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Abstract: This study presents an investigation of the mix proportion and mechanical properties
of one-part alkali-activated geopolymer concrete (GPC). The procedure for determining the mix
proportion of one-part alkali-activated GPC, which uses a solid alkali activator in crystal form, is
proposed. The proposed procedure was applied to a series of mixed proportions of GPC with different
amounts of solid crystalline alkali activator (AA), water (W), and superplasticizer (SP), using the
ratio between them to the total amount of binder (B, fly ash, and granulated blast furnace slag) by
weight in order to evaluate their effect on the workability and compressive strength of the GPC. The
slump, compressive and tensile strength, and elastic modulus of the one-part alkali-activated GPC
were tested in various ways. The test results showed that solid crystalline alkali activators, water,
and superplasticizers have significant effects on both the workability and compressive strength of
GPC. The amount of one-part alkali activator should not exceed 12.0% of the total binder amount by
weight (AA/B = 0.12) in order not to lose the workability of GPC. The minimum W-B ratio should be
at least 0.43 to ensure the workability of the sample when no superplasticizer is added. An amount
of 2.5% can be considered as the upper bound when using superplasticizer-based polysilicate for
GPC. In addition, the elastic modulus and various types of tensile strength values of the one-part
alkali-activated GPC were evaluated and compared with that predicted from compressive strength
using equations given by two common ACI and Eurocode2 codes for ordinary Portland cement
(OPC) concrete. Modifications of the equations showing the relationships between splitting tensile
strength and compressive strength, as well as between elastic modulus and compressive strength and
the development of compressive strength under the time provided by ACI and Eurocode2 for OPC
concrete, were also made for one-part alkali-activated GPC.

Keywords: geopolymer concrete; crystalline alkali activator; fly ash; GBFS; workability; mechanical
properties

1. Introduction

The large amount of carbon dioxide (CO;) emitted from industrial activities every year
is one of the causes of global warming. The cement industry accounts for 5-7% of the total
CO; emitted, and this number will continue to increase rapidly in the near future due to
the increasing demand for ordinary Portland cement (OPC) [1]. Therefore, the research
towards the development and manufacture of new environmentally friendly alternatives
to OPC is essential and has interested scientists in recent times. Geopolymer (GP) is one of
the new types of binder with many advantages and has the potential to replace ordinary
Portland cement, especially in concrete fabrication, with a new concrete called geopolymer
concrete (GPC) [2]. GPC was studied as early as 1908; important studies of Glukhovsky [3],
Krivenko [4], and Davidovits [5] followed in which the concept of “geopolymer binder” was
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officially introduced by Davidovits [5], providing the basic theory of this type of concrete.
The basic theory of GPC has been the subject of numerous studies carried out to investigate
its crystal structure as well as its mechanical and microstructural properties [6,7]. For instance,
Kim et al. [7] pointed out that GPC completely meets the technical requirements of the main
mechanical properties, similar to OPC. Moreover, GPC has more outstanding features, such
as high fire resistance and corrosion resistance in aggressive environments [8-10] and thermal
conductivity [11-13]. Concerning the application of GPC to building, this material was used
in Mariupol, Ukraine, in the 1960s to build two nine-story residential buildings, while the
first residential building made of alkali-activated concrete without any Portland cement
was built in 1989 in Lieptsk, in the Russian Federation, and has 20 floors [14].

As indicated by Davidovits [15], the two main components needed for making GPC
are rich aluminate (Al) and silicate (Si) materials and an alkali-activator (AA) source to
create an alkaline environment. Sources of rich Al and Si materials for GPC production
are usually by-products from steel mills and thermal power plants, such as fly ash (FA),
granulated blast furnace slag (GBFS), silica fume (SF), and red mud. There have been a
number of studies on the influence of these raw materials on the behavior and performance
of GPC [16-24]. For example, Davidovits [21] and Hajjaji et al. [16] manufactured GPC
that had a compressive strength of up to 80 MPa when heat cured by using only FA as the
source material for GPC. Other investigations pointed out that replacing a part of FA by
GBFS and SF in GPC leads to several advantages, such as decreased setting time, increased
workability, compressive strength of GPC, and notably, that GPC can be cured at room
temperature to achieve high intensity when using GBFS. On the other hand, the alkali
activators commonly used to create an alkaline environment during the polymerization
reaction are NaOH and KOH; however, these strong alkalis are often combined with liquid
glass solutions to avoid danger and to achieve easy GPC manufacture [25].

Currently, there are two commonly used types of activators: liquid and solid crys-
talline. A liquid activator is made by dissolving pure NaOH crystals into water to form
a NaOH (alkaline) solution and then mixing it with sodium hydroxide (SH) liquid glass.
This type of activator has been widely used due to the ease of making AA solutions from
available popular materials. The effects of liquid activator characteristics, such as the
molar concentration of NaOH solution and the ratio NaOH/Na3SiO3, on the workability,
compressive strength, and some other mechanical properties of GPC have been investi-
gated [26,27]. However, liquid activator has some disadvantages, such as being suitable
only for precast concrete structures, because the AA solution needs to be prepared long
before proceeding to manufacture GPC, and there is a high level of danger in direct contact
with strong alkaline solutions during GPC fabrication.

Recently, solid crystalline AA has been more widely used because of its many ad-
vantages in making GPC, such as convenience in the manufacturing process (similar to
cement), easy transportation, and suitability for on-site construction. The current common
fabrication of solid crystalline AA (so-called one-part alkali activator) involves heating the
solid silicate (SiO32~) raw material and the alkali (Na*) source at a high temperature before
the one-part alkali-activated geopolymer paste is mixed by adding aggregates, additional
alumina and/or silica sources, additives, and fiber following the procedure shown in
Figure 1 [28]. In this procedure, the ratio of SiO,/NaO is normally fixed depending on the
manufacturer. As indicated by Hajimohammadi et al. [29] and Nematollahi et al. [30], this
ratio can be ranged from 0.93 to 3.32. Similar to liquid AA, using solid crystalline AA for
GPC is also affected by many factors, such as the Al,O3/SiO, ratio of the source material,
FA/GBFS, AA/B (binder), and H,O/B ratios. However, due to the fixed SiO,/Na,O
ratio of the solid AA, the amount of water (H;O/Na;O) thus greatly affects the alkali
concentration, influencing GPC’s compressive strength. In addition, the type and amount
of superplasticizer (SP) is one of the important factors in reducing the amount of water
used and ensuring workability during GPC fabrication [30].



