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ABSTRACT This paper utilized granulated blast furnace slag (GBFS), fly ash (FA), and zeolite powder (ZP) as the
binders of ternary geopolymer concrete (TGC) activated with sodium silicate solution. The effects of alkali content (AC)
and alkaline activator modulus (AAM) on the compressive strength, flexural tensile strength and elastic modulus of TGC
were tested and the SEM micrographs were investigated. The experimental results were then compared with the
predictions based on models of mechanical properties, and the amended models of TGC were proposed taking account of
the effects of AC and AAM. The results indicated that increasing AC and reducing AAM which were in the specific
ranges (5% to 7% and 1.1 to 1.5, respectively) had positive effects on the mechanical properties of TGC. In addition, the
flexural tensile strength of TGC was 27.7% higher than that of OPC at the same compressive strength, while the elastic
modulus of TGC was 25.8% lower than that of OPC. Appropriate prediction models with the R? of 0.945 and 0.987 for
predicting flexural tensile strength and elastic modulus using compressive strength, respectively, were proposed. Fitting
models, considering the effects of AC and AAM, were also proposed to predict the mechanical properties of TGC.

KEYWORDS Ternary Geopolymer Concrete (TGC), alkaline activator modulus, alkali content, mechanical properties,
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1 Introduction

The process of manufacturing cement causes serious
issues such as environmental pollution and huge consump-
tion of energy [1,2]. In general, producing 1 tonne
Ordinary Portland cement (OPC) releases many pollu-
tants such as particles, nitrogen oxides and carbon
dioxide [3]. Therefore, it is inevitable to explore a
sustainable alternative to OPC to ease the burden on the
environment. Geopolymer is an environment-friendly
cementitious material utilized in the civil engineering
industry to prepare high-performance concrete, and the
industry aims at replacing OPC with geopolymer [4].
Geopolymer is a semi-crystalline inorganic cementitious
material formed in a geopolymerization reaction with
incorporation of alkaline activator and aluminosilicate
precursor. The material offers a lot of advantages, such as
better mechanical properties, stronger durability characte-
ristics, lower shrinkage and lower density-to-strength
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ratio compared with OPC [5-11]. Various industrial
products (metakaolin, zeolite and so on) and by-products
(slag, fly ash, and so on) utilized as precursors have
potential to provide raw material for synthesis of
geopolymer [12—16]. Geopolymer has attracted particular
worldwide attention in recent years due to its ability of
making industrial waste profitable.

Due to the excellent pozzolanic activities, granulated
blast furnace slag (GBFS) and fly ash (FA) are the most
common industrial by-products used in producing
geopolymer. GBFS is an industrial by-product from blast
furnace iron-making process [17]. FA is a kind of small
particle from the burning of fuels (mostly coal); it can, for
instance, be collected from flue gas of coal power plants
[18]. Producing 1 tonne big iron will generate 30% GBFS
and consuming 1 tonne coal will produce 50% FA. As
industrial residues, GBFS and FA with such large outputs
can be hazardous to human health and atmosphere if they
are released into the environment, hence the necessity of
disposing of these wastes [19]. GBFS plays the role in
enhancing the early strength of concrete thanks to its high


https://doi.org/10.1007/s11709-022-0889-y

Jinliang LIU et al. Ternary geopolymer concrete

pozzolanic activity, large reactant surface area and high
calcium content. All these factors contribute to high early
strength due to the generation of hydration product
C-(A)-S-H [20]. FA makes concrete easy to set and cast
because of its eminent workability [21].

Zeolite power (ZP) is an environmentally friendly
material and it is abundantly available due to its
considerable yield worldwide and lower cost than other
building materials [22,23]. ZP, with chief compositions of
SiO, and Al,O,, is ground from natural zeolite; it is not
industrial residue and it was first used in 1756 [24]. It has
been confirmed that ZP contains silica with higher
activity than FA [25-27]. ZP has a structure with rough
surface and many internal pores [27]. It plays two
primary roles in the concrete system: the first is as a
“micro-pump”’; ZP can store superfluous water in the
early stage and discharge the internal water during the
hardening process of concrete to further promote the
hydration reaction, so as to enhance the later strength.
The second is to provide more hydration space. There are
many voids and pores in ZP, which can be considered as
containers to provide space for the hydration reaction;
meanwhile the hydration reaction products can fill the
voids and pores, thus making the structure more stable
and denser. Its corrosion resistance of the concrete is also
improved [22]. Therefore, ZP has potential to increase
strength of GBFS-FA geopolymer concrete as an
enhancer.

