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Abstract

Geopolymer concretes (GPCs) are known as green, environmentally friendly, sustainable concretes in the development of the
structural industry with superior mechanical performance and durability compared to ordinary Portland cement concrete
(OPCC). This type of concrete emits less CO2 than OPCC and aims for efficient waste management while reducing
environmental impacts. In this experimental research, 5 mixed designs were made of GPC based on granulated blast furnace
slag (GBFS), which contains 0-8% Nano silica (NS) and 1-2% polyolefin fibers (POFs). A mixed design was also made of
OPCC to compare with GPC. The tests of compressive strength, tensile strength, drop weight impact (DWI), Ultrasonic Pulse
Velocity (UPV), water permeability and microstructural examination by scanning electron microscope (SEM) images and X-
ray fluorescence (XRF) spectroscopy were performed on concrete samples and the results were analyzed and compared. The
results obtained in this laboratory research, while overlapping with each other, indicate the superiority of mechanical
properties and durability of GPC compared to OPCC. © 2017 Journals-Researchers. All rights reserved.
(DOLl:https//doi.org/10.52547/JCER.5.3.24)
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1. Introduction

Cement is the second most consumed product (after
water) in the world [1] and the third source of toxic
carbon dioxide (CO2) emissions in the atmosphere [2]
and it is estimated that cement is responsible for
producing 5-8% of CO; in the atmosphere. [2,3]. In
this regard, with the production of one ton of cement,
approximately one ton of CO; gas is released into the
atmosphere [4]. On the other hand, cement
production requires high consumption of energy and
mineral resources [5]. These challenges have led
scientists to search for alternatives such as the
production of green concrete or GPC [6]. GPC are
emerging as one of the building materials [7]. GPC is
produced from the process of geopolymerization, in
which molecules known as oligomers are combined
to form covalently bonded geopolymer networks [8].
The properties of GPC are determined based on the
properties of the materials used and its processing
conditions [9]. In this regard, the results showed that
alkaline materials and active alkali solution (AAS)
are the two main factors influencing the properties of
GPC [10]. Environmentally friendly, stable and
structurally sound GPC can be made from industrial
waste (such as GBFS), municipal waste (such as
construction waste) and agricultural waste (such as
rice husk ash) [11,12]. The use of these wastes in the
composition of GPC will lead to efficient waste
management while reducing environmental pollution.
Researchers' findings have shown that the use of
industrial waste materials compared to ordinary
cement in the composition of GPC also reduces the
cost of concrete production [13]. It has been reported
that the amount of CO, produced in GPC is lower
than ordinary Portland concrete (OPC) [7,14-18]. On
the other hand, due to high compressive strength, low
permeability and high resistance to acid attack, GPCs
are a suitable alternative to OPCC in the construction
of structures [8]. In the production of GPC, active
alkali solutions such as potassium hydroxide (KOH),
sodium hydroxide (NaOH), potassium silicate
(K2Si0s) or sodium silicate (Na,SiOs) are needed for
the geopolymerization of aluminosilicate precursors
[19]. In this regard, the most commonly used
combined active alkali solution in GPC is the use of
sodium hydroxide (NaOH) and sodium silicate
(NazSiOs), which have been used in several studies
[20-22]. Hydrated gels are the main factor in creating
bond and strength in the hardened GPC structure. In
GPC based on GBFS, the production of hydrated gels

