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Geopolymer binders are adjudged as the latest wave of sustainable alkali-activated
materials for soil stabilization due to their excellent bonding properties. This study
applied metakaolin as a precursor for synthesizing the geopolymer binder by
employing the mixture of quicklime and sodium bicarbonate as an alkali activator. The
optimal mass mixing ratio of the alkali activator, metakaolin, and silty clay was determined
by unconfined compression tests. The stabilization mechanisms of the geopolymer binder
were measured by x-ray diffraction and Fourier transform infrared spectroscopy. The
microstructural characteristics of the geopolymer-stabilized silty clay were observed by
scanning electron microscopy with an energy dispersive x-ray spectroscopy and mercury
intrusion porosimetry test for understanding the strengthening mechanism of the silty clay
after the treatment. Results indicate that the optimal mass mixing ratio of the alkali
activator, metakaolin, and silty clay is 1:2:17, and the unconfined compressive strength
of the geopolymer-stabilized silty clay reaches themaximum value of 0.85 MPawith adding
15 wt% of the geopolymer binder. Diffraction patterns show an insufficient polymerization
of the geopolymer binder in the silty clay in the early days but a rapid synthesis of
aluminosilicate gels after that. The new asymmetrical stretching vibration peaks signified
the formation of aluminosilicate networks and are responsible for the strength
improvement of the silty clay. Microstructural analyses further confirm the formation of
aluminosilicate gels and their positive impacts on the structure of the silty clay over
curing age.
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INTRODUCTION

Chemical stabilization of problematic soils is a traditional but cost-effective technique for enhancing
soil properties by incorporating various industrial-based chemical binders into soils, such as ordinary
Portland cement (OPC), quicklime (CaO), fly ash (FA), and polymer, to improve the interfacial
bonding effect of particles for satisfying the normative objectives sought by engineering practices [1,
2]. However, the product of CaO hydration would result in significant dry shrinkage and crack and
thus not be allowed to use on high-class road bases [3]. The OPC has been proven suitable for
improving almost all kinds of soils [4] but possesses the disadvantages of low tensile and flexural
strengths. The remarkable dimension shrinkage and crack will be caused by water evaporation
during the hardening process once the dosage of cement in soils is excessive [5]. Besides, the
overdependence on cement and quicklime will also give rise to many environmental concerns,
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including CO2 emission, energy consumption, and dust
generation [6]. All these drawbacks thus continuously inspire
developments in new alternative binders that possess low
environmental footprints and without compromising soil
stabilization capabilities.

Geopolymer binder (GB) is an inorganic alkali-activated
material touted for high strength and durability, low energy
consumption, and low CO2 emission [7, 8]. Many studies
indicated that the raw materials of GB could be metakaolin
(MK), fly ash (FA), glass waste (GW), red mud (RM), and
combinations of two or more of these materials, and the alkali
activator (AA) could be RxOH, RxCO3, RxHCO3, RxO·(n)SiO2,
or other alkaline metal oxides (RxO) in which Rx represents an
alkaline ion, such as Na+, K+, Li+, or Ca2+ [9–11]. Despite the
fact that properties of different raw materials and alkali-
activated conditions could affect the dissolution process and
subsequent reaction directly, resulting in GB exhibiting a wide
variety of physical and mechanical properties, the fundamental
chemical and structural characteristics derived from coupled
alkali-mediated dissolution and precipitation reactions are the
same [9].

(SiO2 · Al2O3)n +H2O +OH− → [SiO2(OH)2]2−
+ [Al(OH)4]− ��������→−H2O ( − Si

|

|
O

− O − Al
|

|
O

− O −) (1)

Some researchers paid more attention to the mixing ratio of
GB and reaction products. Chen et al. [12] found that the optimal
molar ratio of SiO2:Al2O3:Na2O:NaOH:H2O for metakaolin-
based GB should be 3.4:1.1:0.5:1.0:11.8. Traa and Thompson
[13] and Yip et al. [14] found that the aluminosilicate sources
were more likely to produce Na-A zeolite with good crystallinity
under low-concentrated alkali solution [m(H2O)/M (Na2O) ≈ 26]
but amorphous aluminosilicate gels with network structure under
high-concentrated alkali solution [m(H2O)/M(Na2O) ≈ 11].
Yang et al. [15] further indicated that the aluminosilicate
sources would be quickly dissolved into supersaturated SiO4