Buildings 2023, 13, 1835

30f21

Solid crystalline
alkali-activator

TOAAGOCOAMMACAMRAN 6
E E Water
. *
Solid silicate : : ” *
raw material + Calcination if necessary & *
> ONE-PART
~350 - 1500°C : GEOPOLYMER PASTE
. E Aggregates +
PR E 5 additional alumina
Mg i a . : and/or silica sources,
A . 'E additives, fibers

Alkali (Na+) source

Figure 1. Fabrication of one-part alkali-activated geopolymer paste from solid AA.

In this study, the mixed proportion procedure of GPC using solid crystalline AA
(so-called one-part alkali-activated GPC) is proposed. The workability and mechanical
properties of one-part alkali-activated GPC with different AA /B, H,O/Na,O, W/B, and
SP ratios are investigated. The relationship between compressive strength and different
types of tensile strength, as well as between compressive strength and elastic modulus of
GPC, is also evaluated.

2. Experimental Program
2.1. Materials

The fly ash (FA) used in this study is F-class, which was collected, dried, and packed
from a local thermal power plant in Vietnam (Figure 2a). The granulated blast furnace
slag (GBFS) was finely ground, dried, and packed from a local steel factory in Vietnam
(Figure 2b). Both materials were tested for chemical composition and particle size before
being used. The analysis results of the fly ash and blast furnace slag samples showed
that these materials satisfy the requirements of EN 196-1 [31]. Table 1 lists the physical
properties and chemical composition, while Figure 3 presents the XRD analysis results of
the FA and GBFS.

Table 1. Properties of fly ash and granulated blast furnace slag.

FA GBFS
Physical properties
Density (kg/m?) 2240 2910
Surface area (cm?/ g) 3400 (Blaine) 5220 (Blaine)
Chemical composition (%)
SiO, 58.70 35.02
Al,O3 22.87 13.56
Fe;O3 7.31 1.41
CaO 0.98 38.6
MgO 0.85 8.18
Na,O 0.33 0.31
K,O 3.6 0.80
TiO, 1.35 0.23
MKN 3.53 1.89

Crystalline hydrated sodium silicate salt with a density of 2410 kg/m?> and the
Si0O, /NapyO composition ratio by mass of 2.1 was used as a one-part alkali-activator. The
image and XRD analysis result of solid crystalline one-part alkali-activator are shown in
Figure 4. Crushed stone with a grain size of 5-10 mm and river sand were used as the coarse
and fine aggregate materials. The physical properties of stone and sand are presented
in Table 2.
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Figure 2. Fly ash and granulated blast furnace slag: (a) fly ash; (b) granulated blast furnace slag.
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Figure 3. XRD analysis results of fly ash and granulated blast furnace slag: (a) fly ash; (b) granulated
blast furnace slag.

Table 2. Properties of stone and sand.

Stone Sand
Density in dry condition (kg/m?) 2730 2630
Density at surface dry saturation (kg/m?) 2760 2650
Volumetric mass in the compacted state (kg/m?3) 1586 1700
Porosity in compacted state (%) 42.9 35.0
Surface dry saturated water absorption (%) 0.84 0.75
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Figure 4. (a) Solid crystalline alkali-activator; (b) XRD analysis result of alkali-activator.

For GPC in this study, a ROADCON-SSA3000 based on active polyethylene gly-
col methacrylate was used as a superplasticizer (SP) to ensure compliance with ASTM
C494/C494M D and G standards [32].
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2.2. Mix Proportion

There are some principles for the determination of mixed proportion of GPC; however,
they mainly focus on GPC using liquid activators. The composition ratios for GPC using fly
ash source materials and liquid activators were given by Davidovits [5] such as the liquid
activators/binder ratio from 0.3 to 0.45, sodium silicate/sodium hydroxide ratio from 2.0
to 2.5, and the water-binder ratio from 0.16 to 0.24 with an important assumption that the
density of GPC is 2400 kg/m3. The mix proportion then needs to be adjusted as the density
is highly dependent on the type of aggregate used. The instructions for calculating the mix
proportion of GPC using a solid crystalline alkali-activator are quite few. For simplicity and
ease of application, the calculation of the mixed proportion of GPC in this study is based
on the paste thickness of coated aggregate and the close bulk packing theory [33], together
with some adjustments to make it suitable for solid crystalline one-part alkali-activator. The
procedure for determining the mix proportion of GPC using a solid crystalline one-part
alkali-activator consists of the following steps:

Step 1. Determining the optimal aggregate ratio.

The optimal fill between the used aggregates is determined based on the particle
distribution curve of each aggregate type. According to the method given in ASTM
C29 [34], the ratio between sand and (sand + stone) can be specified to be 0.39 from the
particle distribution curve of sand and stone using Equation (1) as:

X = a1X1] + apXxo + A3X3 + ®g4X1 X0 + X5X2X3 + KgX1X3 + X7X{ XD )

where X is the bulking density of combined (sand + stone) aggregate (in kg/m?), a; is the
interaction coefficient of aggregate, and x; is the mass fraction of aggregates with different
size (in %).

Step 2. Determining the paste thickness of coated aggregate.

