitigates the
drawbacks of the utilized fiber. According to the
investigations, NS addition to the GPCs enhances its
compressive strength until the Silica to Aluminum (Si/Al)
ratio reaches 2% in the mixture and further silica addition
decreases the compressive strength due to agglomeration
and non-uniform distribution [15]. An improvement was
reported in the respective compressive strength [16],
modulus of elasticity, and ultrasonic wave velocity using NS
particles in the GPCs compound [17]. In another study on
the GPCs cured at an ambient temperature, the effect of 0-
10% NS addition to the samples was investigated in different
concentrations of sodium hydroxide (NaOH) activator liquid
(8, 10, 12 M). Accordingly, the compressive and tensile
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strength improvement and optimal water absorption
coefficient were obtained in 6% NS addition [18]. Research
has shown that the use of POFs fibers in concrete
composition is effective in preventing crack propagation
under applied loads and improving mechanical properties
[19-24]. By performing Crack Mouth  Opening
Displacement (CMOD) analysis, it is revealed that the POFs
have favorable bonding properties. Moreover, due to its
proper stiffness after the initial crack creation, it holds the
concrete parts together [25]. In an investigation conducted
on the effect of adding 0.5 of POFs to the alkali activated
slag concretes, it is observed that the compressive strength
of the samples declined by 12-15%. The samples containing
fibers with 55 mm in length had undergone lower
compressive strength more than those with 48 mm in length
[26]. This study mainly aims to investigate the mechanical
properties of the alkali activated slag concretes based on the
slag containing NS and also reinforced with POFs. For this
purpose, the compressive and tensile strength, modulus of
elasticity, and impact tests have been conducted. To
accurately analyze the ultrasonic wave velocity test and also
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the relationship between the compressive strength and
modulus of elasticity, the compressive strength, and
ultrasonic wave velocity have also been examined.
Ultimately, the microstructure caused by samples' exposure
to the heating treatment is examined by SEM and XRD tests.

2. Experimental

2.1 Materials

In this article, materials with these characteristics were used
in the combination of OPCC and GPC, type 2 concrete with
a density of 2350 kg/m3, GBFS produced by Isfahan factory
with a density of 2450 kg/m® with chemical properties
according to Table 1, aggregates They were under the
ASTM C33 standard. The NS particles with 99.5 SiO,, an
average diameter of 7-14 nm, and a specific weight of 0.7
g/cm?® have been used in this investigation. Furthermore, the
corrugated POFs has been used with 30 mm in length, 0.8
mm in diameter, and 0.72 g/cm? of specific weight according
to ASTM D7508/D7508M standard.

Table 1: Chemical Properties of Materials (%)

Component SiO2 AlOs3 Fe203 CaO MgO SOs K20 Na20 TiO2 LOI
GBFS 29.2 194 5.8 38.6 2.8 2.6 0.1 0.2 0.6 0.3
Portland Cement 21.3 4.7 4.3 62.7 21 2 0.65 0.18 - 1.84

Table 2: Mix Design (Kg/m®)

Mix Design OPC GBFS Water AAS NS CA! FA? POFs SP
1 OPCC 450 0 202.5 0 0 1000 761.13 0 9
2 GPCNSOPOFO0 0 450 0 202.5 0 1000 816.10 0 9
3 GPCNS4POF0 0 432 0 202.5 18 1000 767.42 0 10
4 GPCNS8POF0 0 414 0 202.5 36 1000 718.75 0 11
5 GPCNS8POF1 0 432 0 202.5 36 1000 672.78 24 11
6 GPCNS8POF2 0 432 0 202.5 36 1000 646.28 48 11

2.2 Mix Design solution (AAS) of the type NaOH and Na,SiOs; with a

The mixing design in this laboratory research was set
according to the standard ACI 211.1-89 as described in
Table 2. In this regard, design 1 includes OPCC, design 2
includes GPC containing 100% GBFS, design 3 includes
GPC containing 96% GBFS and 4% NS, design 4 includes
GPC containing 92% GBFS and 8% NS, design 5 includes
GPC containing 92% GBFS, 8% NS, 1% POFs and design
6 includes GPC containing 92% GBFS, 8% NS, 2% POFs.
Designs 5 and 6 include adding 1 and 2 percent POFs to
design 4, which is optimal for designs 2 to 4. Active alkali

! Coarse Aggregates (CA)
2 Fine Aggregates (FA)

molarity of 12 is used instead of water in the composition of
GPC (schemes 2 to 6). Investigations by other researchers
have shown that the combined use of NaOH and Na,SiOs in
the composition of GPC increases the mechanical properties
of concrete [27].