such as C-S-H, N-A-S-H and C-A-S-H is high in the
geopolymerization process, and the largest volume of
production belongs to C-S-H gel. Studies show that
C-A-S-H gel is formed in the interfacial transition
zones (ITZ) in the geopolymerization process of GPC
based on GBFS, which helps to increase the
compressive strength of this type of concrete
compared to OPCC slow [23]. The amount of
porosity and pores in the microstructure of GPC is
less than that of OPCC, and this is one of the main
factors of the superiority of mechanical properties
and durability in GPC compared to OPCC. In this
regard, the microscopic morphology of concrete
samples with SEM images of the microstructure of
GPC based on GBFS show more microstructure than
OPCC (which has large pores) [6,23]. On the other
hand, microstructure studies on GPC show better
characteristics of ITZ compared to OPCC [24]. Also,
studies have shown that increasing the curing
temperature in GPC based on GBFS improves the
laboratory results [25]. Industrial wastes such as
GBFS, which often have unknown uses, are usually
dumped in landfills, which lead to environmental
pollution [26]. It has been estimated that for each ton
of steel production, about 400 kg of steel furnace slag
including GBFS and basic oxygen furnace slag
(BOFS) are produced. GBFS contains siliceous (Si)
and aluminate (Al) materials, the different amounts
of which are used in the composition of concrete, can
have a positive effect on the speed of the
geopolymerization process [26]. On the other hand,
GBFS helps in forming a larger volume of hydrated
gels (compared to OPC) such as C-S-H in the
composition of GPC [27]. Research has shown that
the mechanical performance and durability of GPC
based on GBFS is beyond that of OPCC [28-30]. The
use of nanomaterials rich in aluminate and silicate
particles in the composition of GBFS GPC leads to
the improvement of mechanical properties in this
type of concrete [12,31,32]. This issue is mostly due
to the increase in the speed of the geopolymerization
process and the greater participation of nanoparticles
in the chemical reaction process in GPC [33]. In this
regard, the addition of NS to the composition of GPC
improves the mechanical properties of this type of
concrete [34]. The use of fibers in the composition of
concrete improves the mechanical properties and
durability of concrete [35,36]. In this regard, the use
of fibers improves the tensile strength of GPC [37],
but the excessive use of fibers in the composition of
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concrete causes a decrease in the mechanical
properties of this type of concrete [38]. The type of
fibers used clearly affects the compaction of concrete
according to its density [39]. Research shows that the
use of fibers in GPC improves the durability of
concrete in the long term [40]. On the other hand,
fibers improve tensile strength, increase energy
absorption capacity, toughness and ductility in GPC
[41]. In this laboratory study, increasing the
mechanical properties and durability of GBFS NS
and POFs is one of the innovative goals. On the other
hand, according to the research of others, helping the
healthy environment by reducing CO, emissions
from conventional cement production, is another goal
in this research.

2. Experimental Program
2.1 Materials

In this experimental study, the OPC type Il with a
2.35 g/cm? of specific weight according to standard
En 197-1 and the GBFS was used in powder form
with the density of 2.75 g/cm® according to ASTM
C989/C989M standard. The chemical properties of
these materials are indicated in Table 1. The NS
particles made up of 99.5% SiO, with an average
diameter in the range of 15 to 25 nm were used.
Crimped POFs according to ASTM D7508/D7508M
standard, 30 mm in length, were also used, whose
physical properties are shown in Fig. 1. The used fine
aggregates were natural clean sand with a fineness
modulus of 2.95 and a density of 2.75 g/cm?, and the
coarse aggregates were crushed gravel with a
maximum size of 19 mm and a density of 2.65 g/cm3
according to the requirements of the ASTM-C33. In
this research, thermal curing of GPC has been done at
60 °Cfor 48 hours in an electric furnace under 80+3%
relative humidity. In this regard, research has shown
that thermal curing of GPC based on GBFS leads to
improvement of mechanical properties and durability
in concrete [28,16].

2.2 Mix Design

For accurate investigation, six mixture designs were
considered, according to ACI 211.1-89 standard. For
GPC, as in other articles [28,42], a OPCC mixing
scheme was used. The first sample included a regular
concrete containing Portland cement where the water
to cement ratio has considered to be constantly 0.45.
Five other samples include GPC with different NS

and POFs. The GPC samples are generally
categorized into two groups: the first group lacks
POFs with the NS amount of 0-8%. The second
group contains 8% of NS, where the POFs are used in
these designs in the form of 1 and 2 percent. In order
to achieve the same performance in each mixture
design and obtain a slump of about 20 £100 mm, we
have used normal polycarboxylate  based
superplasticizers. Besides, 202.5 kg/m? of the alkaline
solution is used in this case. The used alkaline
solution is a combination of NaOH and Na,SiO3 with
the weight ratio of 2.5, utilized with the mixture
specific weight of 1483 kg/m?® and the concentration
of 12 M. The conducted studies indicate that due to
the significant level of C-S-H formation when
utilizing Na,SiOs, using a combination of NaOH and
Na,SiOz increases the compressive strength
compared to single employment of CaOH [43]. The
samples mixture design is indicated in Table 2.