The paste thickness of coated aggregate or the amount of mortar used is determined
based on the principle of absolute total volume or by calculating the amount of mortar
from the total area of aggregate using Equation (2) as:

Vp = t-(BsMsAs + BgMgAg) + 2)

where V), is the total volume of mortar required (the unit volume of the geopolymer paste);
t is the paste thickness that was homogeneously coated on the surface of an aggregate (in
um); Bs and B are the correction coefficients, which were introduced to reduce the sharp
errors of aggregate between the ideal sphere and the real sharp and were taken as 1.05 and
1.12 for river sand and coarse aggregate, respectively [33]; Ms and M are the mass of the
fine and coarse aggregates (in kg), respectively; A; and A, are the specific surface area of
fine and coarse aggregates (in m?/kg), respectively; and V, is the mortar volume between
aggregate particles, which is calculated as follows:

= Mgy 3)

Vi
’ Ps Ps

In Equation (3), ps and ps are the packing density and apparent density of aggregates,
respectively (in kg/m3). From the volume of paste thickness of coated aggregate, the
amount used of source materials, including FA and GBFS, can be calculated. In this study,
the total amount used of FA and GBFS was determined to be 400 kg/(m3GPC).

Step 3. Determining aluminum and silicate source ratio.

Currently, there are many sources of Aluminum and Silicate that are used for GPC,
such as fly ash, granulated blast furnace slag, metakaolin, and red mud. However, it has
been suggested that FA and GBFS should be used for one-part alkali-activated GPC [25].
Using granulated blast furnace slag plays an important role in early age formation and does
not require heat curing for GPC. At the same time, the use of fly ash plays an important
role in long-term age formation and in saline environments [16]. The ratio of SiO,/Al,O3
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from the source materials for liquid activators is about 3.3 to 4.5, while for dry activators is
about 0.75 to 6.02 [21]. The selection of the ratio between FA and GBFS has been carried
out to evaluate the influence on workability and properties of GPC [17,18]. In this study,
the ratio of FA-GBFS of 1:3 was chosen with the expectation that the GPC does not need
heat curing and the strength at an early age of GPC can be improved.

Step 4. Determining the amount of one-part alkali-activator.

Determining the amount of liquid activator is said to be quite complicated due to
the need to determine the type of sodium hydroxide with different molar concentrations
and different amounts of water. However, for solid crystalline one-part alkali-activator,
the ratio of Nap,O/SiO; is usually fixed by suppliers, together with the crystalline form,
leading to no need to recalculate the amount of water in the solution when fabricating GPC
with different grades. Therefore, when calculating the amount of solid crystalline one-part
alkali-activator, it just needs to choose the required amount of NayO to be used to create an
alkaline environment to break Al-O and Si-O connections in the source materials (the total
amount of FA and GBFS).

In this study, the solid alkali-activator (AA) with the fixed SiO, /NayO ratio of 2.1 was
used, and the ratio of solid AA to the source materials (FA + GBFS) was chosen to be 4%,
6%, 8%, 10%, and 12% by weight for the investigation.

Step 5. Determining the amount of water.

Unlike liquid activators, when the amount used of water greatly affects the work-
ability and compressive strength of GPC, the amount used of water influences the pH
level in GPC using the solid crystalline one-part alkali-activator with a fixed S5iO, /NayO
ratio of 2.1. Therefore, the H,O/Na,O ratio is one of the important ratios when using a
crystalline activator. In this study, the water-binder (W/B) ratio from 0.43 to 0.52 and the
H;0/NajO ratio from 12.6 to 27.9 were investigated to evaluate the effect of these ratios on
the workability and compressive strength of GPC.

Step 6. Determining the amount of superplasticizer.

Additives to reduce water or superplasticizers are normally used to increase workabil-
ity as well as to reduce the amount of water used to improve the compressive strength of
concrete. For conventional OPC concrete, additives based on lignosulfonates, naphthalene,
melamine-based, and polycarboxylates are commonly used. However, some superplas-
ticizers may lead to rapid hardening of GPC. As indicated [20,25,26], superplasticizers
based on naphthalene and polycarboxylate sources can be used for GPC. In this study,
the superplasticizer based on polyethylene glycol methacrylate was used. The content of
superplasticizer by weight of 1%, 1.5%, and 2% (SP/B) was used to evaluate the effect of
this additive on the workability and compressive strength of GPC.

The procedure for calculating the mix proportion of one-part alkali-activated GPC is
summarized as shown in Figure 5. Following the proposed procedure, a series of mixed
proportions of one-part alkali-activated GPC paste for the investigation is denoted with
specific codes and provided in Table 3. The labels “AA”, “W”, and “SP” represent the solid
alkali-activator, water, and superplasticizer, respectively. The first number, “0.04”, “0.06”,
“0.08”, “0.1”, and “0.12”, refers to the ratio of solid AA to the total binder (FA + GBFS)
by weight (AA/B). The second number, “0.37”, “0.39”, “0.41”, “0.43”, “0.45”, “0.48”,
and “0.52”, refers to the ratio of water to the total binder (FA + GBFS) by weight (W/B).
The third number (1.0-2.5) is the percentage of the superplasticizer to the total binder
(FA + GBFS) weight (SP/B). It is noted that the HyO/Na,O ratio was also changed according
to the change of (AA/B) or (W/B). The series of mixed proportions was also divided into
two groups, A and B. The mix proportions in group A were designed to investigate the
effect of the AA /B ratio, whereas the ones in group B were designed to evaluate the effect
of the W/B ratio on the workability and mechanical properties of GPC. For these purposes,
the W/B ratio in group A was fixed at 0.45, while the AA/B ratio in group B was kept
unchanged at 0.08.



Buildings 2023, 13, 1835 7 of 21

Choose used materials

- Gram distribution curve
- Optimal fill between
used agrregates

‘ * - Total absolute volume

Aggregate ratio Total amount of binder

’ | - Al,03 /8103 ratio
- Curing condition
- Time to start setting

Binder component ratio (FA/GBFS)

- H,0/Na,0 ratio

' {

—1 AA/Bratio W/B ratio

Workability

Amount of SP

Required strength

GPC mix proportion

Figure 5. Procedure for calculating the mix proportion of one-part alkali-activated GPC.