2.3 Experimental Program and Standards

In this laboratory research, 180 concrete samples (90
samples at ambient temperature and 90 samples at high
temperature) were considered for tests. After molding the
samples, the samples were placed under the temperature of
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80 °C for 48 hours and then stored in a dry environment for
90 days. In the high temperature tests, the samples were kept
in the furnace at a temperature of 500 °C for 1 hour. In the
following and before performing each test under high heat,
the samples reached the ambient temperature [10]. In this
research, the compressive strength test was performed on 10
cm cubic samples under BS EN 12390 [29] standard. Tensile
strength test was performed on 15x30 cm cylindrical
samples under ASTM C496 standard [30]. The UPV test was
performed under the ASTM C597 [31] standard on 10 cm
cubic samples. The drop weight impact test under the ACI
544-2R [32] standard was performed on 15x6.35 cm disc
samples. SEM analysis under ASTM C1723 standard, XRD
analysis under BS EN13925 standard and XRF analysis
under ASTM E1621 standard were performed.

3. Results and Discussion

3.1 The Results of Compressive Strength Test

High temperature can have a direct effect on the
microstructure and macrostructure of concrete. High heat
leads to weakening of bonds in Interfacial Transition Zone
(ITZ) concrete. On the other hand, high heat damages the
chemical structure of the materials in the concrete
composition.

Research has shown that high temperatures can cause
significant changes to geopolymer concrete, including [33]:
1. Evaporation of water required in the process of
geopolymerization of GPC at 100 °C.

2. The process of geopolymerization of GPC starts at a
temperature of 180 °C.

3. Increase in volume of vapor pressure in GPC composition
at 200 °C.

4. The beginning of the dihydroxylation process at a
temperature of 500 °C.

5. Creation of a porous ceramic structure in the concrete
mixture at a temperature of 800 °C and a high drop in
concrete strength.

Of course, the reduction of strength in concrete in the range
of 500 °C heat application begins with changes in the
structure of the gel C-S-H [34,35].

In this research, the results of the compressive strength test
are shown in the diagram of Figure 1. The results indicate
that the compressive strength of GPC is superior to that of
OPCC under temperatures of 25 and 500 °C. The results
indicate that high temperature has led to a drop in the
compressive strength of OPCC (up to 37%) and GPC (up to
16%). The strength loss of GPC containing NS under high
heat (up to 11%) is less than that of GPC without NS due to
the higher percentage of bonding in ITZ due to the
production of larger volume of hydrated gels.
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Fig. 1: Compressive Strength Test Results

3.2 The Results of Tensile Strength Test

The results of the tensile strength test under the temperature
of 25 and 500 °C are shown in the graph of Figure 2. Based
on these results, it can be seen that the tensile strength of
GPC containing POFs under the temperature of 25 (up to
25%) and 500 (up to 90%) degrees is higher than GPC
without POFs and OPCC at the corresponding temperature.
This superiority is due to the good resistance of the POFs
between the cracked plates under tensile load. The increase
in temperature from 25 to 500 °C has caused the tensile
strength of OPCC to drop by 50% and GPC to 21%. The
addition of NS to GPC, up to 25% at 25 °C and up to 36%
at 500 °C has improved the tensile strength of GPC.

@25°C

as00 °C

Tensile Strength (MPa)

orcc GPCNSOPOFU  GPCNS4POF0  GPCNSS8POFD  GPCNSBFOF1  GPONSSPOF2

Fig. 2: Tensile Strength Test Results

3.3 The Relationship Between Tensile Strength and
Compressive Strength Test Results

Table 3 demonstrates the relationship between compressive
strength and tensile strength under different conditions
applied by different researchers. In this regard, Eq (1) is
obtained for regular concrete, and Eq (2) is obtained for
GPCs cured at 60°C oven. Eq (3) is the relationship between
strengths in GPCs cured at room temperature. Eq (4) is
pertinent to the study on GPCs at room temperature in this
article.


file:///D:/2%20%20%20%20%20Univercity%20%20&amp;%20%20Education/3%20%20%20%20%20%20%20دکتری/1%20%20%20رساله%20-%20مقاله%20دکتری/2%20%20%20%20%20مقالات/1%20%20%20%20%20انگلیسی/07%20%20%20%20%20خواجه%20نصیر/5%20%20%20%20%20خواجه%20نصیر/1%20%20%20Main%20Article.docx%23jadvalpanj
file:///D:/2%20%20%20%20%20Univercity%20%20&amp;%20%20Education/3%20%20%20%20%20%20%20دکتری/1%20%20%20رساله%20-%20مقاله%20دکتری/2%20%20%20%20%20مقالات/1%20%20%20%20%20انگلیسی/07%20%20%20%20%20خواجه%20نصیر/5%20%20%20%20%20خواجه%20نصیر/1%20%20%20Main%20Article.docx%23eq1
file:///D:/2%20%20%20%20%20Univercity%20%20&amp;%20%20Education/3%20%20%20%20%20%20%20دکتری/1%20%20%20رساله%20-%20مقاله%20دکتری/2%20%20%20%20%20مقالات/1%20%20%20%20%20انگلیسی/07%20%20%20%20%20خواجه%20نصیر/5%20%20%20%20%20خواجه%20نصیر/1%20%20%20Main%20Article.docx%23eq2
file:///D:/2%20%20%20%20%20Univercity%20%20&amp;%20%20Education/3%20%20%20%20%20%20%20دکتری/1%20%20%20رساله%20-%20مقاله%20دکتری/2%20%20%20%20%20مقالات/1%20%20%20%20%20انگلیسی/07%20%20%20%20%20خواجه%20نصیر/5%20%20%20%20%20خواجه%20نصیر/1%20%20%20Main%20Article.docx%23eq3
file:///D:/2%20%20%20%20%20Univercity%20%20&amp;%20%20Education/3%20%20%20%20%20%20%20دکتری/1%20%20%20رساله%20-%20مقاله%20دکتری/2%20%20%20%20%20مقالات/1%20%20%20%20%20انگلیسی/07%20%20%20%20%20خواجه%20نصیر/5%20%20%20%20%20خواجه%20نصیر/1%20%20%20Main%20Article.docx%23eq4