4−

and AlO4
5− ions in a strong-alkaline reaction environment but

accompanied by difficulties in the growth of crystals since the
massive nucleus of Na-A zeolite would vie with each other; on the
contrary, Na-A zeolite was much easier to form in a weak-alkaline
reaction environment. Bayuaji et al. [16] summarized the
preparation of dry-mixed GB.

Various studies have employed GB to enhance the properties
of problematic soils. Brand et al. [17] found that the unconfined
compressive strength (UCS) and dynamic modulus of clayey soil,
relative to the untreated case, could be increased by 91 and 221%
when 15% of ladle metallurgy furnace (LMF) slag was used. Jiang
et al. [18] studied the effects of rice husk ash (RHA) on silty clay
(SC) stabilization and reported that the optimum dosage of RHA
was 2, 4, and 6% when the content of CaO was 3, 5, and 7%,
respectively. Zhang et al. [19] found that the UCS of cement-
stabilized marine soil would be increased by about 2.0–3.0 times
after mixing with 3–5% metakaolin-based GB; Li et al. [20]
pointed out that adding 15–20% of FA could obtain the best
strength and deformation resistance of cemented coastal soil.

Wang et al. [21] considered that the best mixing ratio of GB to
soft soil was 14%, which led to a rapid increase of strength and a
significant reduction of porosity at 20°C for 7 days.

Overall, there is no uniform standard for the production of GB
up to now, which results in difficulties in large-scale engineering
applications directly. In addition, the synthesis of aluminosilicate
gels needs a feasible alkali environment. However, the improper
use of alkali may cause environmental problems. Therefore,
further exploratory research remains to be conducted. This
study focused on the material ratio of metakaolin-based GB
by employing a relatively weak alkali environment, and the
improvement mechanism of this metakaolin-based GB on the
SC. The optimal material ratios of MK, AA [the mixture of
CaO and NaHCO3 (sodium bicarbonate)], and SC were
investigated by a series of unconfined compression tests.
The stabilization mechanism and microstructural
characteristics of the SC before and after the treatment
were discussed through x-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), scanning electron
microscopy (SEM) with an energy dispersive x-ray (EDX)
spectroscopy, and mercury intrusion porosimetry (MIP),
respectively.

MATERIALS AND METHODS

Experimental Materials
1) Soil

The SC sample used in this study was collected from a
construction site on the Jiangpu Campus of Nanjing Tech
University, China, and air-dried and sieved to obtain particles
lower than 2 mm. The dry density of this SC was 1.64 g/cm3. Its
optimum moisture content (OMC) and maximum dry density
(γdmax) were 18.2% and 1.72 g/cm3. The UCS was 178.8 kPa. The
internal friction angle and cohesion were 24.5° and 26.4 kPa,
respectively.

2) GB

The raw material (precursor) of GB was white powdered MK
produced by Shengyun Mining Company in Hebei Province,
China. The total content of SiO2 and Al2O3 is greater than 95%.
Many studies illustrated that the combination of NaOH and
Na2SiO3 solutions could be the best choice for the polymerization
of aluminosilicate sources [11, 17, 22] because NaOH could
dissolve aluminosilicate sources and Na2SiO3 continuously,
providing more Na+ and Si4+ for polymerization. However,
great difficulties in the transit and storage of NaOH and
Na2SiO3 solutions and ecological environment protection are
always likely to be encountered in engineering practices. The
polymerization of aluminosilicate sources must adopt a more
rational way to create the reaction environment that not only
meets the demand in practical cases but also has relatively low
environmental footprints. The CaO and NaHCO3 can react in
water to form an alkaline solution by

Frontiers in Physics | www.frontiersin.org November 2021 | Volume 9 | Article 7697862