Table 3. Mix proportions of one-part alkali-activated GPC.

Group Specimens FA GBFS Sand Stone AA WO Ratio

(kg) (kg) (kg) (kg) (kg) AA/B W/B  H,0/Na,O SP

AA0.04-W0.45 100 300 640 1220 16 180 0.04 0.45 27.90 0

AA0.06-W0.45 100 300 640 1220 24 180 0.06 0.45 19.90 0

A AA0.08-W0.45 100 300 640 1220 32 180 0.08 0.45 17.44 0

AA0.10-W0.45 100 300 640 1220 40 180 0.10 0.45 12.60 0

AA0.12-W0.45 100 300 640 1220 48 180 0.12 0.45 10.80 0

AA0.08-W0.52 100 300 640 1220 32 208 0.08 0.52 23.09 0

AA0.08-W0.48 100 300 640 1220 32 192 0.08 0.48 21.31 0

AA0.08-W0.45 100 300 640 1220 32 180 0.08 0.45 17.44 0

AA0.08-W0.43 100 300 640 1220 32 172 0.08 0.43 16.66 0
AA0.08-W0.43-SP1.0 100 300 640 1220 32 172 0.08 0.43 16.66 1.0
B AA0.08-W0.41-SP1.0 100 300 640 1220 32 164 0.08 0.41 15.12 1.0
AA0.08-W0.41-SP1.5 100 300 640 1220 32 164 0.08 0.41 15.12 1.5
AA0.08-W0.39-SP1.5 100 300 640 1220 32 156 0.08 0.39 13.96 1.5
AA0.08-W0.39-SP2.0 100 300 640 1220 32 156 0.08 0.39 13.96 2.0
AA0.08-W0.37-SP2.0 100 300 640 1220 32 148 0.08 0.37 12.15 2.0
AA0.08-W0.37-SP2.5 100 300 640 1220 32 148 0.08 0.37 12.15 25

2.3. Experimental Details

One-part alkali-activated GPC was produced at room temperature as follows: First,
the aggregate composition was quantified. The dry fly ash, blast furnace slag, sand, and
solid alkali-activator were mixed for 2 min and then activated by adding 70% water. An
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additional two-minute mixing time was carried out to homogenize the mixture. Finally,
the stone (coarse aggregate) and the remaining 30% water were added and subsequently
proceeded to mix for another two minutes.

The workability of the GPC was evaluated by conducting slump tests for fresh one-
part alkali-activated GPC according to the ASTM C143-78 [35]. The prepared fresh one-part
alkali-activated GPC of each mixture was cast into three 100 mm x 200 mm cylindrical
molds, and then the slump test was carried out, as illustrated in Figure 6.

Figure 6. Slump test of GPC.

For other tests, the fresh pastes of each mixture were cast into the corresponding
molds, and all GPC molds were covered with plastic sheets and cured in a laboratory. The
humidity and temperature in the laboratory were kept stable for 24 h until the molds were
removed for all specimens. The specimens were then continued to be covered with plastic
sheets in the same conditions to avoid dehydration and stabilize the temperature inside the
specimens until the testing days.

Compressive strength tests were conducted using a universal testing machine ac-
cording to ASTM C39 [36] at 3, 7, and 28 days for all GPC mix proportions. After the
compressive strength tests, three mix proportions that showed the compressive strength
of about 30 MPa, 40 MPa, and 50 MPa were chosen to investigate the tensile strength
and modulus of elasticity as well as their relations with the compressive strength. The
static modulus of elasticity was calculated based on the stress corresponding to 40% of
the ultimate load according to ASTM C469-10 [37]. The tensile strength of GPC was in-
vestigated through three testing types, including flexural tensile strength, splitting tensile
strength, and axial (direct) tensile strength tests, according to ASTM C78-18 and ASTM
C496-04 [38,39]. The list of testing types, the shape and size of the specimen for each testing
type, and the testing day are presented in Table 4.

Table 4. Testing and specimen details.

Specimen Shape and

Testing Type Size (mm)

Day of Testing Illustration

Cylinder

Compressive strength 150 % 300

3,7,28
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Table 4. Cont.

Specimen Shape and

Testing Type Size (mm) Day of Testing Illustration
Flexural tensile strength Prism 7,28
& 100 x 100 x 400 ’
Splitting tensile strength gglliligg 7,28
Axial tensile strength Prism 7,28
enstie streng 60 x 100 x 400 '
Modulus of elasticity 1(;%),1?%85 7,28

3. Experimental Results and Discussions

The results of sSlump and compressive strength tests are summarized in Table 5, where
each value is an average result from three specimens for each GPC mix proportion, together
with their coefficient of variation. Based on the experimental results, the effects of alkali-
activator, water, and superplasticizer on the workability of one-part alkali-activated GPC
paste, as well as on the compressive strength of the GPC, are discussed in detail below.
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Table 5. Test results of mean slump and compressive strength of GPC.

Ratio 3 Days 7 Days 28 Days
Group Specimens H,O/ SP Slump (tcm) COV . , ,
2 c fc fc