As factors in the preparation of geopolymer, the
selection and utilization of activators affect various
properties of geopolymer such as mechanical property
and durability [6,7]. The types of activators can be
divided into acidic activator, saline activator and alkaline
activator [28-32], among which the most widely used is
alkaline activator. Alkaline activators can be further
classified into two categories (potassium activator and
sodium activator) according to different types of metallic
cation, of which the most common is sodium activator
[33]. The sodium-based activator can be made of sodium
hydroxide, sodium silicate and a mixture of these
[34-36]. The mechanical properties of geopolymer
prepared with mixture of sodium hydroxide and sodium
silicate are excellent [37]. Cho et al. [38] found that when
AC in the activator ranged from 4% to 10%, and with a
constant AAM of 1.4, the strength of FA based
geopolymer increased with the increase of AC in the
activator. The strength at the age of 28 days increased to
348% when AC increased from 4% to 6%. Fernandez-
Jiménez and Palomo [39] found that when AAM was
selected at 1.23 and AC was 7.74%, the compressive
strength of FA based geopolymer mortar at the age of
28 d can reach to a high level of 82.36 MPa. Criado et al.
[40] reported that the activation effect on the synthesis of
geopolymer is satisfactory; in the case of AAM it is
between 1.0-1.5, in general.
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Most previous investigations have been conducted with
respect to mechanical properties of alkali-activated
geopolymer concrete produced with various parameters
of alkaline activator solution such as concentration of
sodium hydroxide, amount of alkaline liquid and ratio of
sodium silicate to sodium hydroxide [41-43]. However,
there is scanty study on the variation of mechanical
properties of GBFS-FA-ZP blended ternary geopolymer
concrete (TGC) activated with different AAM and AC
curing at room temperature. Therefore, in this study, two
parameters of alkaline activator solution (AAM and AC)
and constant proportions of GBFS, FA and ZP were
chosen to investigate mechanical properties of TGC.
SEM was conducted to observe the microstructure of
TGC. Finally, the prediction models were proposed to
assess and predict the mechanical properties of TGC. The
study on TGC has promise to provide the theoretical basis
for reusing hazardous industrial by-products and so to
lighten the burden on the environment. In addition,
promoting the application of this eco-friendly concrete
could reduce cement production which has the potential
to reduce the emission of carbon dioxide.

2 Materials and methods
2.1 Materials

2.1.1
power

Granulated blast furnace slag, fly ash and zeolite

This paper utilized GBFS, FA, and ZP (Fig. 1) as
aluminosilicate materials and the compositions of these
materials are summarized in Table 1. GBFS deriving
from Shijiazhuang, Hebei was S95 grade with higher
content of CaO. FA stemming from Zhengzhou, Henan
was secondary grade composed of the minerals
crystalline quartz and mullite. ZP purchased from
Shijiazhuang, Hebei was made by grinding natural
zeolites with high content of SiO,. XRD (X-ray
Diffraction) test were conducted on each of these three
materials after preparation as follows. First, the raw
material powder was added into the middle of the groove
of the sample rack to make the loose sample powder
moderately higher than the plane of the sample rack.
Then, the sample surface was gently pressed by using the
slide, so that the powder sample surface was leveled and
consistent with the frame plane, and the excess powder
that was not in the groove was scraped off. Eventually,
the sample was put into X-ray diffractometer for analysis.
The XRD spectra of GBFS, FA, and ZP are shown in
Fig. 2. A detectable peak in Fig.2 indicated that the
GBFS was composed of amorphous phases containing
calcite. It can be observed in Fig. 2, that the FA consisted
primarily of amorphous phases with some crystalline
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phases (quartz and mullite). ZP was mainly composed of
clinoptilolite crystalline phases. In addition, calcite
(CaCO;) could be detected despite low-intensity peaks,
as presented in Fig.2(c). In order to investigate
microstructures of these aluminosilicate materials, a scan-
ning electron microscope (SEM) was employed. SEM
micrographs of GBFS, FA, and ZP are shown in Fig. 3,
which shows that the particles of GBFS were irregular
and had lots of edges and corners. The particles of FA
with different sizes were all spherical, and their surfaces
were smooth. The particles of ZP were very rough and
more irregular than the GBFS particles. The particle size
distribution curves of GBFS, FA, and ZP are shown in
Fig. 4.

(b)

Fig. 1 Aluminosilicate materials: (a) GBFS, (b) FA, and (c) ZP.

Table 1 Chemical compositions of GBFS, FA, and ZP

material Si0, CaO ALO; Fe,0; MgO TiO, K,0 Na,0
GBFS (%) 42.12 4020 1604 0 0 0 0 0
FA (%) 56.96 1.50 23.67 463 150 0 0 0
ZP (%) 6439 4.17 12.82 158 098 0.18 1.68 1.14
C: clinoptilolite
C Qc Ca: calcite
Q: quartz
. C  M: mullite
& Ca 7P
z 0 Q
g M
g MM FA
k=
C
2 GBFS
10 20 30 40 50
20(°)

Fig.2 XRD diffractograms of GBFS, FA, and ZP.
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2.1.2 Activator

In order to activate the above aluminosilicate materials,
this study selected industrial sodium silicate (water glass)
solution (Fig. 5) with a SiO,/Na,O ratio of 3.47 (SiO, =
24.71%, Na,O = 7.29%, H,0 = 68%) as alkaline
activator. The 98% purity sodium hydroxide flakes
(Fig. 5) were mixed with initial sodium silicate solution
to reduce the ratio of SiO,/Na,O. The chemical reaction
process is shown in Eq. (1):

2NaOH = Na,O + H,0. (1)

The content of Na,O in sodium silicate solution can be
augmented by the above chemical reaction process,
thereby reducing the ratio of SiO,/Na,O. The detailed
preparation processes are as follows. Sodium hydroxide
flakes are dissolved in water firstly. Then the sodium
silicate solution is mixed with sodium hydroxide solution.
Eventually, the mixed alkaline activator solution is left to
stand for 24 h in order to dissipate the excessive heat
[44]. The flow chart for preparing target water glass
solution is presented in Fig. 6. In this paper, target moduli
were 0.9, 1.0, 1.1, 1.2, 1.3, 1.4, and 1.5.