Tensile Strength (N/mm?) >500
Length (mm) 30
Diameter (mm) 0.8
Elasticity Modulus (GPa) >11
Bulk Density (g/cm?®) 0.910
Fig. 1. Physical Properties of the POFs
Table 1
Chemical Compositions of Materials (%)
Component GBFS OPC
SiO; 292 213
Al03 19.4 4.7
Fezog 5.8 4.3
CaO 386  62.7
MgO 2.8 2.1
SO 2.6 2
K20 0.1 0.65
Na.O 0.2 0.18
TiO; 0.6 -
Free Cao - 1.12
LOI 0.3 1.84
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Table 2
Details of the Mix Designs

Coarse Fine Super

Mix ID OPC GBFS Water AAS NS Aggregates Aggregates POFs Plast?cizer
(Kg/m?)

1 OPCC 450 0 202.5 0 0 1000 761 0 6.75
2 GPCNSOPOFO 0 450 0 2025 O 1000 816 0 6.75
3 GPCNS4POFO 0 432 0 2025 18 1000 767 0 7.8
4 GPCNS8POF0 0 414 0 2025 36 1000 718 0 8.3
5 GPCNS8POF1 0 432 0 2025 36 1000 672 24 8.6
6 GPCNS8POF2 0 432 0 2025 36 1000 646 48 9

2.3 Test Methods

After fabricating the samples, for better curing and
increasing the resistance properties, the samples were
placed in an oven at 60 °C with a thermal rate of 4.4
°C/min for 48 h. In this study, the compressive
strength tests were performed on 10-cm® cubic
specimens based on BS EN 12390. to determine the
tensile strength of the cylindrical specimens (15 cm
in diameter and 30 cm in length), the splitting tests
were conducted based on ASTM C496. The
concrete's resistance to dynamic loads (impacts) was
measured using the drop weight hammer test
according to the report by the ACI 544-2R
committee. This test was conducted with repeating
impacts on disks with a diameter of 15 cm and a
height of 63.5 cm. The UPV tests were conducted
according to ASTM C597 using a non-destructive
ultrasonic electronic apparatus, PUNDIT MODEL
PC1012, with an accuracy of +0.1 ps for a
transformator with a vibrational frequency of 55 kHz
and a movement time accuracy of 2% for the
distance. According to EN 12390-8, the water
permeability tests were performed on 150x150x150-
mm?® cubic specimens with a water pressure of
50+500 kPa on a circular area with a diameter of 75
mm on one of the surfaces for 72 hours. In this
article, the tests of compressive strength, tensile
strength, DWI, UPV, water permeability in concrete
at the curing age of 7, 28 and 90 days were
performed. XRF analysis at 7 days curing age and
SEM analysis at 90 days curing age were performed
on concrete samples.

3. Results and Discussion

3.1 Results of the Compressive Strength Test

The results of the compressive strength test of
concrete samples in this laboratory research are
shown in Figure 2. Figure 3 shows the concrete
samples in each mix design after performing the
compressive strength test at the age of 90 days
curing. Based on the results, it can be seen that
increasing the curing age in the concrete of each
design has led to an improvement in compressive
strength. This issue is due to the progress of the
chemical reaction process and the production of a
higher volume of hydrated gels such as C-S-H in the
concrete composition at the same time as the age
curing of the concrete increases [44].

By increasing NS particles in GPC, the compressive
strength of concrete has improved. This is due to the
increase in the rate of polymerization and the
production of more volume of hydrated gels in the
composition of GPC [33]. The increase of POFs in
the composition of GBFS-based GPC has led to a
drop in the compressive strength results of this type
of concrete. This issue can be due to the type of fibers
used and the improper bonding of fibers with
geopolymeric mortar in the interfacial transition zone
(ITZ). Design GPCNS8POFO is the best plan in terms
of achieving compressive strength, so that at the age
of 90 days curing, it has achieved a 33% better result
than design OPCC and 29% better than design
GPCNSOPOF2.
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3.2 Results of the Tensile Strength Test

Figure 4 shows the results of the tensile strength test
in this laboratory research. Figure 5 includes the
concrete samples of all the mixed designs after the
tensile strength test. Based on the results, increasing
the age of concrete curing has led to improved results
in all designs. In this regard, OPCC with 93%
increase in GPC design GPCNS4POF0 with 72%
increase was a step forward. In GPCs, the addition of
NS has led to the improvement of tensile strength
results in concrete, in this regard, at the age of 90
days of curing (as the best curing age), design
GPCNS8POFO0 with 8% NS obtained 15% higher
tensile strength than design GPCNSOPOFO without
NS. The addition of up to 2% POFs in the GPC
mixture led to the improvement of the tensile strength
test results in this research. So that at the age of 90
days, design GPCNS8POF2 (containing 2% POFs)
obtained 8% more tensile strength than design
GPCNS8POFO0 (without POFs). This issue is mostly
due to the proper bonding of POFs in the GPC
composition under Brazilian tensile test loading
[45,46]. The findings of scientists have shown that
the use of different types of fibers such as natural
kenaf [47] and glass fibers [48] in the composition of
GPC leads to the improvement of tensile strength in
this type of concrete.

