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Geopolymers have distinct advantages such as having energy-saving properties, being an environmentally protective material, and
having highmechanical strength and durability. However, the shrinkage of the geopolymer materials is one of the major problems
to affect its practical application. In this study, blast furnace slag-based geopolymer pastes were prepared using sodium silicate and
sodium hydroxide as activators to investigate the effect of the activator concentration and solid/liquid ratio on strength and
shrinkage properties. For a better understanding of the reaction mechanism and microstructure of the geopolymer pastes, a
multitechnique approach including scanning electron microscopy, X-ray diffraction, and Fourier transform infrared spectra was
carried out. +e results showed that the geopolymers compressive strength increased significantly as the activator concentration
increased. +e increase in activator concentration first increased the flexural strength and then decreased and reached the
maximum when the activator concentration was 40%. A higher activator concentration, as well as a lower solid/liquid ratio,
generally led to serious geopolymers drying shrinkage. +ese findings are expected to be ascribed from the changes in the content
of the alkali-activated product (i.e., hydrate calcium aluminosilicate), which depends on the activator concentration. +e increase
in C-A-S-H gel (hydrate calcium aluminosilicate) compacts paste densifiers but causes shrinkage fracture concerns. +ese results
provide an appropriate proportion for alkali-activated slag geopolymer pastes with better mechanical strength and antidry-
shrinkage cracking properties, which are beneficial for the further applications of geopolymer materials.

1. Introduction

Geopolymers are formed by the reaction of alkali hy-
droxide or silicate solution with solid aluminosilicate to
form a three-dimensional network structure consisting of
silica tetrahedrons and aluminum oxide tetrahedrons
[1–3]. Geopolymers exhibits excellent characteristics in-
cluding high strength, low CO2 emissions, excellent
corrosion resistance, and durability, compared to tradi-
tional cementitious binders [3–5]. +e geopolymerization
process is more environmentally friendly and may be
carried out under ambient conditions or at low temper-
atures. +e raw materials used for geopolymerization do
not require extra energy consumption and are industrial
byproducts such as fly ash and blast furnace slags [6].

+erefore, geopolymers have the potential to partially
replace cement when preparing concrete.

Geopolymer strength has been examined in many pre-
vious studies. Atiş et al. [7] found that the mechanical
strength of alkali-activated slag materials decreased
according to the activators used:
Na2O•nSiO2>NaOH>Na2CO3. Aydın Baradan [8] also
found that alkali-activated slag pastes using Na2O•nSiO2 as
an activator had higher compressive strength, higher flu-
idity, lower adsorption water, lower porosity, and a larger
setting time range than those using NaOH. Liu et al. [9]
reported that when the water/cement ratio increased from
0.30 to 0.38, the compressive strength of the geopolymer
decreased from 82.9MPa to 63.4MPa, and the initial and
final setting times increased from 10 to 13min to 22 and
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26min, respectively. Cheng et al. [10] thought that the solid
reactants increased and the porosity decreased with in-
creasing solid/liquid ratio, which led to an increase in
strength. While Heah et al. [11] drew the opposite con-
clusion using an orthogonal test, and the different results
may have been caused by the different solid/liquid ratio
adjustment ranges. Moreover, the results showed that the
activator concentration, sodium silicate modulus, alkali
metal ions, and solid/liquid ratio influenced the geopolymers
mineral composition, microstructure, and mechanical
properties [12–17]. +e activator concentration is the key
factor that determines the properties of geopolymers. Tuyan
et al. [18] suggested that geopolymers compressive strength
increased with increasing activator concentration and de-
creased with increasing sodium silicate modulus when Na2O
concentration was lower than 10%. +e optimum activator
concentration corresponded to anM (molar ratio of silica to
sodium oxide) ratio of 1.6 and Na2O content of 10% by
binder weight. However, Alonso and Palomo [13] argued
that increasing the activator concentration would delay the
polymerization time and limit the ion mobility and the
formation of hard structures, decreasing the mechanical
properties.

In addition, geopolymers shrinkage during the setting
and hardening processes is relatively obvious, which limits
the geopolymers application [19, 20]. Excessive shrinkage
may lead to cracking, thereby reducing not only the strength
and stiffness but also the service life of the structure [21–23].
Many studies regarding the shrinkage behavior of geo-
polymers have been conducted in the last decade. Deb et al.
[24] found that the drying shrinkage of geopolymers strain
increased as the content of fly ash increased. Ridtirud et al.
[25] found that the curing temperature and solid/liquid ratio
played key roles in determining the drying shrinkage of fly
ash-based geopolymers. Mermerdaş et al. [26] suggested that
geopolymers with a higher content of binders and NaOH
molarities showed a lower drying shrinkage, resulting in an
increase in autogenous shrinkage. Ling et al. [27] thought the
drying shrinkage of fly ash-based geopolymer pastes in-
creased with decreasingmodule and activator concentration,
but the total porosity is slightly lower. Kamhangrittirong
et al. [28] reported that the drying shrinkage significantly
decreased with increasing fly ash content and decreasing
sodium hydroxide concentration. When the ratio of sodium
silicate to sodium hydroxide was 1.0, the shrinkage resis-
tance of the geopolymer was the best.