2.1.3 Aggregate

The fineness of river sand as the fine aggregate was 2.2.
The size distributions of coarse aggregate were in two
ranges: a) from 5 to 10 mm and b) 10 to 20 mm with a
ratio of a:b of 0.67. Aggregates were used with a fine to
coarse aggregate ratio of 0.4. The particle size distribu-
tion curves of fine aggregate and coarse aggregate are
plotted in Fig. 7.

2.2 Methods

2.2.1 Mix proportioning design

This paper selected 65%GBFS, 25%FA, and 10%ZP
[24,45-49] as aluminosilicate materials, and the liquid to
solid ratio was 0.4. The AAM and AC of alkaline
activator were used as variables. The mix proportioning
of TGC was designed by controlling one variable

Fig.3 SEM micrographs of GBFS, FA, and ZP.
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Fig. 4 Particle size distribution curves of GBFS, FA, and ZP.
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Fig. 5 (a) Initial water glass and (b) sodium hydroxide flakes.

leave to
rest for 24 h

Fig. 6 The preparation flow chart of target water glass solution.
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Fig. 7 The particle size distribution curves of fine aggregate
and coarse aggregate.

unchanged and changing the other variable. When AAM
was fixed at 1.4, the proportions of AC of alkaline
activator were 5%, 5.5%, 6%, 6.5%, 7%, 8%, and 9%
[38,39]. When AC was fixed at 8 %, AAM values were
0.9,1.0,1.1,1.2,1.3, 1.4, and 1.5 [40]. The details of mix
proportions are shown in Table 2.

2.2.2 Preparation process for ternary geopolymer concrete

In order to prepare TGC specimens, according to GBT
50081-2019 [50], the aggregate, geopolymer precursors
and alkaline activator solution were added into concrete
mixer successively for stirring. After adequate mixing,
the molds filled with TGC were put on a vibrating table

Table 2 Details of mix proportions

mix total AAM AC (%) fine R coarse
binders (kg/m’) aggregate (kg/m”) aggregate (kg/m’)

Tl 380 1.4 5 720 1080

T2 5.5

T3 6

T4 6.5

T5 7

T6 8

T7 9

T8 0.9 8

T9 1.0

T10 1.1

T11 1.2

T12 1.3

T13 1.5

to compact the concrete. After vibration, the molds were
placed on a horizontal table for curing at ambient
conditions with a temperature of (20 = 5) °C and a
relative humidity greater than 50%. After curing for 24 h,
the samples were de-molded and put into the concrete
standard curing room with a temperature of (20 £+ 2) °C
and a relative humidity greater than 95% to cure for 28 d.

2.2.3 Arrangement for test

Compression tests were conducted on thirty-nine
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100 mm % 100 mm x 100 mm concrete cubes with a
loading rate of 0.6 MPa-s"'. Flexural tensile tests were
conducted on thirty-nine 100 mm x 100 mm % 400 mm
concrete prisms with a loading rate of 0.06 MPa's .
Elastic modulus tests were conducted on seventy-eight
100 mm x 100 mm x 300 mm concrete prisms with a
loading rate of 0.6 MPa's'. All these tests were
conducted in accordance with GBT 50081-2019 [50]. The
diagrammatic sketches of compression test, flexural
tensile test and elastic modulus test were plotted in Fig. 8.

The above mechanical property tests were carried out
on a universal testing machine. The surface moisture of
cured concrete samples was wiped dry before the test, and
the tests were carried out immediately. The testing
arrangement and failure pattern of TGC specimen under
compression test and flexural tensile test are presented in
Figs. 9, and 10, respectively.
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3 Experimental results
3.1 Compressive strength and flexural tensile strength

Figure 11 shows the 28 d compressive strengths and
flexural tensile strengths of TGC prepared under the
condition of constant AAM with variable AC. According
to the data showed in Fig. 11, it is apparent that the
compressive strength and flexural tensile strength of mix
T1 were both the lowest compared to those of other
specimens. The specimen of T1 had the minimum
compressive strength and flexural tensile strength of 56.9
and 5.6 MPa, respectively. When the AC proportion
reached 7%, the compressive strength and flexural tensile
strength of TGC specimen were both the highest
compared to those of other specimens. The specimen of
T5 obtained the maximum compressive strength and
flexural tensile strength of 73.3 and 6.5 MPa, respectively.