Wang et al. Silty Clay Stabilization using Geopolymer

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


{CaO + 2NaHCO3 +H2O→CaCO3↓ + Na2CO3 + 2H2O
CaO + NaHCO3 +H2O→CaCO3↓ +NaOH +H2O ,

, NaHCO3 is excessive
CaO is excessive

(2)

Dry powers of CaO and NaHCO3 can bring great convenience for
transit and storage and reduce environmental footprints
effectively. Hence, it is a viable option to select the dry
powder mixture of CaO and NaHCO3 as AA. Theoretically,
the ideal mole ratio of CaO and NaHCO3 should be 1:1,
corresponding to a mass ratio of 56:84. However, to ensure
the reaction requirements and for the sake of practical
convenience, the excessive usage of CaO is more appropriate.
Here, the mass ratio of CaO and NaHCO3 was set to be 1:1,
which, on the one hand, could guarantee the reaction of CaO and
NaHCO3 to produce NaOH effectively and, on the other hand,
could control the impact of dry shrinkage and crack induced by
Ca(OH)2 on the mechanical performance of SC within an
acceptable level. The samples of CaO and NaHCO3 used in
this study were white chemically pure powder collected from
the State Key Laboratory of Materials-Oriented Chemical
Engineering at Nanjing Tech University.

Experimental Schemes
UCT
By referring to documented literature about GB with different raw
materials and alkali-activated conditions, the geopolymer-
stabilized SC (GSC) samples with MK of 6, 8, 10, and 12%, and
AA of 3, 5, 7, 9, and 11%, as the initial material ratios, were
prepared for investigating the optimal massmixing ratio (MMR) of
MK andAA first, and thenGSC samples with 3, 5, 8, 10, 12, 15, and
20% of GB (the mixture of MK and AA with the obtained optimal
MMR) were prepared to find the optimal MMR of AA, MK, and
SC. Considering that the formation of alkali environments for
polymerization was determined by the hydration of CaO and the
reaction of CaO and NaHCO3 in water and that these reactions
would start rapidly at the early curing age, the curing time was
selected to be 1 day, 3 days, and 7 days to facilitate tracing changes
in the crystallographic structure of aluminosilicate and the
microstructural characteristics of GSC. A YSH-2 Unconfined
Compression device implemented the UCT at a 1 mm/min
strain rate. Three parallel samples were prepared at least for
each mixing ratio.

XRD/FTIR
Single-phase x-ray diffraction patterns and infrared absorption
bands of GSC with the optimal MMR of AA, MK, and SC were
measured after curing for 1 day, 3 days, and 7 days. The XRD
mineralogical composition data over the scattering 2θ angle range
5°–80° (2 h) were obtained using a SmartLabTM-3kWwith Co Kα
radiation, operated at 40 kV and 30 mA, with a step size of 0.02°

and count time of 10 s/step at 25°C. The FTIR transmittance
spectra information of finely ground samples were collected by a
Nicolet iS20 FTIR Spectrometer in the absorbance mode from
400 to 4,000 cm−1 at a resolution of 0.25 cm−1 and 64 scans per
spectrum. A region of interest was defined on each sample as a
square 30 × 30 points in size, on 10 μm grid spacing and 20 μm ×
20 μm aperture size.

SEM-EDX/MIP
The microscopic examination by SEM (JSM-6510) with an EDX
device (NS7-7911) was performed to observe the internal
structural change of GSC samples with the optimal MMR of
AA, MK, and SC after curing for 1 day, 3 days, and 7 days. Small
dried specimens were trimmed flat in the thickness of
approximately 5 mm first and then vacuumed with a gold
layer for SEM-EDX to make it electrically conductive to
prevent electric charge on the specimens. The main elements
taken into account for the EDX spectra analysis were Si and Al.
The pore distribution characteristics of clay and GSC samples
were evaluated by MIP test (Quantchrome PM60GT-18,
United States) in which a low pressure of about 6–180 kPa
was utilized first to evacuate gases, fill the sample holder with
mercury, and perform porosimetry, and then a high pressure
between 420 kPa and 207 MPa was applied again. The contact
angle and surface tension assumed for all tests were 117° and
485 dyn/cm, respectively.