In this study, we investigated the effects of the activator
concentration and solid/liquid ratio on the mechanical
strength development and shrinkage behavior of slag-based
geopolymer pastes to provide an experimental basis and
references for the performance optimization of
geopolymers.

2. Materials and Methods

2.1. Materials. Blast furnace slag powder is the main ma-
terial to prepare the geopolymer pastes. +e specific surface
area of the slag powder is 436m2/kg. +e chemical com-
position is analysed by X-ray fluorescence spectrometer, and

the test results are shown in Table 1 which consist of 43.41%
CaO, 22.99% SiO2, and 11.60% Al2O3. Alkali activator is
prepared by blending sodium silicate solution (Na2O� 8.5
wt%, SiO2 � 26.8 wt%, and sodium silicate modulus SiO2/
Na2O (molar mass ratio)� 3.25) with sodium hydroxide
pellets (99 wt% purity).

2.2. Geopolymer Pastes Preparation. +e preparation of
geopolymer pastes is similar to the process of cement pastes
preparation. First, sodium silicate solution and solid sodium
hydroxide are prepared into alkali activators with a modulus
of 1.5 and 2.+e concentration of alkali activators is adjusted
to 30, 40, 50, 60, and 70% (wt%) by adding deionized water.
+is activator is cooled to room temperature (24 h) and
mixes with slags with solid/liquid ratios of 1.5 :1, 1.25 :1 and
1 :1. After 5min of stirring (2min at a low speed and 3min
at high speed), the mixtures are cast into a mould with a size
of Ø50× 50mm for compressive strength tests and a mould
with a size of 40× 40×160mm for testing the flexural
strength and drying shrinkage. +e specimens are cured in a
standard curing box (20°C and 95% RH) for 24 h and
demoulded. +en, the specimens are stored under ambient
conditions until testing (3, 7, and 28 d).

2.3. Test Methods

2.3.1. Mechanical Properties. +e compressive strength and
flexural strength of the specimens are determined after 3, 7,
and 28 d of curing via microcomputer controlled pressure
testing systems, according to the standard of Cement-Test
Methods-Determination of strength (ISO 679:2009). +e
values of the compressive strength and flexural strength are
the averages of six separate tests. Data deviating more than
10% from the mean are eliminated.

2.3.2. Setting Time. +e setting time is tested according to a
standard method for Portland cement normal consistency,
setting time, and soundness water requirements (GB/T
1346-2011). +e setting time is measured by a Vicat appa-
ratus, and the test interval is 5min. +e values of the setting
time are the averages of three separate tests.

2.3.3. Shrinkage Properties. +e shrinkage property test is
based on the modified ring constraint method [29]. +e
evenly stirred geopolymer pastes are poured into a mould
composed of a resin board with a size of 200× 200× 3mm
with an inscribed circle diameter of 150mm and a glass
bottom plate. After setting for 24 h at room temperature, the
morphology and the number of cracked blocks are observed
and counted.

According to the JC/T 603-2004 standard test method
for mortar drying shrinkage, the drying shrinkage is re-
ported by measuring three specimens to obtain an average
value. +e specimens continue to be cured in a constant
temperature water bath at 20°C for 2 d after demoulding.
+en, the test pieces are removed, the water on their surfaces
is wiped, and their initial length is measured with an
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accuracy of 0.001mm. +e samples are then put into drying
and shrinking box for curing at a temperature of 20± 2°C
and relative humidity of 60± 5%. +e length of the samples
after drying is tested with an accuracy of 0.001mm. Drying
shrinkage is determined from equation (1), where L0 (mm) is
the demoulded length, Ld (mm) is the measured length, and
160 (mm) is the effective length of the specimens without
two head nails. +e values of the drying shrinkage are the
averages of three separate tests.

drying shrinkage �
L0 − Ld

160
× 100. (1)

2.3.4. Microscopic Test. A KYKY-EM6200 scanning electron
microscope is used to analyse the microstructure and
morphology of the geopolymer pastes. MiniFlex 600 X-ray
diffraction (XRD) is used to analyse the diffraction pattern of
the geopolymer pastes. Fourier transform infrared spec-
troscopy (FTIR) is recorded on a Bruker VERTEX 70v in
transmittance mode with a frequency between 4000 and
500 cm−1 to analyse the geopolymer functional group
composition via the KBr compressed pellet methodology.