F
: ! 100 mm
100 mm | |

1 I
B A

1 : : 1
i ! 100mm | 100mm | 100 mm | |

I I
. L N g
: : ) 300 mm :
— | |
100 mm 400 mm

compression test
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displacement meter

deformation measuring frame

150 mm
300 mm

175 mm

100 mm

elastic modulus test

Fig. 8 The diagrammatic sketches of compression, flexural tensile, and elastic modulus test.
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Fig. 10 The failure pattern of TGC specimen. (a) Compression test; (b) flexural tensile test: breaking crack; (c) breaking section.

80 -
- compressive strength (MPa)

75% flexural tensile strength (MPa) 6.8 =
£ . 64 £

701 L7 . S
i65 n . W 60 g
£ 1 o 5
Z 601 /7 é 5.6 E
2;50‘ % % 4.8 T;g
1 e

41 %4 é 442

4ollnll el =

5

“
W

6 6.5 7 8
alkali content (%)

9

Fig. 11 The 28 d compressive strength and flexural tensile
strength of TGC affected by AC.

The compressive strength of TS5 was approximately
28.8% higher than that of T1, and the flexural tensile
strength of TS was approximately 16.1% higher than that
of T1.

Figure 12 shows the 28 d compressive strength and
flexural tensile strength of TGC prepared under the
condition of constant AC with variable AAM. It also can
be seen that there was variation of compressive strength
and flexural tensile strength of TGC with different AAM
values. The results shown in Fig. 12 indicate that the
compressive strength of T13 was the lowest. Meanwhile,
T8 and T13 had approximately equal values of flexural
tensile strength. T8 obtained the minimum compressive
strength of 60.1 and T8 and T13 both obtained the
minimum flexural tensile strength of 5.9 MPa. When
AAM reduced to 1.1, the compressive strength and



1442

flexural tensile strength of T10 were both the highest
compared to those of other specimens. T10 exhibited the
maximum compressive strength and flexural tensile
strength of 78.4 and 6.9 MPa, respectively. It can be seen
that with decrease in AAM there was very little increment
in the compressive strength and a remarkable increment
in the flexural tensile strength. The compressive strength
of T10 was approximately 30.4% higher than that of T13
and the flexural tensile strength of TI10 was
approximately 16.9% higher than that of T13.

3.2 Elastic modulus

Elastic modulus is a physical quantity that describes the
elasticity of a material and a measure of its resistance to
elastic deformation. As a vital performance parameter of
engineering materials, the elastic modulus of TGC is
worth studying. Therefore, the elastic modulus of TGC
prepared with different AAM and AC was investigated in
this paper. The variation trends of elastic modulus are
shown in Fig. 13, which suggests that the elastic modulus
varied with the variation of AAM and AC. When AAM
was fixed at 1.4, the specimen of T1 attained the
minimum value of elastic modulus, while the specimen of
T5 attained the maximum value of elastic modulus. The
elastic modulus of the specimen with AC of 7% was
approximately 10.9% higher than that of the specimen
with AC of 5%. This result indicates that the increase of
AC with the appropriate range of 5% to 7% tended to
improve the modulus of elasticity of TGC. When AC was
fixed at 8%, the minimum value of elastic modulus was
observed from T13. The elastic modulus of T8 was
approximately equal to that of T13. T10 exhibited the
maximum value of elastic modulus. The elastic modulus
of the specimen with AAM of 1.1 was approximately
12.7% higher than that of the specimen with AAM of 1.5.
This result indicates that the reduction of AAM with the
appropriate range of 1.1 to 1.5 tended to improve the
modulus of elasticity of TGC.

3.3 Experimental results

3.3.1 Mechanical properties

In the light of experimental results discussed above,
within a certain range the increase of AC tends to
improve the mechanical properties of TGC, but this
enhancement is restrained when AC increases above that
range. A similar phenomenon can also be observed with
variation of AAM. An explanation for these observations
is that the activity of geopolymer materials is rather low
at room temperature, and sodium oxide can provide an
appropriate alkaline environment to stimulate this
activity. The strong alkalinity of sodium oxide can break
the partial bonds of Ca-O, Si-O, and Al-O in the raw
materials, and then the dissolved metal cations further

Front. Struct. Civ. Eng. 2022, 16(11): 14361452

B compressive strength (MPa) |

80+ ) flexural tensile strength (MPa) 72
— : ! 6.8 T
§ 75 L . 6.8 E
< 704 i 6.4 =
5 B
2 657 Yoo o3
2 60 g 4. =
2 5.6 2
2z 551 §z
2 5.2 8
£ 30 =

L =

£ 454 48 3
(3] [}
40+ 4.4 &=

354 T8 TS T10 T11 T12 T6 TI13 4.

09 10 11 12 13 14 15
alkaline activator modulus

Fig. 12 The 28 d compressive strength and flexural tensile
strength of TGC affected by AAM.
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Fig. 13 The 28 d elastic modulus of TGC affected by AC and
AAM respectively.