©7 Days (28 Days 590 Days
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Fig. 2. The Compressive Strengths of the Specimens
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Fig. 5. Concrete Sample in Tensile Strength Test

3.3 Results of the DWI Test

The results of the impact test using the drop weight
method under the initial impact energy for the
occurrence of the initial crack (E1), the impact energy
of the final crack (E>) and the flexibility index (E2/Ez)
of the concrete samples of all designs at the age of 90
days and at the ambient temperature (21-25 °C) based
on Joule is shown in the diagram of Figure 6. Figure
7 shows the device for performing the DWI test.
According to the results, it can be seen that the
impact energy of breaking (E2) the concrete sample in
all designs is more than the impact energy for the
initial crack (E1). The initial and final energy values
for cracking and failure of the OPCC sample were
lower than the corresponding values in all GPC
designs. The addition of POFs up to 2% to the GPC
composition led to the improvement of the resistance
of concrete samples against the DWI. So that in
design GPCNS8POF2, the amount of initial energy
(E1) increased by 30% and final energy (E») by 3.4
times compared to design GPCNS8POFO0. In this
regard, the amount of initial energy in design
GPCNSB8POF2 concrete was increased by 2.3 times
and the final energy was increased by 7 times
compared to OPCC. Flexibility index (E2/E1) in GPC
samples improved by increasing the amounts of NS

and POFs. The findings of other researchers show
that GBFS based GPCs have better impact resistance
than OPCCs [49]. Also, in GPCs, the addition of
fibers leads to the improvement of concrete resistance
against impact loads [30]. The use of other types of
fibers, such as in the composition of GPC, increases
the resistance of this type of concrete against impact
loads [50].

E=RE]l EZDE2 =——E2/El

E@)
E2/E1

GPCN: GPCNSS] '0 GPCNSSPOF1 GP¢

Fig. 6. The Impact of the Specimens

GPC:

ig. 7. DWI Test Machine
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3.4 Results of The UPV Test

Figure 8 shows the results of UPV test on concrete
samples in this research. Increasing the curing age in
concrete due to the progress of the hydration and
geopolymerization process in concrete has led to the
improvement of UPV [28]. The addition of NS to the
GPC composition leads to the production of more
hydrated gels in concrete, and thus the amount of
UPV has increased. The addition of polyolefin fibers
to the GPC composition has led to a decrease in UPV
results. In this regard, at the processing age of 90
days (as the best curing age), adding POFs to design
6 has led to a reduction of 12% in the results
compared to design 4 (without POFs). UPV in OPCC
at all ages is higher than UPV in GPC at
corresponding ages. This issue is due to the
appearance of microcracks during the thermal curing
process in GPC, which has been effective on the
UPV loss. In the diagram of Figure 8, the quality of
concrete is determined based on the speed of waves
passing through concrete according to the IS 13311-1
standard. In this regard, it can be seen that at the age
of 7 days curing, concrete designs GPCNSOPOFO
and GPCNS8POFO0 have excellent quality and other
designs are in good quality. At the age curing of 28
and 90 days, all concrete designs are of excellent
quality.

B7 Days 028 Days 890 Days

Excellent

Doubtful

Ultrasonic Pulse Velocity (km/s)

PCC  GPC)

Fig. 8. The UPV of The Specimens

3.5 Results of the Water Permeability Test

The results of the water permeability test in concrete
based on the depth of water penetration (in mm) in
concrete are shown in the diagram of Figure 9. Based
on these results, it can be seen that in each design, the
depth of water penetration in concrete decreases with

the increase of curing age in concrete. This issue has
become harder due to the improvement of concrete
density and the increase of adhesion between
concrete components, which is completed by the
development of the chemical process. The depth of
water penetration in GPC is less than OPCC at the
corresponding age, this shows the superior
performance of durability in GPC compared to
OPCC. The addition of NS in the composition of
GPC with the improvement of the matrix of the
geopolymeric structure led to a decrease in water
permeability by 35% (design GPCNS8POFO0
compared to design GPCNSOPOF0 in 28 days of
curing) in this type of concrete. The addition of POFs
up to 2% in the composition of GPC led to a decrease
in the depth of water penetration in this type of
concrete up to 27% (design GPCNS8POF2 compared
to design GPCNS8POFOQ). Figure 10 shows concrete
samples undergoing water permeability test.