3. Results and Discussion

3.1. Compressive Strength of theGeopolymers. Figure 1 shows
the effect of the activator concentration on the compressive
strength of geopolymers at 3, 7, and 28 d with a solid/liquid
ratio of 1.25 :1. +e compressive strength increases with
increasing the activator concentration under the same
modulus. +e compressive strength at 3 d (6.70MPa), 7 d
(7.77MPa), and 28 d (11.65MPa) is the lowest when the
sodium silicate modulus is 1.5 and the activator concen-
tration is 30%. +e compressive strength is the highest when
the activator concentration is 70%, reaching 30.45MPa (3 d)
and 32.23MPa (7 d), and 32.27MPa (28 d). +e phenome-
non of “flash coagulation” appeared when the activator
concentration exceeds 70%, which makes geopolymers
difficult to apply. +ere is a similar result when the sodium
silicate modulus is 2. A low modulus is beneficial to the slag
hydration reaction, and polymerization proceeds more
easily, but a modulus that is too large is not conducive to the
formation of early strength under the same activator
concentration.

Figure 2 shows the 7 d and 28 d compressive strengths of
geopolymers at various solid/liquid ratios. +e compressive
strength increases with increasing solid-liquid ratio. At the
same solid/liquid ratio (28 d), when the activator concen-
tration is 30%, the increase is the largest, from 7.23MPa to
17.92MPa, but the smallest increase is at 70%, from
27.43MPa to 32.62MPa.+is is probably due to the increase
in the solid/liquid ratio, increasing the mass fraction of slag
powder in the geopolymer. +e contact between the

activator concentration and the reacting materials improved
[11]. More slag participates in the reaction, resulting in a
denser structure and higher compressive strength.

3.2. Flexural Strength of the Geopolymers. Figure 3 shows the
influence of the activator concentration on the geopolymers
flexural strength at a solid/liquid ratio of 1.25 :1.+e sodium
silicate modulus has little effect on the flexural strength. +e
flexural strength first increases subsequently and decreases
with increasing activator concentrations. +e flexural
strength (28 d) is the highest when the activator concen-
tration is 40%, reaching 5.45MPa (modulus of 1.5) and
5.33MPa (modulus of 2), respectively. However, the flexural
strength shows a sharp decrease when the activator con-
centration exceeds 40%. +ere is a certain relationship be-
tween the degree of shrinkage cracking and flexural strength.
+e increase in activator concentration promotes the ion
reaction in solution to produce more calcium aluminosili-
cate and silicic acid (H2SiO3), which leads to a sharp de-
crease in geopolymers flexural strength [30].

Figure 3 indicates that when the activator concentration is
40%, the flexural strength is optimum. +e effect of the solid/
liquid ratio on the flexural strength is shown in Figure 4 (the
sodium silicate modulus is 1.5 with an alkali concentration of
40%). +e results show that the flexural strength increases with
increasing solid/liquid ratio. When the solid/liquid ratio is 1 :1,
the flexural strength is the lowest, reaching 4.12MPa at 28d.
When the solid/liquid ratio is 1.75 :1, the flexural strength is the
highest, reaching 7.75MPa at 28d. Geopolymers may collapse
from the excessive water used for preparation.+e excess water
is expected to evaporate in the process of condensation and
hardening, leaving a large number of pores in the specimen and
decreasing flexural strength.

3.3. Setting Time of the Geopolymers. Figure 5 shows the effect
of the activator concentration and solid/liquid ratio on the
geopolymer setting time. Both the initial and final setting times
gradually decrease with increasing activator concentration.
Under the same activator concentration, the difference between
the initial and final setting times gradually decreases with in-
creasing activator concentration. When the activator concen-
tration is ≤40%, the smaller the solid/liquid ratio is, the longer
the initial setting time is. However, when the activator con-
centration is greater than 40%, the higher the solid/liquid ratio
is, the shorter the initial setting time is. +e setting time is
related to the degree of polymerization [31]. In an aqueous
solution, Na+ exists as a hydrated ion. As the activator con-
centration is enhanced, a large amount of water and Na+ are
required to form a hydrated state, resulting in the rapid re-
duction of free water and a shorter setting time.+e solid/liquid
ratio also influences the setting time. Weng and Sagoe-Crentsil
[32] found that an increased amount of water accelerated
dissolution and hydrolysis through the reaction heat curve but
inhibited polymerization.+at is, the increased water prolonged
the setting time. +erefore, it is important to select an ap-
propriate solid/liquid ratio to control the geopolymer setting
time.+e required setting time depends on the application. For
example, a higher solid/liquid ratio can be chosen to shorten the

Table 1: Chemical composition of the blast furnace slag (wt%).