Specimen Preparation
The dry SC samples were mixed with GB thoroughly and then
blended with a specific water dosage multiple times. The water
consumption was determined by the OMC of SC and an
additional fixed water/GB ratio of 0.35. Namely, the amount
of water for sample preparation was the sum of the water
corresponding to ensure SC achieving the maximum
compactness and the water vying with the content of GB. A
specimen preparation device’s inner surface with a diameter of
39.1 mm and height of 80.0 mm was daubed with Vaseline. Then,
the wet GSC samples were filled into the preparation device four
times. Each part of the wet GSC samples was compacted evenly
until the compacted height reached the target values, and the
surface of each layer was roughened for good interconnection.
After preparation, these specimens were numbered and stood in a
humidity curing box for 24 h at ambient temperature and then
continually cured for 6 days at the same conditions.

RESULTS AND DISCUSSION

Mixing Ratio Analysis
Figures 1A,B show the UCS of GSC specimens with different
contents of AA and MK. It can be observed that the UCS of GSC
specimens increases first and then decreases with the increasing
contents of AA and MK as a whole. The GSC specimens
containing 5% of AA and 10% of MK obtained the maximum
7-day UCS. Its mean value was 418.63 kPa. The reason for these
changes may be if the amount of AA exceeds the polymerization
demand of MK, the limited amount of sodium or calcium
aluminosilicate gels cannot improve the strength performance
of SC effectively, while the residual Ca(OH)2 (the main hydration
products of CaO)may harm the inner structure of GSC due to dry
shrinkage and crack, thereby leading to strength reduction; if the
amount of MK is overmuch, the weak alkalinity created by the
hydration of CaO and the reaction of Ca(OH)2 and Na2SiO3 may
result in a poor polymerization response, a low synthetic rate of
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aluminosilicate gels, and a large surplus of MK. Hence, higher
ratios of AA and MK do not bring better polymerization. There
should be an optimum mixing ratio between AA and MK.

Figure 1C presents the mean UCS of GSC specimens with
different contents of AA and MK. It can be seen that the UCS of
GSC specimens with the same content of MK takes on
characteristics of increasing first and then decreasing as a
whole, except for the case of GSC specimens with the content
of MK as 6%. This is because the ratios of MK and AA greater
than 2:1 were not considered in the cases of the content of MK as
6%. Remarkably, the UCS of GSC specimens with the same
content of MK always reaches their peak values when the
content of MK is precisely twice that of AA. Therefore, it can
be concluded that the ideal MMR of AA and MK should be 1:2.

Figure 1D illustrates the UCS of GSC specimens with different
contents of GB. The MMR of AA and MK to prepare GB was 1:2.
Results indicate that the UCS of GSC specimens increases first
and then slightly decreases with the content of GB as a whole.
When the content of GB is less than 12%, the UCS of GSC
specimens approximately grows linearly. When the content of GB
is greater than 12%, this growth trend slows rapidly. The UCS of
GSC specimens reaches the maximum value when the content of

GB increases to 15%. However, when the content of GB is higher
than 15%, the UCS does not increase anymore but slightly
decreases. One reason for this change is that the mass mixing
ratio of CaO and NaHCO3 used in this study was 1:1. The content
of CaO in such a situation is overmuch for the reaction of CaO
and NaHCO3 in water. With the increase of GB content, the
relative content of CaO in GSC specimens increases
proportionately. The hydration of these excess CaO will
produce much more Ca(OH)2, resulting in dry shrinkage and
crack in SC in local [23]. The other reason is that the water
consumption for sample preparation is the sum of the water
corresponding to ensure that SC achieves the maximum
compactness and the water vying with the content of GB
proportionally. The more GB added requires more water
mixed in GSC specimens. Once aluminosilicate gels’
contributions on the strength improvement of SC are
relatively lower than that of excess water-consuming
decreased, a strength reduction will occur inevitably. On the
whole, the optimal MMR of GB for SC stabilization should be
15%. Of course, in terms of economics, the mixing ratio of 12%
could be more acceptable if the performance of GSC meets the
strength requirement of engineering practices. According to the

FIGURE 1 | The UCS of GSC specimens with different mixing ratios of GB.
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previously obtained MMR about AA and MK, the optimal MMR
of AA, MK, and SC should be 1:2:17.