M. Mansourghanaei and A. Mardookhpour

As indicated in Figure 3, the relationship achieved for
concrete at 500°C is erroneous. Eq (1), attained for regular
concrete, is very close to the obtained Eq(4) (for 90 days at
room temperature), and the difference between these two is
12%. On the other hand, Eq (1) predicted greater values for
tensile strength in concrete. Eq (2) is consistent with this
research and has an error mean of 8%, and the predicted
tensile strength predicted by this regulation is greater than
the acquired results. Eq (3) is extremely different from the
obtained Eq (5) due to curing at room temperature and has
an error mean of 37%, indicating the importance of curing
temperature. Eq (3) cannot be employed for GPCs cured at
60 °C.

Table 3: The Relationships Between the Compressive and Tensile
Strength Test Results of Concrete

Eq Ref
1 f, =0.59/f, ACI363R-92 [36]
2 f,=093(f)" Nath [37]
Diaz [38]

f )0.7158 The Equation in Ambient
¢ Temperature in This Study

The Equation in This Study
Temperature of 500 °C

S
—
I
o
N
[
~
N

(S]
—
|

o
-
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©
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- - B 25%
.~ - 500°C

====ACI363R-92

'd - o
Ft = 0.1239(Fc) — . Nath

—Diaz

60 65 70

Compressive Strength(MPa)

Fig. 3: Relationships Between the Compressive and Tensile
Strength Test Results of Concrete

3.4 The Results of Elastic Modulus Test

In Figure 3, the elastic modulus diagram of concrete samples
in the previous study is presented. According to this
diagram, as heat increases in concrete samples, the elastic
modulus decreases. This amount of decrease is 59% and
42% for regular concrete and alkali-activated slag concrete,
respectively. By adding 4% and 8% NS to the GPC mixture,
the reduction in elastic modulus in concrete under heating
treatment decreased to 37% and 31%, respectively. The
reduction level in elastic modulus in designs 5 and 6 is 31%.

Numerical Methods in Civil Engineering, 9-1 (2024) 30-41

The results achieved in Figure 4 imply that the improvement
in elastic modulus due to the addition of 1% and 2% fibers
in samples is 1.5 and 7%, respectively. With the addition of
4% and 8% NS, this amount increased to 12% and 13%,
respectively, compared to the sample without NS. Using
alkali activated slag instead of regular concrete increased
elastic modulus by 8%. The addition of NS to concrete
containing fibers leads to two cases: the first case is pertinent
to concrete density. By adding NS, the concrete density
increases and leads to an increase in the elastic modulus of
concrete. The second case is pertinent to the filler feature of
NS. As long as the pores of the concrete are not filled,
increasing the amount of NS leads to an increase in elastic
modulus. However, when the amount of NS increases
excessively, the agglomeration phenomenon reduces the
dynamic elastic modulus in concrete.

@B25°C @500°C

Modulus of Elasticity (GPa)
b

OoPCC GPCNSOPOF0  GPCNS4POFO  GPCNSS8POF0  GPCNSSPOF1  GPCNSSPOF2

Fig. 4: The Results of the Modulus of Elasticity test

3.5 The Relationship Between Compressive Strength
and Elastic Modulus Test Results

Figure 5 illustrates the variation in elastic modulus versus
variation in compressive strength in this experimental study.
The obtained results demonstrated in this Figure indicate
that elastic modulus increases as compressive strength
increases. Prediction of samples' elastic modulus concerning
compressive strength gained in this research and using
presented relationships are reported in Table 4. In this Table,
Eq (6) is for regular concrete, and Eqgs (7) and (8) are for
alkali activated slag concrete, which is reported by two
researchers. Despite being proposed for regular concrete, Eq
(6) is consistent with the Equation proposed in this study,
and its error mean is less than 7%. Eq (7) is for alkali
activated slag concrete, and its error mean is 6% greater than
that of the Equation in this research. Eq (8) is pertinent to
GPC containing a low amount of calcium fly ash, which is
cured at room temperature. In Eq (8), the error value
compared to experimental results(Eqgs (9) and (10)) is 28%,
indicating the importance of curing temperature. In this
research, the curing temperature is considered 60°C. Thus,
Eq (7) in which the curing temperature is equal to room
temperature cannot be employed.