react with the silica in the sodium silicate solution to form
C-S-H and C-A-S-H. So, when AC is deficient, the
content of silica in solution is also small owing to
invariant AAM. This means that the stimulation of the
activator is weak and the amount of hydration reaction
products is small on account of the small amount of silica
in solution acting as a reactant. Therefore, the deficiency
in the amount of sodium oxide is detrimental to the
development of TGC strength. As the sodium oxide
content increases, more Ca-O, Si-O, and AI-O bonds in
the raw material are broken, more metal cations are
dissolved into solution and hence the increase of
hydration products which contribute to the overall
strength growth of concrete [13,38]. This is the reason for
rapid enhancement of strength. However, the content of
sodium oxide has a specific range in which the rapid
development of strength is facilitated. Silica will
accordingly increase with the increase of sodium oxide
due to constant AAM. In the case of increasing content of
both sodium oxide and silica, inevitably, the stimulation
and hydration reaction are rapidly accelerated, which
makes the generation rate and amount of hydration
products (C-(A)-S-H) on the surface of raw material
particles faster and larger [38]. Increasing sodium oxide
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content hinders the hydration reaction inside the hollow
particles owing to more and more precipitation of
geopolymer gels around the surface of particles, which
eventually limits rapid strength development of the
concrete. This is the reason for slowing development of
strength with continuous increase of AC. And excessive
AC has an unfavorable effect on strength of TGC. In
addition, when AAM is at a low level, the silica content
in the alkaline activator solution will increase with the
increase of AAM. This tends to generate a more compact
silicon-rich gel phase and enhance the strength of TGC
[13,38]. However, with the continuous increase of AAM,
the increase trend of strength becomes slower. These
phenomena have also appeared in the researches of Cho
et al. [38] and Qin et al. [13]. The above explanations are
consistent with theirs.

In this study, when AAM is fixed at 1.4, the optimal
threshold value of AC that plays a positive role in
improving the mechanical properties of TGC is 7%.
When AC is fixed at 8%, the optimal threshold value of
AAM is 7%. Deterioration in strength occurs when the
AC or AAM value is greater than the optimal threshold
value.

3.3.2 SEM micrograph

In this paper, the fragments of crushed concrete specimen
(TS, T8, and T10) were selected as the objects of SEM
analysis and SEM micrographs are displayed in Fig. 14.
As can be seen from Figs. 14(a)-14(c), the structures of
T5 and T10 are more compact thanks to the sufficient
quantity of geopolymer gels. However, the structure of
T8, by contrast, is looser and geopolymer gels are

M?)’“ J

85 ccopolymer gels ] ?
by P -

N

(@

(e)

1443

scantier, probably due to the insufficient amount of silica
in alkaline activator solution caused by low AAM. Loose
structure caused by lower concentration of geopolymer
gels has an adverse impact on the overall mechanical
properties of concrete, and the mechanical property test
results discussed in the above sections also reveal the
possibility of the occurrence of this phenomenon.
Figures 14(d)—14(f) show that fewer and finer cracks can
be found in the micrographs of T5 and T10 at low
magnification by comparison with T8. Therefore,
considering the influence of AAM and AC discussed in
the above sections on TGC, the mechanical properties of
TGC can be improved under the condition of high AC
and low AAM which are both in the specific range.

4 Assessment and prediction of
mechanical properties of ternary
geopolymer concrete

The variation of the flexural tensile strength and elastic
modulus of TGC affected by AC and AAM were
investigated above. To better assess the flexural tensile
strength and elastic modulus of TGC, this paper cited
several prediction models proposed in previous
investigations to compare with the experimental values
obtained in this study. The consequences and analyses of
the comparison are discussed as below.

4.1 Assessment of flexural tensile strength using
compressive strength

Experimental results discussed above manifested that

L e

Fig. 14 The SEM micrographs of partial TGC fragments: (a) T5 with magnification of 50000, (b) T8 with magnification of 50000, (c) T10
with magnification of 50000, (d) T5 with magnification of 50000, (¢) T8 with magnification of 50000 and (f) T10 with magnification of

50000.
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there is a link between flexural tensile strength and
compressive strength. The equations proposed by
Australian standard (AS 3600-2009) [51] and other
literatures were cited to predict the flexural tensile
strength and compare with the experimentally determined
values of the flexural tensile strength of TGC.

According to AS 3600-2009 [51], the approximate
relationship between flexural tensile strength and
compressive strength of OPC at 28 d is given by Eq. (2).

fu=06£", 2

where f; and f, are flexural tensile strength and
compressive strength of OPC at 28 d, respectively.

According to Nath and Sarker [52], flexural tensile
strength of FA based geopolymer concrete can be
calculated using Eq. (3).

fi=0.93£. (3)

According to Waqas et al. [53], the flexural tensile
strength of slag/FA geopolymer concrete can be
calculated using Eq. (4).

fur =025, 4)

Figure 15 illustrates the ratios of predicted flexural
tensile strength to test flexural tensile strength. The
average values of respective ratios were indicated by
dashed lines in the figure. Figure 15 shows that, in
general, the ratios obtained by Egs. (2) and (3) are both
closest to 1 based on the differences, and the maximum of
difference (0.34) between the mean of ratios and 1 can be
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observed from Eq. (4). It means that, under the same
compressive strength, the difference between the value of
flexural tensile strength predicted by Eq. (4) and actual
value is largest compared with that predicted by other
equations. The predicted and experimentally determined
values of flexural tensile strength are also plotted in
Fig. 16. As can be seen from Fig. 16, the experimentally
measured values all fall in the middle of Egs. (2) and (3)
while Eq. (2) underrates the actual values and Eq. (3)
overrates the actual values. Thus, an equation (Eq. (5),
R*= 0.945) was investigated for the experimental flexural
tensile strength of TGC, as shown in Fig. 16.