Stabilization Mechanisms
The crystallographic structure of aluminosilicate sources will
change in a strong alkali environment over time [24].
Figure 2A shows the x-ray diffraction pattern over the
angular range of 5°–60° (2θ) for GSC with 15% of GB after

1 day, 3 days, and 7 days. Compared with the crystalline peak
intensity of SC, the most significant changes are mainly related
to the angular range of 15°–45° with the center approximately
2θ ≈ 27°. The ubiquitous quartz is always the most dominant
mineral in GSC and has broad diffraction peaks. The
crystalline peaks of quartz, anorthite, and zeolite are
increasing with the curing ages. Namely, the longer the
curing age is, the higher their crystalline peaks are. The

FIGURE 2 | XRD pattern and FTIR spectra of SC and GSC specimens after 1 day, 3 days, and 7 days.
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peak intensity reduction of minerals (mullite) in the SC is
changing in the angular range of 20°–35° (2θ), which is the
typical diffraction range of calcium aluminum silicate hydrates
(CASH). Thus, both calcium silicate hydrates (CSH) and

calcium aluminate hydrates (CAH) derived from CASH are
being generated in GSC. These highlighted new peaks
demonstrate that the practical addition of GB has caused
positive results.

FIGURE 3 | SEM images and EDX analyses of GSC specimens after 1 day, 3 days, and 7 days.
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FTIR spectroscopy can monitor polymerization reaction
and evaluate the asymmetric stretching vibration of Si-O-Al
linkages by band absorbance ranging 1,300–900 cm−1 [25].
Other major bands were attributed to the stretching
(approximately 3,450 cm−1) and bending (approximately
1,650 cm−1) vibration of absorbed H2O [12]. Some studies
pointed out that the bands at approximately 600–450 cm−1

were due to Si-O-Si, Al-O-Si, and O-Si-O bending vibrations
[26, 27]. Figure 2B illustrates the FTIR transmittance spectra
of GSC after curing for 1 day, 3 days, and 7 days. It can be
found that the strong asymmetrical stretching vibration peak
of Si-O and Al-O bonds at approximately 1,215 cm−1 in the
MK spectrum had shifted to a lower wavenumber at
1,010 cm−1 as the curing ages developed. This change
indicates that the solidification of GSC was evolving along
with the formation of a new substance. The bands at
1,094–1,033 cm−1 associated with the asymmetric stretching
mode of original MK were found in all spectra, which implied
that a part of unreacted MK remains in GSC. The bands at
824 cm−1 in the spectrum of MK diminish during
polymerization and expose the high heterogeneity in the
structural evolution of amorphous aluminosilicates. A new
peak at approximately 772 cm−1 that denoted the bending
vibration of tetra-coordinated Si-O-Al in a chain structure
was observed on the FTIR spectra of GSC, which signified the
formation of aluminosilicate networks and should be
responsible for the strength improvement of SC.

Microstructural Characteristics
SEM and EDX techniques were applied to observe the
microstructural characteristics of GSC with 15% of GB after
curing for 1 day, 3 days, and 7 days, as shown in Figure 3.
SEM images show that the loose flaky units of SC have been
wrapped and connected by unoriented gels as the curing age
develops. The previous independent tiny particles, aggregates,
and flocs have formed into super aggregates with strong network
links. The arrangement between super aggregates and
cementitious flocs becomes compacted along with a more
homogeneous microstructure. The overhead phenomenon
reduces dramatically. All these microstructural evolutions
demonstrate that the aluminosilicate gels produced by GB
were filling into the pores in the SC to make its structure
more compacted and connecting silty particles and clayey
flakes to super aggregates with strong network links. These
inner changes would restrict the local relative slip among soil
particles when they were subjected to external loadings so that the
mechanical performance of the SC appears to be improved at the
macro scale. EDX results indicate that the counts of Si and Al
components in GSC were increasing over the curing age. After
curing for 7 days, the initial counts of the Al component increased
from about 1,500 to 3,200, and the initial counts of the Si
component increased from about 5,200 to 8,800. These
changes implied that more aluminosilicate gels were just
forming over the curing age. The changes of Si and Al
components could also be observed in SEM-EDX images, in