Oxide CaO SiO2 Al2O3 MgO SO3 Fe2O3

Content (%) 43.41 22.99 11.60 6.47 2.31 1.19
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setting time when geopolymers are used for the rapid repair of
pavement and airport runways. A lower solid/liquid ratio can be
chosen for geopolymer cement to avoid premature setting
during transportation and pouring.

3.4. Shrinkage Properties of the Geopolymers. Figures 6 and 7
show the geopolymer plastic shrinkage cracking morphol-
ogies and statistics. +e number of cracked blocks in the
geopolymer increases with increasing activator concentration

and decreases with increasing solid/liquid ratio. When the
activator concentration is small, no shrinkage cracks are
found on the geopolymer surfaces. However, the geopolymers
tend to exhibit more obvious shrinkage cracks with increasing
activator concentration.+e shrinkage block area is large, and
warping appears at the sample outer edges.

Geopolymer cracking is related to the sodium silicate
modulus, activator concentration, and solid/liquid ratio, as
shown in Figure 7. A larger sodium silicate modulus leads to
a smaller geopolymer plastic shrinkage. A smaller activator
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Figure 1: Influence of the activator concentration on the compressive strength of geopolymers.
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Figure 2: Influence of the solid/liquid ratio on the compressive strength.
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concentration leads to smaller plastic shrinkage. +e in-
crease in activator concentration promotes aluminosilicate
dissolution and depolymerization in slag, resulting in strong
alkali metal cations binding in the structure and reduces
excess alkali metal cations and other free ions [8, 33], thereby
compacting the geopolymer microstructure. Moreover, the
reaction of silicic acid produces by sodium silicate hydrolysis
with calcium hydroxide produces by slag hydration the
formed traces of C-S-H gel (calcium silicate hydrate). +e
formation of low content of C-S-H gel can destroy the

equilibrium of multiphase ions and further promote the
dissolution of calcium oxide in the slag until the dissolution
of calcium oxide makes the slurry more compact. +erefore,
a higher activator concentration promotes the hydration
reaction and the degree of geopolymer polymerization.
However, if the activator concentration is too high, the
degree of polymerization would be too large, and the gel
content would be too high (>50%), resulting in more severe
shrinkage cracking, which is unfavourable to the shrinkage
resistance of hardened pastes.
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Figure 3: Influence of activator concentration on geopolymer flexural strength.
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+e activator concentration is the key factor affecting the
slag-based geopolymer properties. Samples with an activator
concentration mixture ratio of approximately 40% are
chosen for further drying shrinkage tests. Figure 8 shows the
drying shrinkage of geopolymers with different activator
concentrations. +e drying shrinkage increases with in-
creasing activator concentration and curing age. In the initial
curing stage, the drying shrinkage changes significantly, but
the difference between different activator concentrations is
less obvious. +e drying shrinkage (at 14 d of curing) with
36% and 42% activator concentrations are 108×10−5 and
119×10−5, respectively, and the difference is only 11× 10−5.
After 14 d, the increased shrinkage gradually plateaued, but
the drying shrinkage of the samples prepared with different
activator concentrations become larger. +e drying
shrinkage of samples prepared with 42% activator

concentration is the largest (188×10−5) and that with 36% is
the smallest (148×10−5) at 56 d.

Figure 9 shows geopolymer drying shrinkage with an
activator concentration of 40%.+e solid/liquid ratio has little
effect on the drying shrinkage in the early stage. After 14 d, the
difference between the different solid/liquid ratios gradually
increases with increasing solid/liquid ratio. +e drying
shrinkage rate first increases and subsequently decreases.
When the sodium silicatemodulus is 1.5, the drying shrinkage
increased with increasing solid/liquid ratio. +e minimum
drying shrinkage of geopolymers with a solid/liquid ratio of 1 :
1 is 151× 10−5 at 56 d, and the maximum drying shrinkage
with a solid/liquid ratio of 1.5 :1 is 171× 10−5. +e increased
solid/liquid ratio causes the activator to fully react with the
slag to reduce the free water, water loss rate, and drying
shrinkage. Rapid free water evaporation in the early curing
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Figure 6: Shrinkage morphologies of geopolymer blocks with different sodium silicates.
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stage increases the porosity of the geopolymers. +e geo-
polymer becomes more stable in the later stage, thereby re-
ducing the rate of drying shrinkage [23].