£ =0.7646£."°, (5)

where f,; is the flexural tensile strength of TGC at 28 d,
and f; is the compressive strength of TGC at 28 d.

4.2 Assessment of elastic modulus using compressive
strength

CEB-FIP model code [54] and the equations recom-
mended by previous researchers were utilized to predict
the elastic modulus of TGC and compare with the
experimentally determined elastic modulus of TGC at 28 d.
According to CEB-FIP model code [54], the 28 d
elastic modulus of OPC can be calculated by the
following equation:
E.=18275(0.1£)"", (6)

where E. is the elastic modulus of OPC at 28 d. The

1.3 1.3
]
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Fig. 15 The ratios of predicted flexural tensile strength to test flexural tensile strength obtained from AS 3600-2009 [51], Nath and Sarker

[52], and Wagqas et al. [53].
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equation proposed by Nath and Sarker [52] is appropriate
to predict the elastic modulus of FA based geopolymer
concrete. The equation is shown below.

E. =35107". )

A prediction equation suitable for slag/FA geopolymer
concrete is proposed by Lee and Lee [55], as shown below.

E. =5300f"". (®)

The ratios of predicted elastic modulus to test elastic
modulus are plotted in Fig. 17. Figure 17 shows that the
ratios obtained by Eq. (7) are the closest to 1, and the
maximum of difference (0.35) between ratios and 1 can
be observed from Eq. (6). The results indicate that, under
the same compressive strength, the value of elastic
modulus predicted by Eq. (7) provides the best fit to the
actual value among these cited equations. The difference

f= 0764612 (R =0.945) .-~

-
-

L[ ] test
— = AS 3600-2009 [51]
e - - - Nath and Saker [52]
1. —-— Wagas et al. [53]
proposed
20 30 40 50 60 70 80 90
compressive strength (MPa)

N W A LU N 3 0 O
T A S '

flexural tensile strength (MPa)

Fig. 16 Comparisons between predicted models (AS 3600-
2009 [51], Nath and Sarker [52], and Wagqas et al. [53]) and
proposed model.
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between ideal average value calculated by CEB-FIP
model and actual average value of elastic modulus is the
largest. The predicted and actual values of elastic
modulus are also plotted in Fig. 18. As can be seen from
the figure, the experimentally measured values all fall
between Egs. (7) and (8), much lower than Eq. (6) and
closer to Eq. (7). However, Eq. (7) still overvalues the
actual value, while Eq. (8) undervalues the actual value.
The discrepancies observed above may be caused by
different kinds of raw material composition, diverse
parameters of activator or mix designs of concrete.

Considering that the two equations (Egs. (7) and (8))
describing the development trend of elastic modulus
above were obtained from normal strength concrete and
the strength of concrete studied in this paper is higher
than that of normal concrete, the models used to describe
the development of elastic modulus of high strength
concrete are cited, as shown below.

American model [56] : E. = 3.32f"° +69. )

European model [57]: E. = 10(£.+8)*”.  (10)

Norwegian model [58] : E. = 9.5/ (11)

Also, the average values of the ratios and the
differences are plotted in Fig. 19. Figure 19 shows that
the differences between the mean values of the ratios
calculated by each model and 1 are all extremely large.
The maximum difference can reach 0.63. Figure 20
shows each high strength model and experimental values.
It can be found that the elastic modulus of TGC is much
lower than the values predicted by these high strength

1.4 1.4
* R d *
.————2_.._‘“.’ _____ ; _____
® o
1.34 F1.3
124 1035 F1.2

o :

E¢ i Ecpen
i T
<
|
T
b
<)
<1|
5 1
) ]
|
|
|
|
|
|
|
|
|
T

¢ CEB-FIP [54]
v Nath and Sarker [52]

1.0 e Leeand Lee [55]
- — - mean (CEB-FIP) [54]
016 - - - mean (Nath and Sarker) [52]
0.9 0.9 - — - mean (Lee and Lee) [55]
. & l prediction/test = 1
—————— e o---T-0 - -
0.8 T T 7 y 0.8
55 60 65 70 75 80
/. (MPa)

Fig. 17 The ratios of predicted elastic modulus to test elastic modulus obtained from CEB-FIP model [54], Nath and Sarker [52], and Lee

and Lee [55].
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concrete models. This indicates that all these models
overrate the actual elastic modulus. Therefore, a properly
fitting model is needed to predict the elastic modulus of
TGC. In the light of the study of the elastic modulus of
high strength concrete investigated by Ahmadi-Nedushan
[59], the relationship between elastic modulus and
compressive strength of concrete can be described in the
following form.