FIGURE 4 | Pore structure characteristics of SC and GSC after curing for 1 day, 3 days, and 7 days.
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which the distribution of green and cyan points denoting the Si
and Al components was becoming denser and denser over the
curing age. Namely, the polymerization of GB was in progress.

Microstructure characteristics of SC and GSC samples after
curing for 1 day, 3 days, and 7 days were investigated by MIP
tests, including pore size, pore distribution, total porosity,
effective porosity, and pore connectivity, as shown in
Figure 4. It can be observed that the SC samples have a large
intergranular pore size at 8–50 μm and a small intragranular pore
size concentrated at 0.2–6.0 μm in diameter (D). When the GB
was added to the SC, the proportion of large pore volume in SC
samples decreased, and the proportion of small pore volume is
quite the opposite (Figures 4A,B). The curves of the accumulative
mercury intrusion volume per gram soils (Vm) and the
differential intrusion volume versus the entrance pore
diameter of GSC samples illustrate that the large pore size is
similarly concentrated at 8–50 μm while the small pore size is
concentrated at 0.1–2 μm in diameter. The pore volume of GSC
samples at 80–200 μm in pore diameter increases first and then
decreases at the early curing age. It may be due to the hydration of
CaO at the early curing age, which results in many air pores in
GSC samples despite being treated at ambient temperature.
Overall, the proportion of large pore volume in GSC decreases
with the curing age but is accompanied by a continuously
increasing small pore volume. The pore sizes decrease with the
curing age, and the pore size distribution shifts towards smaller
pore sizes. SEM images can explain this change in that the
reaction products of GB are gradually filling the pores in GSC
with curing age, thereby reducing pore size and volume. Figures
4C,D show the variations of porosity and pore connectivity of SC
and GSC samples with the curing age. It can be found that GB can
positively make the structure of SC compact in the early curing
age. The total porosity of GSC samples decreases continuously
over the curing age but has a slow rate of decline at the later
curing age. The pore connectivity of SC and GSC samples
increases first and then decreases with the curing age. The
reduced porosity and the refined microstructure indicate that a
higher reaction degree of GB at the later curing age leads to more
reaction products, filling the pore space and resulting in a denser
microstructure of SC. These variations should be responsible for
rapidly forming the robust structure of GSC at the later
curing age.

CONCLUSION

Utilizing new soil stabilization alternatives, such as synthetic
polymers, copolymer-based products, or cross-linking styrene-
acrylic polymers, can change a natural soil to meet an engineering

purpose in an environmentally friendly and effective way. The
feasibility of metakaolin-based geopolymer employing the
mixture of CaO and NaHCO3 as an AA has been confirmed
as an effective soil stabilizer. Some main conclusions were
highlighted as follows: 1) The UCS of GSC specimens
increases first and then decreases with both AA and MK
contents. The maximum UCS of GSC could reach 0.85 MPa
when adding 15 wt% of GB with an optimal MMR of AA:MK:
SC as 1:2:17. 2) XRD patterns and FTIR spectra indicate that the
addition of GB could cause positive results in the formation of
geopolymer gels, realizing effective SC stabilization. The
structural evolution of amorphous aluminosilicates over curing
ages is responsible for soil strength improvement. 3) The
microstructural observation further qualitatively confirmed the
formation of geopolymer gels in GSC. The mechanical
performance improvement of untreated SC should be due to
the effect of polymeric bonds and the increase in the homogeneity
of GSC specimens. The results of this study can provide a
reference to the application of GB in soil stabilization.
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