3.5. Microstructure Analysis of the Geopolymers. Figure 10
shows SEM photos of geopolymers after 28 days of curing
with different activator concentrations and a solid/liquid ratio of
1.25 :1. +e slag surface is rough, and there are obvious dif-
ferences in the microstructure of geopolymers prepared with
different activator concentrations. When the activator con-
centration is 30% and 40%, the geopolymer surface is uneven

and relatively rough. When the activator concentration con-
tinues to increase, there are a larger number of cracks dis-
tributed inside the sample, which results in stress concentrations
and reduces its mechanical properties. It should be noted that
with increasing activator concentration, Ca/Si and Si/Al
gradually increases. +e amount of [SiO4]4– and [AlO4]5–
monomers increases so that the Si-O-Si or Si-O-Al increases
and forms more aluminosilicate skeletons, which are conducive
to C-A-S-H gel formation [34, 35]. However, the degree of
shrinkage cracking increases with increasing activator con-
centration. Excessive shrinkage leads to specimen damage
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shrinkage rate of geopolymers.
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Figure 7: Influence of the sodium silicate modulus on the number of shrinking geopolymer blocks.
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cracks, so the flexural strength of the geopolymer increases first
and then decreases with increasing activator concentration [36].

3.6. Composition Analysis of the Geopolymers

3.6.1. XRD Analysis. Geopolymer X-ray diffraction patterns
with a solid/liquid ratio of 1.25 :1 after 28 d of curing are
presented in Figure 11. +e X-ray diffraction patterns of
different activator concentrations are almost the same, and

the main crystalline phase is quartz [37]. In addition to
quartz, the presence of some other phases such as calcite,
albite, and C-A-S-H is observed. +e “bulge peak” at ap-
proximately 29.6° (2θ) is the result of the short range of the
CaO-SiO2-Al2O3-MgO glassy structure of the slag [38]. +e
peak intensity decreases with increasing activator concen-
tration. +e C-A-S-H gel content increases as the reaction
proceeded, resulting in a denser geopolymer structure.
+erefore, the early compressive strength is higher.
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Figure 10: SEM images of sections of geopolymer blocks.
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3.6.2. FTIR Analysis. Figure 12 shows the geopolymer FTIR
spectra at 28 d under different activator concentrations and a
solid/liquid ratio of 1.25 :1. +e geopolymers exhibit four
distinct vibration peaks at 954.5, 1380.8, 1644.9, and
3473.2 cm−1. +e –OH stretching and H-O-H bending vi-
bration bands at 3473.2 and 1650.0 cm−1 correspond to the
chemically bound water molecules in the products. +e
O-C-O vibration peak at 1380.8 cm−1 corresponds to the
carbonation products. +e vibration peak at 954.3 cm−1 is
assigned to the vibration of the asymmetric functional group
T-O-Si (T refers to Si or Al), corresponding to the silicon
tetrahedron of the N-A-S-H gel phase in the product and the
silicon tetrahedron structural unit [39, 40]. +e peak in-
tensity of T-O-Si first increases when the activator con-
centration is less than 40% and then decreases. +erefore,
40% activator concentration is expected to promote the
polymerization reaction most for the slag.

4. Conclusions

+is study reported the effect of different factors on the
strength and shrinkage of slag-based geopolymers. +e main
conclusions are as follows:

(1) +e activator concentration is a key factor affecting
slag-based geopolymer performance. +e increasing
activator concentration promotes the excitation re-
action for slags to form products with a higher
polymerization.

(2) +e compressive strength of the geopolymers in-
creases with increasing activator concentration. +e
increase in activator concentration first increases the
flexural strength and then decreases, and the max-
imum is reached when the activator concentration is
40%. +e best mechanical properties occurred at
15.90MPa for the compressive strength and
5.45MPa for the flexural strength at 28 d when the
solid/liquid ratio is 1.25 :1.

(3) +e activator concentration has an important in-
fluence on the setting time of geopolymers. +e

initial and final setting time decreases with in-
creasing activator concentration.

(4) Geopolymer drying shrinkage increases with in-
creasing activator concentration and decreases with
increasing solid/liquid ratio. +e alkali solution with
a high modulus reduces the early hardening plastic
shrinkage of geopolymer pastes but increases later
drying shrinkage.

Using other raw materials, such as metakaolin and fly
ash, for preparing geopolymers should be further investi-
gated to optimize geopolymer properties. Furthermore,
more attention should be paid to geopolymer maintenance
to make them more suitable for practical projects.
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