E.=a(f.+b) +d,

where a, b, ¢, and d are constants.

Thus, an equation (Eq. (12), R = 0.987), which can be
used to predict elastic modulus from compressive
strength, applicable to TGC is recommended in this

40
23511 (R =0-987)

(9%
W

0.537
| 2226102239

3
(=]

N3
(=]

-
.-

— — CEB-FIP [54]
- Nath and Sarker [52]
—-— Lee and Lee [55]
proposed
40 50 60 70
compressive strength (MPa)

elastic modulus (GPa)
[S]
i

s
LR

30 80 90

Fig. 18 Comparisons between predicted models (CEB-FIP
model [54], Nath and Sarker [52], and Lee and Lee [55]) and
proposed model.

Front. Struct. Civ. Eng. 2022, 16(11): 1436-1452

paper, as shown in Figs. 18 and 20.

E.=2261(f +2.309)""" +3.511, (12)

where E. is the elastic modulus of TGC at 28 d, and f; is
the compressive strength of TGC at 28 d.

4.3 Prediction of mechanical properties of ternary
geopolymer concrete

In this study, the mechanical properties of TGC were
investigated under the influence of different AAM and
AC. In the above sections, the effects of varying AAM
and AC of the alkaline activator on the mechanical
properties of TGC and the assessment of the flexural
tensile strength and elastic modulus of TGC have been
discussed. In this section, the fitting models of
compressive strength, flexural tensile strength and elastic
modulus with respect to AAM and AC are investigated
respectively. The fitting variation trend of mechanical
properties are plotted in Figs. 21-23.

The functional equations (Egs. (13)—(21)) for mechani-
cal properties of TGC were fitted, shown below. The R-
square coefficient (R?) and covariance were used to check
the fitting degrees of these equations.

The compressive strength (f.), flexural tensile strength
(f) and elastic modulus (E,) of TGC with 1.4 AAM can
be reasonably indicated by Eqgs. (13)—(15), respectively in
terms of AC, and each parameter value is given in
Tables 3 and 4.

1.7 1.7
1.6 r1.6
1.5 F1.5
141 [063] 14
S Lelp e, e
f’fl}-_—__}_""'____’_.__!___-13
S » ) :
®  American model [56]
European model [57]
1.2 1.2 » Norwegian model [58]
033] T031] - — — mean (American model) [56]
LA L1 mean (European model) [57]
’ ’ - — — mean (Norwegian model) [58]
prediction/test = 1
1.0 1.0
55 60 65 70 75 80
1. (MPa)

Fig. 19 The ratios of predicted elastic modulus to test elastic modulus obtained from American model [56], European model [57], and

Norwegian model [58].
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Fig. 20 Comparisons between predicted models (American
model [56], European model [57], and Norwegian model [58])
and proposed model.
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Fig. 22 The fitting variation trend of flexural tensile strength
under the combined effects of AC and AAM. (a) Three-
dimensional image; (b) vertical view.
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Fig.21 The fitting variation trend of compressive strength
under the combined effects of AC and AAM. (a) Three-
dimensional image; (b) vertical view.
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fo = AxAC* + A, % AC* + ApAC? + A, s AC + A5, (13)

. R 5 50 55 60 65 70 75 80 85 9.0
fi =B*AC" + B, * AC° + B;*AC"+ B,«AC+ Bs, (14) alkali content (%)

(b)

E.=C+AC* +C, * AC* + Cy#+AC* + C, s AC + Cs. (15)

. . Fig. 23 The fitting variation trend of elastic modulus under the
Also, the compressive strength, flexural tensile strength combined effects of AC and AAM. (a) Three-dimensional

and elastic modulus of TGC with 8% AC can be image; (b) vertical view.

appropriately expressed by the following functional

equations (Egs. (16)—(18)) using AAM and each value of ~E. = Fi*AAM" + F, * AAM® + F3xAAM? + F, « AAM + Fs.
parameters is given in Table 5. (18)

f. = DxAAM* + D, * AAM® + Dy*AAM* + D, x AAM + Ds, Compressive strength, flexural tensile strength and
(16) elastic modulus, under the combined effect of AC and

fi= E\tAAM® + E, « AAM® + Es*AAM? + Ey « AAM + Es, AAM on TGC, can be precisely pre(.hcted by quintic
(17) polynomials, as shown below. Meanwhile, parameters of

quintic polynomials are shown in Table 5.
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Table 3 Values of parameters, R> and covariance of Egs. (13)—(15)

parameter value parameter  value  parameter value
A, 0.89 B, 0.01 C, 0.08

4, -24.48 B, -0.36 G -2.06
Ay 245.20 B; 3.00 G 20.34
Ay -1062.00 B, -9.70 G, —85.58
As 1738.00 Bs 14.57 Cs 153.58
R 0.848 R 0.924 R 0.885
covariance 17.384 covariance  0.062  covariance  0.469