AAB - WIB 20 (%) wpay OV mpa) GOV pa) SOV

AA0.04-W0.45 0.04 045 27.90 0 120  4.4% 10.5 7.2% 19.3 3.6% 23.6 5.7%

A AA0.06-W0.45 0.06 045  19.90 0 125 6.9% 15.6 5.1% 23.7 2.6% 30.4 3.2%

AA0.08-W0.45 0.08 045 1744 0 115 38% 273 6.4% 33.6 3.9% 38.3 2.6%

AA0.10-W0.45 0.10 045 1260 0 120 50%  30.6 4.4% 40.2 4.4% 47.1 3.7%
AA0.12-W0.45 0.12 045  10.80 0 15  67% N/A

AA0.08-W0.52 0.08 052  23.09 0 230  3.9% 21 4.7% 26.3 2.4% 30.9 4.4%

AA0.08-W0.48 0.08 048 2131 0 180 1.7% 254 6.6% 319 5.2% 36.2 4.8%

AA0.08-W0.45 0.08 045 1744 0 115 4.0% 273 3.1% 33.6 4.3% 38.3 1.8%

AA0.08-W0.43 0.08 043  16.66 0 6.0 44% 336 3.9% 435 3.4% 49.7 3.1%

B AA0.08-W0.43-SP1.0 0.08 043  16.66 1.0 120 22% 339 3.9% 38.6 3.9% 45.1 5.7%

AA0.08-W0.41-SP1.0 0.08 041 1512 1.0 70 43% 356 1.3% 47.2 2.6% 52.6 2.7%

AA0.08-W0.41-SP1.5 0.08 041 1512 15 135 37% 349 4.2% 46.8 4.3% 51.7 3.0%

AA0.08-W0.39-SP1.5 0.08 039 1396 15 6.0 29% 369 4.0% 52.1 3.2% 56.3 3.1%

AA0.08-W0.39-SP2.0 0.08 0.39 1396 2.0 145 48% 367 5.7% 51.6 4.3% 55.7 2.8%

AA0.08-W0.37-SP2.0 0.08 037 1215 2.0 50 20% 387 3.9% 543 1.4% 59.2 1.5%
AA0.08-W0.37-SP2.5 0.08 037 1215 25 00 N/A N/A

COV: Coefficient of variation.

3.1. Effects of Alkali-Activator, Water, and Superplasticizer on Workability of One-Part
Alkali-Activated GPC Paste

The effect of the one-part alkali-activator was examined by changing the AA /B ratio
from 0.04 to 0.12, while the W/B was fixed at 0.45, and no superplasticizer was used.
Figure 7 shows the effect of the one-part alkali-activator on the workability of GPC paste.
As can be seen in this figure, when the percentage of the one-part alkali-activator was
less than 10.0% of the binder weight, the workability of the GPC paste was unaffected.
However, with the alkali-activator of 12.0% of the binder amount by weight (AA/B = 0.12),
the workability of the mixture decreased very quickly, leading to the inability to cast
specimens. The cause is that the polymerization reaction is exothermic; when the amount
of activator is too large, it accelerates the evaporation time of water and immediately
activates polymerization and calcium oxide reactions at the same time. These causes lead
to the loss of GPC’s workability, as also indicated in the previous works [26,27,40,41].

14
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AA/B (W/B = 0.45 by wt., SP = 0%)
Figure 7. Effect of one-part alkali-activator on the workability.

The effect of water was examined by changing the W/B ratio from 0.43 to 0.52, while
the AA/B was fixed at 0.08. Figure 8 shows the effect of the W /B ratio on the workability of
GPC paste. As is seen from this figure, the W/B ratio by weight has a significant influence
on the workability of GPC. For the ratio of fly ash to blast furnace slag of 1/3 in this study,
the slump of GPC paste increased from 6 cm to 23 cm as the W/B ratio increased from 0.43
to 0.52. Moreover, the minimum W /B ratio should be at least 0.43 to ensure the workability
and fabrication of samples when no superplasticizer is added.
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Figure 8. Effect of W/B ratio on the workability.

The effect of the superplasticizer was observed by changing the contents of this
additive’s ratio from 0 to 2.5% of the total binder by weight (SP/B), while the AA/B
was fixed at 0.08. Figure 9 shows the effect of the superplasticizer on the workability of
GPC paste. It is seen that adding superplasticizers can greatly improve the workability
of GPC. Indeed, for the mix proportion with a W/B ratio of 0.43, the slump of fresh GPC
increased from 6 to 12 cm when the amount of superplasticizer was added to the mixture
up to 1.0%. A similar trend was observed for the mix proportions with a W/B ratio of
0.41 and 0.39 when the added amount of superplasticizer increased from 1.0% to 1.5%
and from 1.5% to 2.0%, respectively. The increase in slump with an increasing amount
of superplasticizer could be due to the instability of the commercial superplasticizer in
high basic media such as NaOH + Na,5iO3 [42]. In other words, according to Nematollahi
and Sanjayan [30,42], the superplasticizer used in this study was chemically unstable in
multi-compound activator (5i0,/NapO = 2.1), and it experienced structural changes which
resulted in the loss of their plasticizing characteristics. For the mix proportion with a W/B
ratio of 0.37, due to the low amount of water, the superplasticizer just exhibited the effect
on workability at a ratio of 2.0%. However, increasing the superplasticizer to 2.5% does
not improve the workability. This value can be considered as the upper bound when using
superplasticizer-based polyciliate for GPC.

Shump (cm)

{ = WB=043 —a-WB=041 =\
. W/B=039  —+—W/B=0.37
0.00 0.50 1.00 1.50 2.00 2.50

% SP (AA/B =0.08 by wr.)

LSS B
1

Figure 9. Effect of superplasticizer on the workability.

3.2. Effects of Alkali-Activator and Water on Compressive Strength of GPC

Figure 10 shows the effect of a one-part alkali-activator on the compressive strength
of GPC at different days of age. As can be seen in this figure, the compressive strength
increased with the increasing AA/B ratio. With the W/B ratio of 0.45, the compressive
strength at 3 days increased by 48.6%, 75.0%, and 12.1% when the AA /B ratio changed from
0.04 to 0.06, 0.06 to 0.08, and 0.08 to 0.1, respectively. The corresponding increments of the
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strength at 7 days were 22.8%, 41.8%, and 19.6%. However, the increments of compressive
strength at 28 days of 28.8%, 25.8%, and 23.1% were quite similar when the AA/B ratio
changed from 0.04 to 0.06, 0.06 to 0.08, and 0.08 to 0.1, respectively. These results indicate
that the one-part alkali-activator has a significant effect on the compressive strength of GPC.
The effect is relatively uniform for the strength at the age of 28 days but quite different for
the strength at an early age, with the AA /B ratio from 0.04 to 0.1. The effect of the one-part
alkali-activator on the compressive strength of GPC at 28 days was slightly decreased
with the higher amount of the alkali-activator, whereas the amount of the alkali-activator
corresponding to AA /B ratio from 0.06 to 0.08 exhibited the highest effect on the strength
at 3 and 7 days. This can be explained as the pH level due to the amount of Na,O in
the alkali-activator in the range of 6% to 8% of total binder by weight is sufficient for the
amount of Al,O3 and SiO; in fly ash and granulated blast furnace slag (FA/GBFS = 1:3)
in this study. It is noted that using the activator up to 12% of the total binder amount by
weight (AA/B = 0.12), specimens could not be cast due to the too-fast setting of GPC paste.