33


file:///D:/2%20%20%20%20%20Univercity%20%20&amp;%20%20Education/3%20%20%20%20%20%20%20دکتری/1%20%20%20رساله%20-%20مقاله%20دکتری/2%20%20%20%20%20مقالات/1%20%20%20%20%20انگلیسی/07%20%20%20%20%20خواجه%20نصیر/5%20%20%20%20%20خواجه%20نصیر/1%20%20%20Main%20Article.docx%23eq1
file:///D:/2%20%20%20%20%20Univercity%20%20&amp;%20%20Education/3%20%20%20%20%20%20%20دکتری/1%20%20%20رساله%20-%20مقاله%20دکتری/2%20%20%20%20%20مقالات/1%20%20%20%20%20انگلیسی/07%20%20%20%20%20خواجه%20نصیر/5%20%20%20%20%20خواجه%20نصیر/1%20%20%20Main%20Article.docx%23eq4
file:///D:/2%20%20%20%20%20Univercity%20%20&amp;%20%20Education/3%20%20%20%20%20%20%20دکتری/1%20%20%20رساله%20-%20مقاله%20دکتری/2%20%20%20%20%20مقالات/1%20%20%20%20%20انگلیسی/07%20%20%20%20%20خواجه%20نصیر/5%20%20%20%20%20خواجه%20نصیر/1%20%20%20Main%20Article.docx%23eq1
file:///D:/2%20%20%20%20%20Univercity%20%20&amp;%20%20Education/3%20%20%20%20%20%20%20دکتری/1%20%20%20رساله%20-%20مقاله%20دکتری/2%20%20%20%20%20مقالات/1%20%20%20%20%20انگلیسی/07%20%20%20%20%20خواجه%20نصیر/5%20%20%20%20%20خواجه%20نصیر/1%20%20%20Main%20Article.docx%23eq2
file:///D:/2%20%20%20%20%20Univercity%20%20&amp;%20%20Education/3%20%20%20%20%20%20%20دکتری/1%20%20%20رساله%20-%20مقاله%20دکتری/2%20%20%20%20%20مقالات/1%20%20%20%20%20انگلیسی/07%20%20%20%20%20خواجه%20نصیر/5%20%20%20%20%20خواجه%20نصیر/1%20%20%20Main%20Article.docx%23eq3
file:///D:/2%20%20%20%20%20Univercity%20%20&amp;%20%20Education/3%20%20%20%20%20%20%20دکتری/1%20%20%20رساله%20-%20مقاله%20دکتری/2%20%20%20%20%20مقالات/1%20%20%20%20%20انگلیسی/07%20%20%20%20%20خواجه%20نصیر/5%20%20%20%20%20خواجه%20نصیر/1%20%20%20Main%20Article.docx%23eq5
file:///D:/2%20%20%20%20%20Univercity%20%20&amp;%20%20Education/3%20%20%20%20%20%20%20دکتری/1%20%20%20رساله%20-%20مقاله%20دکتری/2%20%20%20%20%20مقالات/1%20%20%20%20%20انگلیسی/07%20%20%20%20%20خواجه%20نصیر/5%20%20%20%20%20خواجه%20نصیر/1%20%20%20Main%20Article.docx%23eq3
file:///D:/2%20%20%20%20%20Univercity%20%20&amp;%20%20Education/3%20%20%20%20%20%20%20دکتری/1%20%20%20رساله%20-%20مقاله%20دکتری/2%20%20%20%20%20مقالات/1%20%20%20%20%20انگلیسی/07%20%20%20%20%20خواجه%20نصیر/5%20%20%20%20%20خواجه%20نصیر/1%20%20%20Main%20Article.docx%23cheheloyek
file:///D:/2%20%20%20%20%20Univercity%20%20&amp;%20%20Education/3%20%20%20%20%20%20%20دکتری/1%20%20%20رساله%20-%20مقاله%20دکتری/2%20%20%20%20%20مقالات/1%20%20%20%20%20انگلیسی/07%20%20%20%20%20خواجه%20نصیر/5%20%20%20%20%20خواجه%20نصیر/1%20%20%20Main%20Article.docx%23chehelodoh
file:///D:/2%20%20%20%20%20Univercity%20%20&amp;%20%20Education/3%20%20%20%20%20%20%20دکتری/1%20%20%20رساله%20-%20مقاله%20دکتری/2%20%20%20%20%20مقالات/1%20%20%20%20%20انگلیسی/07%20%20%20%20%20خواجه%20نصیر/5%20%20%20%20%20خواجه%20نصیر/1%20%20%20Main%20Article.docx%23cheheloseh
file:///D:/2%20%20%20%20%20Univercity%20%20&amp;%20%20Education/3%20%20%20%20%20%20%20دکتری/1%20%20%20رساله%20-%20مقاله%20دکتری/2%20%20%20%20%20مقالات/1%20%20%20%20%20انگلیسی/07%20%20%20%20%20خواجه%20نصیر/5%20%20%20%20%20خواجه%20نصیر/1%20%20%20Main%20Article.docx%23figseh
file:///D:/2%20%20%20%20%20Univercity%20%20&amp;%20%20Education/3%20%20%20%20%20%20%20دکتری/1%20%20%20رساله%20-%20مقاله%20دکتری/2%20%20%20%20%20مقالات/1%20%20%20%20%20انگلیسی/07%20%20%20%20%20خواجه%20نصیر/5%20%20%20%20%20خواجه%20نصیر/1%20%20%20Main%20Article.docx%23figseh