B7Days B28 Days [D90 Days

‘Water Permeability (mm)

Fig. 10. Water Permeability Test in Concrete
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3.6 Results of The XRF Analysis

The results of XRF analysis of concrete samples are
shown in Table 3. SiO,, AL,O; and CaO are seen as
the three main elements with the highest amount in
all designs. In this regard, SiO2 amounts in plans 4, 5
and 6 (including GPC containing 8% NS) have
reached the highest value (about 37%). The lowest
amount of SiO, (27%) is found in OPCC. AL.Os is
found in the range of 7-8% in GPC designs, and it
has reached the lowest amount (5.6%) in OPCC
designs. The maximum (37%) of CaO is seen in
OPCC and the maximum (26.8%) and minimum
(15.3%) of CaO is seen in concrete design 2 and 5 of
GPC, respectively. LOI values in all designs are in
the same range (about 16%). SiO, and Al,O3 are the
main elements in slag and NS (primary materials of
GPC), on the other hand, CaO is also the main
element of OPC in OPCC.

Table 3
XRF Test Results (%)
Component Mix NO
1 2 3 4 5 6
SiO2 271 195 3202 363 37 36/8
ALO3 5.6 8 67 701 71 6/9
CaO 371 268 236 152 15/13 15/18
Na-O 11 151 901 128 12/64 13/01
Fe203 7.2 5.6 39 394 3/79 4
MgO 21 505 401 301 3/15 2/89
K20 09 101 101 105 112 1/14
SOs3 1.6 1.1 187 28 1/9 1/98

TiO2 04 09 108 11 1 1/2

P20s 01 01 014 01 0/139 0/153
MnO 01 04 065 06 064 071
LOI 164 1604 159 157 16 15/9

3.7 Results of the SEM Analysis

The results of SEM analysis are shown in Figure 11.
In the composition of ordinary concrete compared to
GPC, the amount of hydrated gels (C-S-H) is seen in
its lowest amount. Also, the tree structure (which
shows the low density of concrete), unhydrated
particles and pores in the composition of OPCC is
more than the design of GPC. In GPC designs, the
amount of hydrated gels has been increased by
increasing the amount of NS in the designs. This
process is due to the acceleration of
geopolymerization activity and the production of a

larger volume of hydrated gels in this type of
concrete. The researchers' findings show that GPCs
have superior microstructural characteristics than
OPCCs [51,52]. Adding materials containing

aluminosilicate sources to the composition of GPC
adds its characteristics [24]. This superiority is often
due to the presence of dispersed pores with very
small sizes in the matrix of GPC compared to OPCC

(6]

Fig. 11. SEM Image

4. Conclusions

In this article, tests of compressive strength, tensile
strength, DWI, UPV, water permeability in OPCC
and GPC at the curing age of 7, 28 and 90 days were
performed and the results were compared and
analyzed. XRF analysis at the curing age of 7 days
and SEM analysis at the curing age of 90 days were
performed on concrete samples and the results were
evaluated. The most important results in this research
are as follows.

1. Except for the UPV test, the results in all tests
show the superiority of GPC over OPCC. This shows
the superior performance of GBFS-based GPC
compared to OPCC.
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2. Due to the thermal curing in GPC that has led to
microcracks, the UPV results in this type of concrete
are lower than OPCC.

3. In GPC, the addition of NS has improved the
results in all tests. This issue is due to the help of NS
to accelerate the geopolymerization process and
produce more volume of hydrated gels in the GPC
matrix.

4. In GPC, the addition of POFs has improved the
results in tensile strength, DWI and water
permeability tests. In this regard, the addition of
fibers has been appropriate to prevent crack
propagation and maintain the localization of cracks.
5. The type of fiber and its connection method in
GBFS-based GPC has led to a drop in results in
compressive strength and UPV tests.

6. The results of XRF and SEM analysis are in
agreement and overlapping with other results in this
laboratory research.
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