Table 4 Values of parameters, R’ and covariance of Egs. (16)—(18)

parameter value parameter ~ value  parameter value
D, —651.52 E -56.82 F -174.24
D, 3777.27 E, 308.84 F, 947.47
D, -8059.47 Ey —-623.45 F -1915.68
D, 7470.00 E, 551.61 F, 1699.27
D —2460.73 Es —-173.46 Fs —529.78
R 0.965 R 0.985 R 0.951
covariance 47736  covariance  0.137  covariance 1.407
Table 5 Values of parameters and R of Egs. (19)-(21)

parameter value parameter  value  parameter value
Z, —2843.26 z) —233.51 z, 472.95
a, -96025.46 ¢ —3987.36 m; —18930.41
a, 168845.55 c, 7133.56 m, 33339.93
as -146136.92 cy —6263.35 msy -28923.09
a, 62342.65 cy 2704.26 my 12374.78
as -10502.41 Cs —460.23 ms —2091.73
b, 18721.33 d, 841.21 n 2884.59
B, —5694.71 d, -252.34 n, -871.71
by 857.48 dy 37.53 ny 130.43
b, —63.86 d, -2.77 ny —9.66
bs 1.88 ds 0.08 ns 0.28
R 0.985 R 0.999 R 0.986
covariance 40.591 covariance  0.122  covariance 1.189

‘]CC :ZO+al *AAM+CZ2 *AAM2+CZ3 >1‘1414M3
+a,* AAM* +as « AAM® + b, * AC + b, * AC*
+b;%AC + by AC* + bs x ACS,

(19)

ﬂf =z;+C; *AAM"'Cz *AAM2+C3 *AAM3
+c, x*AAM* + s« AAM® +d, « AC + d, * AC?
+d; % AC* +d, * AC* +ds * AC®,

(20)

Front. Struct. Civ. Eng. 2022, 16(11): 1436-1452

E. =z, +m «AAM +m, * AAM* + m; * AAM®
+my * AAM* +ms « AAM® +n, x AC +n, * AC,
+1n;%*AC +ny * AC* + ns x AC>.

@n

Finally, the values predicted by above proposed
equations (Egs. (19)—(21)) were used to compare with
experimental data collected from investigations of Waqas
et al. [53] (slag/FA geopolymer concrete), Nath and
Sarker [52] (FA geopolymer concrete) and Olivia and
Nikraz [60] (FA geopolymer concrete). In the light of the
mix proportions given by these papers, AAM (1.01-1.35)
and AC (5.8%—8.1%) can be calculated. The comparisons
are plotted in Figs. 24-26. It can be seen from these
figures that the predicted compressive strength values are
all significantly higher than the test compressive strengths
of Waqas et al. [53], Nath and Sarker [52] and Olivia and
Nikraz [60]. Only the flexural tensile strength of Olivia
and Nikraz [60] is higher than the predicted flexural
tensile strength. In contrast to the compressive strength
and flexural tensile strength, the predicted elastic modu-
lus is closer to the test elastic modulus of Wagas et al.
[53] and Olivia and Nikraz [60], in general. However, the
test elastic modulus of Nath and Sarker [52] is clearly
lower than the predicted elastic modulus. Considering the
actual condition, the difference between the test and
predicted data can be attributed to the effects of other
factors, such as the type and composition of geopolymer
precursors, aggregate, curing methods and so on [61-63].

5 Conclusions

In this paper, the effects of AC and AAM on the
mechanical properties of TGC were investigated and the
SEM micrograph of the microstructure of TGC was
analyzed. Then, appropriate prediction models for evalua-
ting the mechanical properties of TGC were proposed.
The main conclusions can be drawn as follows.

1) The increase of AC can provide alkaline environ-
ment for the geopolymerization of TGC and accelerate
the dissolution rate of calcium oxide, alumina and silica
in raw materials. Low AAM contains relatively low
content of silica, which can prevent excessive precipita-
tion of geopolymer gel on the surface of the raw material
particle, so that the hydration process of particle can
proceed evenly. In this study, when AAM was fixed at
1.4, the mechanical properties of TGC with 7% AC were
the best. The mechanical properties of TGC with 1.1
AAM were the best when AC was fixed at 8%.

2) According to the SEM micrographs, TGC with
higher AC and lower AAM had more compact structure
constructed with geopolymer gels and fewer and finer
internal cracks. This can be explained from the
mechanisms of AC and AAM.

3) All the cited equations cannot precisely predict the
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Fig. 25 Comparison of test flexural tensile strength with predicted flexural tensile strength.
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Fig. 26 Comparison of test elastic modulus with predicted elastic modulus.

flexural tensile strength and elastic modulus of TGC. and (12) were proposed to reasonably predict the flexural
Based on the test results of present investigation, Eqs. (5) tensile strength and elastic modulus of TGC.
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4) The combined effects of AC and AAM on the
compressive strength, flexural tensile strength and elastic
modulus of TGC were found to be predicted by Egs.
(19)—~(21), respectively. By comparison with the experi-
mental data of previous studies, it was found that other
kinds of geopolymer concrete presented different
mechanical properties from those of TGC. All these
differences between the test and prediction can be
attributed to various factors, such as the type and
composition of geopolymer precursors, aggregate, curing
methods and so on.
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