file:///D:/2%20%20%20%20%20Univercity%20%20&amp;%20%20Education/3%20%20%20%20%20%20%20دکتری/1%20%20%20رساله%20-%20مقاله%20دکتری/2%20%20%20%20%20مقالات/1%20%20%20%20%20انگلیسی/07%20%20%20%20%20خواجه%20نصیر/5%20%20%20%20%20خواجه%20نصیر/1%20%20%20Main%20Article.docx%23figchahar
file:///D:/2%20%20%20%20%20Univercity%20%20&amp;%20%20Education/3%20%20%20%20%20%20%20دکتری/1%20%20%20رساله%20-%20مقاله%20دکتری/2%20%20%20%20%20مقالات/1%20%20%20%20%20انگلیسی/07%20%20%20%20%20خواجه%20نصیر/5%20%20%20%20%20خواجه%20نصیر/1%20%20%20Main%20Article.docx%23jadvalshish
file:///D:/2%20%20%20%20%20Univercity%20%20&amp;%20%20Education/3%20%20%20%20%20%20%20دکتری/1%20%20%20رساله%20-%20مقاله%20دکتری/2%20%20%20%20%20مقالات/1%20%20%20%20%20انگلیسی/07%20%20%20%20%20خواجه%20نصیر/5%20%20%20%20%20خواجه%20نصیر/1%20%20%20Main%20Article.docx%23eq6
file:///D:/2%20%20%20%20%20Univercity%20%20&amp;%20%20Education/3%20%20%20%20%20%20%20دکتری/1%20%20%20رساله%20-%20مقاله%20دکتری/2%20%20%20%20%20مقالات/1%20%20%20%20%20انگلیسی/07%20%20%20%20%20خواجه%20نصیر/5%20%20%20%20%20خواجه%20نصیر/1%20%20%20Main%20Article.docx%23eq7
file:///D:/2%20%20%20%20%20Univercity%20%20&amp;%20%20Education/3%20%20%20%20%20%20%20دکتری/1%20%20%20رساله%20-%20مقاله%20دکتری/2%20%20%20%20%20مقالات/1%20%20%20%20%20انگلیسی/07%20%20%20%20%20خواجه%20نصیر/5%20%20%20%20%20خواجه%20نصیر/1%20%20%20Main%20Article.docx%23eq8
file:///D:/2%20%20%20%20%20Univercity%20%20&amp;%20%20Education/3%20%20%20%20%20%20%20دکتری/1%20%20%20رساله%20-%20مقاله%20دکتری/2%20%20%20%20%20مقالات/1%20%20%20%20%20انگلیسی/07%20%20%20%20%20خواجه%20نصیر/5%20%20%20%20%20خواجه%20نصیر/1%20%20%20Main%20Article.docx%23eq6
file:///D:/2%20%20%20%20%20Univercity%20%20&amp;%20%20Education/3%20%20%20%20%20%20%20دکتری/1%20%20%20رساله%20-%20مقاله%20دکتری/2%20%20%20%20%20مقالات/1%20%20%20%20%20انگلیسی/07%20%20%20%20%20خواجه%20نصیر/5%20%20%20%20%20خواجه%20نصیر/1%20%20%20Main%20Article.docx%23eq7
file:///D:/2%20%20%20%20%20Univercity%20%20&amp;%20%20Education/3%20%20%20%20%20%20%20دکتری/1%20%20%20رساله%20-%20مقاله%20دکتری/2%20%20%20%20%20مقالات/1%20%20%20%20%20انگلیسی/07%20%20%20%20%20خواجه%20نصیر/5%20%20%20%20%20خواجه%20نصیر/1%20%20%20Main%20Article.docx%23eq8
file:///D:/2%20%20%20%20%20Univercity%20%20&amp;%20%20Education/3%20%20%20%20%20%20%20دکتری/1%20%20%20رساله%20-%20مقاله%20دکتری/2%20%20%20%20%20مقالات/1%20%20%20%20%20انگلیسی/07%20%20%20%20%20خواجه%20نصیر/5%20%20%20%20%20خواجه%20نصیر/1%20%20%20Main%20Article.docx%23eq8
file:///D:/2%20%20%20%20%20Univercity%20%20&amp;%20%20Education/3%20%20%20%20%20%20%20دکتری/1%20%20%20رساله%20-%20مقاله%20دکتری/2%20%20%20%20%20مقالات/1%20%20%20%20%20انگلیسی/07%20%20%20%20%20خواجه%20نصیر/5%20%20%20%20%20خواجه%20نصیر/1%20%20%20Main%20Article.docx%23eq9
file:///D:/2%20%20%20%20%20Univercity%20%20&amp;%20%20Education/3%20%20%20%20%20%20%20دکتری/1%20%20%20رساله%20-%20مقاله%20دکتری/2%20%20%20%20%20مقالات/1%20%20%20%20%20انگلیسی/07%20%20%20%20%20خواجه%20نصیر/5%20%20%20%20%20خواجه%20نصیر/1%20%20%20Main%20Article.docx%23eq10
file:///D:/2%20%20%20%20%20Univercity%20%20&amp;%20%20Education/3%20%20%20%20%20%20%20دکتری/1%20%20%20رساله%20-%20مقاله%20دکتری/2%20%20%20%20%20مقالات/1%20%20%20%20%20انگلیسی/07%20%20%20%20%20خواجه%20نصیر/5%20%20%20%20%20خواجه%20نصیر/1%20%20%20Main%20Article.docx%23eq7