50

AA/B=0.04

Compressive strength (MPa)
w
<

o

Time (days)

Figure 10. Effect of one-part alkali-activator on the compressive strength of GPC (W/B = 0.45 by
weight, no superplasticizer).

The effect of water via the W/B ratio on the compressive strength of GPC at different
days of age is displayed in Figure 11. This figure shows that the W/B ratio has a great
effect on the compressive strength of GPC. For GPC with the AA/B ratio of 0.08 and
without superplasticizer, the effect is quite similar for strength values at 3, 7, and 28 days
but much different from various ranges of W/B ratio, as shown in Figure 11a. Indeed,
the compressive strength at 3, 7, and 28 days decreased by an average of 9.4%, 11.4%,
and 11.5% per 1% increase in the W/B ratio when the W/B ratio was between 0.43 and
0.45, respectively. However, the corresponding average reduction values of compressive
strength per 1% increase in W/B ratio when W/B ratio between 0.45 and 0.48 was very
low of 2.3%, 1.7%, and 1.8%, whereas higher values of 4.3%, 4.4%, and 3.7% were observed
for mean reduction values of compressive strength at 3, 7, and 28 days per 1% increase in
W /B ratio when W/B ratio between 0.48 and 0.52, respectively. Further, the compressive
strength at 3, 7, and 28 days similarly decreased by 37.5%, 39.5%, and 37.8% when the W/B
ratio increased from 0.43 to 0.52, respectively. This effect may be attributed to the following
two causes. Firstly, reducing the amount of water leads to the reduction of excess water,
which is one of the main causes of the formation of voids in GPC. Secondly, the HO/Na,O
ratio decreases when the amount of water is reduced, leading to an increasing pH level.
These phenomena lead to an increase in the compressive strength of GPC, which was also
pointed out in the previous works [43—45].
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Figure 11. Effect of W/B ratio on compressive strength of GPC (AA/B = 0.08 by wt.): (a) without
superplasticizer; (b) with superplasticizer.

When adding a superplasticizer to GPC, the effect of water via the W/B ratio on the
compressive strength of GPC on different days is still great, as shown in Figure 11b. For
instance, the compressive strength at 28 days of GPC with 1% superplasticizer decreased
by 14.3% from 52.6 MPa to 45.1 MPa when the W/B ratio increased from 0.41 to 0.43. With
1.5% superplasticizer, the compressive strength at 28 days of GPC decreased by 8.2% from
56.3 MPa to 51.7 MPa when the W /B ratio increased from 0.39 to 0.41, while the strength at
28 days of GPC with 2% superplasticizer decreased by 5.9% from 59.2 MPa to 55.7 MPa
when the W/B ratio increased from 0.37 to 0.39. From these results, a part of the influence
of the superplasticizer on the compressive strength of GPC was also exhibited. With the
same W /B ratio, adding a superplasticizer can enhance the workability but reduce the
strength of GPC. For example, with a W/B ratio of 0.43, the compressive strength at 28 days
of GPC decreased by 9.3% from 49.7 MPa to 45.1 MPa when adding 1% superplasticizer.

3.3. Compressive Strength Development under the Time of One-Part Alkali-Activated GPC in
Comparison with OPC Concrete

The compressive strength development under the time of OPC concrete can be pre-
dicted using the equations given by two common codes, Eurocode2 [46] and ACI 209R [47],
in which the compressive strength of OPC concrete at t days of age can be estimated from
the compressive strength at 28 days.

Eurocode?2 gives the equation for the development of compressive strength under the
time of OPC concrete, as follows [46]:

1/2
i) = Exp{s(l -(3) )}fc’(%) @

where f (t) and f -(28) are the compressive strength at t and 28 days, respectively; s is a
constant coefficient depending on the type of cement. For cement class N in OPC concrete,
s is taken as 0.25.

In ACI 209R, the development of compressive strength development under the time
for OPC concrete can be predicted using the following equation [47]:

t
x + Bt

fe(t) = fi(28) ®)
where a and B are coefficients, those depend on the cement type and curing condition,
respectively. The constant « is set to 4 for cement type I while the constant g is taken as
0.85 for moist curing in this study.
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For the purpose of comparison, the relationship between compressive strength at ¢
days and 28 days of age is normalized to the strength value at 28 days. Figure 12 shows
the development of normalized compressive strength under the time of GPC in the case
of without superplasticizer (Figure 12a) and with added superplasticizer (Figure 12b),
where the strength at 28 days of GPC is taken as 1.0. The corresponding curves drawn
from prediction equations given by two common codes, Eurocode2 and ACI 209R, for
OPC concrete are also plotted. As can be seen in Figure 12a, the development curves of
compressive strength under the time of GPC using different W/B and no superplasticizer
are almost identical, which proves that the compressive strength development of GPC
follows a very stable trend, as well as the experimental results in this study, are highly
reliable. However, at an early age, the compressive strength values of all specimens were
slightly higher than the predicted values based on Eurocode2, while they were quite much
higher than the ones obtained from ACI 209R for OPC concrete. It was reported in the
previous work that the fly-ash-based geopolymer concrete with specific temperature and
time-curing conditions achieves high early compressive strength due to the fast hydration
reaction [40]. Moreover, the fast setting time and high early compressive strength of alkaline-
activated slag concrete due to the presence of high CaO content have also been shown in
many other studies [43,48-50]. The obtained results in this work are consistent with the
previous studies and could be used to investigate the creep and shrinkage properties of
one-part alkali-activated GPC.
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Figure 12. Compressive strength development under the time of one-part alkali-activated GPC in
comparison with that of OPC concrete according to Eurocode 2 and ACI 209R: (a) without superplas-
ticizer; (b) with superplasticizer.