M. Mansourghanaei and A. Mardookhpour

45

H  25°C

® 500°C
----- ACI 363
——Diaz-Loya et al.(GC)
= -« Pradip and Sarker(GC)

____

Modulus of Elasticity(GPa)

—
— .
= .-
25 | ®. .~ E= 0.457(Fc)0548
e.
~/-
>,4
20 [
50 55 60 65 70 75 80 85 9

Compressive Strength (MPa)

Fig. 5: Relationships Between the Compressive Strength and
Elastic Modulus Test Results of Concrete

Table 4: The Relationships Between the Compressive Strength
and Elasticity Modulus Test Results of Concrete in This Research
and Other Researches

Eq Ref

6 E =3320(f,)" +6900 ACI 363 [39]

7 E,=0.037xp"(f,)”  Diaz-Loyaetal.(GC) [40]

Pradip and Sarker(GC)
[37]

The Equation in Ambient
Temperature in This
Study

The Equation in This
Study Temperature of
500 °C

8 E,=3510(f,)"
9 E,=2392.3(f )"

0.9418

10 E, =457(f)

3.6 The Results of the UPV Test

The results of the UPV test are shown in the diagram of
Figure 6 and the relationship between the results of the
compressive strength test and the UPV test are shown in
Figure 7. The results indicate the high speed of ultrasonic
waves passing through OPCC and GPC at a temperature of
25 °C, so that all the samples are in excellent concrete
quality according to the IS 13311-1 standard [31]. However,
applying heat of 500 °C has led to a decrease in the speed of
waves passing through concrete. This issue is mostly due to
the change in concrete structure and weakening ITZ. So the
quality of GPC has dropped to a good rank. The addition of
8% NS to the composition of GPC at a temperature of 25 °C
to 11% and at a temperature of 500 °C to 14% has led to an
increase in the speed of UPV in this type of concrete. The
addition of POFs to the GPC composition has decreased the
speed of UPV in this type of concrete. The addition of NS to
the GPC composition has improved UPV by up to 40%. The
addition of POFs to the GPC mix has resulted in a reduction
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of UPV, this is due to the reduction of POFs bonding in ITZ
[41]. Research has shown that the high quality of concrete
indicates the reduction of cracks in the concrete composition
[42-44]. The exponential relationship between ultrasonic
wave velocity and compressive strength for different alkali
activated slag samples is shown in Figure 7.
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Fig. 7: Relationships Between the Compressive Strength and
UPV Test Results of Concrete

3.7 The Results of the Impact Resistance Test

Impact energy is indicated in Figure 8, and absorbed energy
and flexibility of concrete samples in this research are
illustrated in Figure 9. Acquired results denote that
increasing the temperature of concrete samples to 300°C
insignificantly decreases impact energy until the initial crack
is created. However, increasing the impact energy until
thorough failure of samples is observed. Generally, an
increase in resistance is witnessed between room
temperature and 200 °C and even 300 °C in research by other
researchers, and various reasons are attributed to this
increase. For instance, Sadighi et al. in 2012 [4] attributed
this increase to the quick drying of concrete. Similar reports
are also provided [35,45].

Some others attributed this increase to the rehydration of
paste due to the movement of water inside capillary cavities.
As temperature increases, i.e., at 300 °C, it is realized that
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the impact energy for the creation of initial crack and final
spalling is extremely decreased for all samples.

According to the results found in this section, it is identified
for all groups that as the percentage of POFs increases by
1% and 2% in alkali activated slag compound, the number
of impacts for creation of initial crack and final spalling of
samples increases. This means that the energy absorption
capacity of GPCs increases with the addition of fibers. POF
is significantly resistant to the creation and expansion of
cracks during concrete structure spalling, leading to stress
concentration mitigation on the crack tip, and delaying the
damage process under impact loads.