Concerning the stable trend and high reliability of the obtained results, a prediction
equation for compressive strength development of GPC without superplasticizer is pro-
posed based on the original one from Eucocode? [46], in which the constant s is taken as
0.175 instead of 0.25 for cement class N. The corresponding curve of the proposed equation
is also plotted in Figure 12a, showing good agreement with the experimental results in
this study. Adding an amount of superplasticizer to GPC leads to the change of develop-
ment trend of compressive strength under the time of GPC, as shown in Figure 12b. This
trend is different with various amounts of added superplasticizer to GPC; however, the
compressive strengths at early ages of all specimens were always higher than the predicted
values based on both Eurocode2 and ACI 209R codes. The obtained results indicate that
superplasticizer has a significant effect on the development of compressive strength under
the time of GPC, and another equation taking into account the effect of superplasticizer
is required for predicting the compressive strength development of GPC, which may be
conducted in future work.
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Tensile strength (MPa)

3.4. Tensile Strengths, Modulus Elasticity, and Their Relations with Compressive Strength of
One-Part Alkali-Activated GPC

After compressive strength tests had been carried out, three mix proportions, AA0.06-
W0.45, AA0.08-W0.45, and AA0.10-W0.45, showed the compressive strength of about
30 MPa, 40 MPa, and 50 MPa were chosen to investigate the tensile strengths, modulus
of elasticity as well as their relations with compressive strength of GPC. It should be
noted that the three chosen mix proportions do not contain superplasticizers in order to
be able to evaluate the relationship between the tensile strengths and modulus elasticity
with compressive strength of pure one-part alkali-activated GPC. Figure 13 presents the
results of the mean tensile strength of GPC from three specimens at 7 and 28 days with
different testing types, including flexural, splitting, and axial tensile tests, which are also
summarized in Table 6, together with their coefficient of variation.

6
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Figure 13. Tensile strength of GPC: (a) at 7 days; (b) at 28 days.

Table 6. Test results of mean tensile strength of GPC from different testing types.

7 Days 28 Days
Specimens Testing Type Value (MPa) cov Value cov
(MPa)

AA0.06-W0.45 Flexural test 2.70 3.7% 3.60 4.8%
Splitting test 2.42 1.9% 3.34 3.2%

Tensile test 1.84 9.5% 2.24 8.1%

AA0.08-W0.45 Flexural test 3.78 2.8% 4.40 2.3%
Splitting test 3.45 1.5% 3.98 2.7%

Tensile test 2.39 11.6% 2.72 3.5%

AA0.10-W0.45 Flexural test 4.45 3.0% 5.40 3.2%
Splitting test 4.14 2.8% 4.70 2.8%

Tensile test 2.81 3.4% 3.42 6.7%

COV: Coefficient of variation.

As can be seen from Figure 13, the splitting tensile strength is lower than flexural
tensile strength and higher than the value obtained from the axial (direct) tensile test for
all three mix proportions of GPC. This trend is similar to OPC concrete, as reported in
common design codes such as ACI 318 [51] and Eurocode2 [46]. For the tensile strength
at 7 days, the ratio between the values obtained from flexural tests and splitting tests was
in the range from 1.07 to 1.12, whereas the ratio between the values obtained from direct
tensile tests and splitting tests was in the range from 0.68 to 0.76. Similar ranges of from
1.08 to 1.15 and 0.67 to 0.73 were observed for flexural tensile strength/splitting tensile
strength ratio and axial (direct) tensile strength/splitting tensile strength ratio at 28 days,
respectively. These results indicate that the relationships between three types of tensile
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strength of GPC are stable and reliable. These relationships will be explored through their
relationship to the compressive strength of GPC, as detailed below.

According to ACI 318, the relationship between the splitting tensile strength (f¢) and
the compressive strength (f'¢) of concrete is expressed as [51]:

fet = 0.56+/f! MPa (6)

The flexural tensile strength (f,) and the compressive strength (') have the relationship
as follows [51]:

fr = 0.62\/f MPa )

According to Eurocode?2, the relationship between the mean axial tensile strength (1)
and the concrete cylinder compressive strength (f.;) is provided as following relations [46]:

Fetm = 0.3(f)*’® MPa for < C50/60 ®)

fok = (fem — 8) MPa for < C50/60 )

where (f) is the characteristic cylinder compressive strength of concrete.
Eurocode 2 also gives the association between the axial tensile strength (f:;) and the
splitting tensile strength (f;sp) as follows:

Fetm = 0.9fetsp MPa (10)

The association between mean flexural tensile strength (f.,, ;) and mean axial tensile
strength is expressed as:

fetm, fl = max{(lb — 10%()) fetm; fctm} (11)

where & is the total member depth in mm.

The relationships between each type of tensile strength and compressive strength of
concrete according to ACI 318 and Eurocode2 are drawn in Figure 14, together with the
corresponding experimental results in this study for GPC.
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Figure 14. Cont.
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Figure 14. Relationship between tensile and compressive strengths: (a) flexural tensile strength; (b)
Axial (direct) tensile strength; (c) splitting tensile strength.