Increasing loading leads to the development and expansion
of cracks. Crack expands to the vicinity of fibers until
separation appears in the fibers and matrix surface. Due to
tensile stress that occurs on the predicted path of crack, the
power (concentration) on the crack tip decreases after the
crack reaches the surface of fibers and its path deviates. This
condition prevents further expansion of the crack. This
consequence describes bridging or capacity of limiting crack
in a block of concrete reinforced by fibers. The process by
which fibers prevent crack expansion by bridging is
indicated in Figure 10 in the form of the spalling pattern of
concrete samples. As can be seen in this Figure, there is no
crack on separated parts in the samples lacking fibers.
However, in the samples containing fibers, the separated
parts have microcracks due to the bridging effect of POFs,
preventing crack expansion and maintaining uniformity of
concrete.

When comparing concrete containing and lacking nano-
silica, few microcracks are observed at the time of spalling,
causing an insignificant increase in impact resistance. On the
other hand, the effectiveness of fibers when facing impact
loads is much more than NS in concrete samples. Besides,
by the addition of POFs to alkali activated slag concrete,
concrete has become more flexible. This behavior is also
observed by other fibers in the investigations conducted by
other researchers[20, 46].

The results achieved in this investigation indicated that the
effect of POFs on the impact resistance of GPCs is extremely
higher than that of NS. In this regard, by adding 1% and 2%
POFs to concrete samples, the impact energy for the creation
of the initial crack increases by 13% and 30%, respectively.
The impact energy against thorough rupture increased by
231% and 345%, respectively. As shown by the research
outcomes, the addition of fibers is more effective in
complete rupture than in the appearance of the initial crack.
The flexibility index for the addition of 1% and 2% POFs to
GPCs is obtained at 2.8% and 3.4%, respectively. The
amount of absorbed energy due to the addition of 1% and
2% of fiber increased by 6.2 and 9.3 times, respectively,
indicating the favorable performance of fibers in adsorption
of impact energy. With the addition of 4% and 8% NS to
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alkali activated slag concrete, the energy for creating the
initial crack experienced a 62% and 77% increase,
respectively. It also a 46% and 58% increase the energy for
thorough rupture of concrete samples. Compared to regular
concrete, the energy required for the appearance of an initial
crack and thorough rupture of the sample increased by 44%
and 14% in alkali activated slag concrete, respectively.
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Fig. 8: Impact Energy Until the Creation of Initial Crack and
Final Rupture of Samples
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Fig. 10: Spalling Pattern of Samples with and Without POFs

3.8 Results of SEM Analysis

The results of SEM analysis of OPCC at temperatures of 25
and 500 °C are shown in Figure 11. The volume of hydrated
gels (such as C-S-H) in the samples under ambient
temperature is at a favorable level, but the temperature of
500 °C has led to an increase in the amount number of holes
and cracks in the concrete sample. High heat disrupts the
bonds in ITZ. The results of SEM analysis of GPGs at
temperatures of 25 and 500 °C are shown in Figure 12. GPCs
have a denser microstructure than OPCC, which is due to the
production of a higher volume of hydrated gels such as C-S-
H due to the aluminosilicate properties in its constituent
materials [47,48]. In this regard, it can be seen in Figure 12
that the volume of hydrated gels produced in GPCs is more
than OPCC, on the other hand, the amount of holes and
microcracks in GPCs is less than OPCC. High temperature
has changed the structure of GPCs. The results of SEM
analysis of GPCNS8POFO0 at temperatures of 25 and 500 °C
are shown in Figure 13. The addition of NS up to 8% to the
composition of GPC has improved the density of the matrix
part of the concrete microstructure, this issue is evident in
this figure. The gel containing small NS particles has
reduced the holes and microcracks in the concrete
composition. The density and quality of the microstructure
of concrete in this design of GPC is higher than GPC without
NS and 4% NS. The heat of 500 °C to this design of GPC
has weakened the concrete structure in ITZ. The results of
SEM analysis of GPCNS8POF1 at temperatures of 25 and
500 °C are shown in Figure 14. In this design, the bond areas
between GPC paste and POFs (ITZ) are clearly defined. The
heat of 500 °C has created a tree structure in this design of
GPC. The tree structure includes holes, cracks, and bond
discontinuity in ITZ. This type of structure will decrease the
resistance of concrete against incoming loads.
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Fig. 12: SEM for the GPCs at 25 and 500 °C

Fig. 14: SEM for GPCNS8POF1at 25 and 500 °C
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3.9 Results of XRF Analysis

The results of the analysis of XRF OPCC and GPCs under
ASTM C989 [28] standard are shown in Tables 5 and 6.
Increasing the temperature up to 500 °C in concrete samples
has led to a decrease in the amount of CaO in concrete. This
reduction in OPCC is up to 53% and in GPCNSOPOFQ to
the extent of 31% and in GPCNS8POFO to the extent of 0.5
% it is arrived. Also, increasing the temperature up to 500
degrees in concrete samples has led to a decrease in the
amount of SiO- in concrete. This reduction in OPCC reached
41% and in GPCNSOPOFO to 85% and in GPCNS8POFO to
1% is. Itis evident in these tables that the content of elements
SiO; and CaO in GPCNSOPOFO has decreased by 28%
compared to normal concrete. But in design 4, due to the
increase of NS, the amount of SiO; has increased.
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3.10 Results of XRD Analysis

The results of the analysis of XRD OPCC and GPC at
temperatures of 25 and 500 °C under the BS EN 13925
standard are shown in Figure 15. The maximum amount of
presence of each element in each design is mentioned in each
chart. At a temperature of 25 °C, the peak of OPCC samples
is more than 3000, and by applying heat of 500 °C to this
type of concrete, this peak has reached less than 2000 and
has led to the weakening of the properties of OPCC. In GPCs
without POFs under the temperature of 25 °C, the peak of
the role of the graphs is more than 2000, which has reached
less than 2000 after applying the heat of 500 °C. Of course,
the presence of more NS in the composition of GPC has been
able to improve the conditions of the height of the peaks at
25 °C, and have a smaller drop in the height of the graph
peaks of concrete at the temperature of 500 °C. The
Appearance Changes of the Cubic and Cylindrical Samples,
Before and After Being Exposed to Heating Treatment, are
shown in Figure 16.

Table 5: XRF Test Results at 25 °C

Mix Design SOs TiO:2 LOI Fe203 Na0 KO MgO CaO AL203 SiO:
OPCC 1.59 0.47 16.4 7.2 1.1 0.91 2.11 37.16 5.63 27.12
GPCNSOPOFO 1.16 0.961 16.04 5.64 15.1 1.01 5.05 26.81 8.07 19.57
GPCNS8POFO0 2.8 1.17 15.7 3.94 12.87 1.05 3.01 15.2 7.01 36.33
Table 6: XRF Test Results at 500 °C
Mix Design SOs TiO2 LOI Fe203 Na;O KO MgO CaO AL203 SiO2
OPCC 2.41 0.52 16.77 9.85 1.32 1.34 1.95 17.41 9.87 38.25
GPCNSOPOFO 2.52 0.74 19.48 7.92 2.1 1.41 2.32 18.41 8.41 36.32
GPCNSSPOF0 3.54 0.87 12.95 8.24 4.87 1.5 3.14 15.12 8.21 39.87
OPCC 25°C OPCC 500°C

GPCNSOPOF0 25°C

Fig. 16: The Appearance Changes of the Cubic and Cylindrical Samples, Before and After Being Exposed to Heating Treatment
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4. Conclusions

This study aims to investigate the mechanical and resistance
properties against heat in the blast furnace slag-based GPC
containing POFs (0-2%) and NS (0-8%). After analyzing the
obtained results, it is revealed that NS addition improves the
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mechanical properties in the GPC samples exposed to
heating treatment. POFs addition had a substantial effect on
the tensile strength and impact resistance. The results are
elaborately provided as follows:

1. The NS addition to the GPC increases the compressive
strength from 68 to 82 MPa by 20%. In addition, the
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resistance loss level decreases the resistance due to the
heating treatment from 16.4 to 8.4%.

2. Regarding the tensile strength, fiber addition improved the
tensile strength between 4% and 8% and decreased the loss
level due to the heating treatment from 21 to 13% in concrete
samples. Moreover, it is revealed that the addition of NS
ranging from 4 to 8% to the GPC mixture under the exposure
of heating treatment decreased the tensile strength from 21
to 14.5 and 13% of loss, respectively.

3. By conducting a modulus of elasticity test on the concrete,
it is realized that the addition of POFs and NS particles to
the GPC increases the modulus of elasticity level. Compared
to the alkali activated slag concrete, it has greater
enhancement in the concrete’s modulus of elasticity.
Accordingly, adding 8% NS decreases the modulus loss due
to heating treatment from 42 to 33%.

4. The resistance test against the drop weight hammer
indicates the substantial effect of POFs on the number of
impacts in the concrete samples until the appearance of the
initial cracks and their complete failure. Besides, the
concrete samples exposed to the temperature of 300 °C had
experienced subtle changes in the initial crack creation
energy and the complete spalling. However, as the
temperature increases to 600 °C, it can be observed an
intense loss in the initial crack and spalling in the concrete
samples.

5. The results of the test UPV for concrete under 25 °C
temperature showed that the addition of 8% NS to GPC leads
to an improvement in the quality of concrete and an increase
in the speed of waves. It is ultrasonic. OPCC under 500 °C
heat showed better results than GPC in UPV test results.

6. The results of the analysis SEM, XRF, and XRD were in
harmony with other results in this research.
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