As can be seen in Figure 14a, the measured flexural tensile strengths are quite different
from the predictions by ACI 318 but agree well with that estimated by Eurocode2. A
good agreement between the measured axial tensile strengths and the predicted values
from compressive strength based on Eurocode?2 is also observed, as shown in Figure 14b.
These results confirm that the relationship between the flexural tensile strength and the
compressive strength, as well as between the axial tensile strength and the compressive
strength of concrete provided by Eurocode2, fits well with the investigated GPC in this
study. However, a good agreement is not seen for the measured splitting tensile strength of
GPC from both standards, as displayed in Figure 14c. Considering the conformity of the
equations for estimating the flexural tensile strength and the axial tensile strength from the
compressive strength of concrete provided by Eurocode2 to GPC, an equation for predicting
splitting tensile strength from axial tensile strength of GPC is proposed, which is based on
the original one in Eurocode2, as follows:

fetm = 0.72fctsp MPa (12)

From the proposed equation, splitting tensile strength can be predicted from the
compressive strength of GPC using the relationship between Equations (8) and (12), which
is also plotted in Figure 14c, showing good agreement with the experimental results of
splitting tensile strength of GPC.

Figure 15 presents the results of the mean elastic modulus of GPC from three specimens
with three different mix proportions at 7 and 28 days, which are also summarized in Table 7,
together with their coefficient of variation. As is seen from this figure, the elastic modulus
at 7 days of age achieved about 85 to 88% of the values at 28 days of age, demonstrating the
stable development of the modulus and the reliability of the experimental results. Based
on that, the relationship between elastic modulus and compressive strength of GPC can
be conducted.

Table 7. Test results of mean elastic modulus of GPC.

7 Days 28 Days
Specimens
E (GPa) cov E (GPa) cov
AA0.06-W0.45 23.4 1.0% 27.6 0.5%
AA0.08-W0.45 28.1 0.7% 32.0 0.8%

AA0.10-W0.45 325 0.4% 37.2 1.4%
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Figure 15. Elastic modulus of GPC.

The elastic modulus (E.) can be estimated from the compressive strength (f'c) of
concrete according to ACI 318 as [51]:

E. = 4700/f! MPa (13)

According to Eurocode?2, the relationship between the elastic modulus (E;) and the
concrete cylinder compressive strength (f.,,) is given as [46]:

0.3
Eep =22 (ﬁ’;) where E.,,, in GPA and F.,, in MPA (14)

Figure 16 displays the curves drawn from the equations for estimating elastic modulus
from the compressive strength of concrete provided by ACI 318 and Eurocode2, together
with the measured elastic modulus of GPC. As seen, although the trend of the curve given
by ACI 318 is relatively consistent with the experimental results of GPC, the prediction
equations from both codes do not agree well with GPC. Based on that, a modification of
the original equation from ACI 318 was made to fit the experimental results, as follows:

E. = 5090/ f! MPa (15)
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Figure 16. Relationship between elastic modulus and compressive strength.

The corresponding curve of the modified equation is also plotted in Figure 16, showing
good agreement with the experimental results of the elastic modulus of GPC. However,
it is worth noting that further investigation on both the elastic modulus and strengths of
one-part alkali-activated GPC is necessary to suggest an appropriate equation between
the splitting tensile strength as well as elastic modulus and compressive strength of GPC
owing to the few samples and mixtures were conducted in this work.
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4. Conclusions

This study presented an experimental investigation on the evaluation of the worka-
bility and mechanical properties of one-part alkali-activated GPC manufactured at room
temperature. The obtained results support the following conclusions.

1. The amount of one-part alkali-activator less than 10.0% of the total binder amount by
weight has no influence on the workability but has a strong effect on the compressive
strength of GPC. The one-part alkali-activator should not exceed 12.0% of the total
binder amount by weight (AA/B = 0.12) in order not to lose the workability of
GPC. The effect of the one-part alkali-activator on the compressive strength of GPC
at 28 days was slightly decreased with the higher amount of the alkali-activator,
whereas the amount of the alkali-activator corresponding to AA /B ratio from 0.06 to
0.08 exhibited the highest effect on the strength at 3 and 7 days.

2. W/B ratio by weight has a significant influence on both the workability and com-
pressive strength of GPC. The workability of GPC paste reduced as the W/B ratio
increased. The compressive strength of GPC without superplasticizer decreased when
the W/B ratio increased, and this effect of the W/B ratio was quite similar for com-
pressive strength values at 3, 7, and 28 days but much different from different ranges
of W/B ratio. The change of the W/B ratio from 0.43 to 0.45 has the greatest influence
on compressive strength, and the minimum W /B ratio should be at least 0.43 to ensure
workability and sample-making when no superplasticizer is added.

3. Adding superplasticizers can greatly improve the workability of GPC but reduce
the strength of GPC. Increasing the superplasticizer up to 2.5% does not improve
the workability, and this amount can be considered as the upper bound when using
superplasticizer-based polyciliate for one-part alkali-activated GPC.

4. Compressive strengths at an early age of GPC are slightly higher than the predicted
values based on Eurocode2, while they are quite much higher than the ones obtained
from ACI 209R. The constant s that depends on the cement type should be taken
as 0.175 for cement class N in the prediction equation for the compressive strength
development under the time of one-part alkali-activated GPC according to the original
equation for OPC concrete given by Eurocode2.

5. The relationship between flexural tensile strength and compressive strength, as well
as between axial tensile strength and compressive strength provided by Eurocode?2 for
OPC concrete, fits well with one-part alkali-activated GPC, whereas the ratio between
axial tensile strength and splitting tensile strength is found to be about 0.72 for GPC
instead of 0.9 as given by Eurocode2 for OPC concrete.

6.  The relationship between elastic modulus and compressive strength of one-part alkali-
activated GPC is found to follow the trend given by ACI 318 for OPC concrete, but a
higher coefficient of 5090 should be used instead of 4700 in order to accurately predict
elastic modulus from compressive strength of GPC.

It is noted that the aforementioned are based on a very limited number of experiments.
Further investigation on both the elastic modulus and strengths of one-part alkali-activated
GPC is necessary.
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