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Abstract: The increasingly strong search for alternative materials to Portland cement has resulted
in the development of alkali-activated cements (AAC) that are very effective at using industrial by-
products as raw materials, which also contributes to the volume reduction in landfilled waste. Several
studies targeting the development of AAC—based on wastes containing silicon and calcium—for
chemical stabilization of soils have demonstrated their excellent performance in terms of durability
and mechanical performance. However, most of these studies are confined to a laboratory characteri-
zation, ignoring the influence and viability of the in situ construction process and, also important, of
the in situ curing conditions. The present work investigated the field application of an AAC based on
carbide lime and glass wastes to stabilize fine sand acting as a superficial foundation. The assessment
was supported on the unconfined compressive strength (UCS) and initial shear modulus (G0) of
the developed material, and the field results were compared with those prepared in the laboratory,
up to 120 days curing. In situ tests were also developed on the field layers (with diameters of 450
and 900 mm and thickness of 300 mm) after different curing times. To establish a reference, the
mentioned precursors were either activated with a sodium hydroxide solution or hydrated with
water (given the reactivity of the lime). The results showed that the AAC-based mixtures developed
greater strength and stiffness at a faster rate than the water-based mixtures. Specimens cured under
controlled laboratory conditions showed better results than the samples collected in the field. The
inclusion of the stabilized layers clearly increased the load-bearing capacity of the natural soil, while
the different diameters produced different failure mechanisms, similar to those found in Portland
cement stabilization.

Keywords: geotechnical engineering; ground improvement; alkali-activated cements; recycling and
reuse of materials

1. Introduction

A recurrent problem found in engineering works is the poor geomechanical properties
and, especially, the low strength and stiffness of soils, which is responsible for the structural
problems associated with the installation of superficial foundations or pavement layers, for
example, often made unfeasible. In North and South America, the main parameter that
regulates paving applications is the unconfined compressive strength (qu), which must
be >1.2 MPa for sub-base layers and 2.1 MPa for base layers [1]. The minimum required
values for qu are 1.7, 4.5 and 4.7 MPa in sub-base and base layers of pavements constructed
in Australia, India and Korea, respectively [2]. In Brazil, the standards establish minimum
qu values of 1.2 and 2.1 MPa for the material to be applied on sub-base and base layers,
respectively [3].
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A widely used solution to the problem of soils with low bearing capacity is the
modification of the original geotechnical properties of the existing soil by creating what
can be considered a new material. This is achieved through the addition of a cementitious
agent, usually Portland cement [4–11]. However, the production of ordinary Portland
cement (OPC) imposes a very significant toll on the environment [12] since it is one of
the world’s most energy-intensive industrial processes, contributing to around 7% of the
world’s total CO2 emissions [13,14]. During the intensive search for alternative binders to
OPC, alkaline-activated cements (AAC) are rapidly gaining ground, as it involves mostly
industrial wastes, and the results are competitive with those produced by OPC. Despite
being a recent technique, many studies on alkali-activation of wastes have already shown
several advantages of these alternative materials, from high compressive strengths, low
shrinkage levels, acid and fire resistance and low thermal conductivity [15–23].

Alkaline activation is, in general terms [24–27], a reaction that occurs when materials
rich in silica (SiO2) and alumina (AlO4) come into contact with a highly alkaline medium
which is usually provided by alkaline substances such as sodium (Na+) or potassium
(K+). These alkaline substances initially increase the pH of the medium, accelerating the
solubility and promoting the dissolution of elements such as silica and alumina present
in the material; that is, there is a phase of breaking the ionic and covalent bonds of the
vitreous phase of the raw material and then silica and alumina colloids are released into
the solution forming a coagulated structure (gel) favoring then condensation reactions that
lead, finally, to the polymerization of the structure resulting in compounds with greater
resistance to compression. If calcium is present in the mixture in significant amounts, the
dissolved Al–Si complex will diffuse from the solid surface and produce a dominant C–S–H
gel phase. If calcium is present in the mixture in significant quantities, the dissolved Al–Si
complex will diffuse from the solid surface and produce a dominant C–S–H gel phase.

The use of industrial waste and/or by-products as precursors for the development
of AAC was shown to be a highly viable alternative to replace Portland cement in civil
construction, presenting not only excellent performance in terms of mechanical charac-
teristics but also several advantages from an environmental perspective. In addition to
contributing to a reduction in CO2 emissions caused by Portland cement industry, AACs
contribute to the preservation of non-renewable natural resources utilized in Portland
cement production. The incorporation of industrial waste as raw material in binders allows
its reintroduction into the economy, avoiding its disposal in landfills, which may reduce
environmental contamination [28].

The production of urban and industrial waste has been rapidly increasing worldwide
in the last few decades [29]. A strong example is glass, which is essentially an inert material
that, under common environmental conditions, can be recycled in many ways without
modification of its chemical properties. The collection and recycling of waste glass have
thus become very common and inclusive and are now included in the environmental
policies in the developed world. However, waste glass must meet a series of requirements
for reuse in the manufacture of other glass products. Furthermore, the mixing of different
glass types with different chemical compositions and particle sizes is only possible with
highly complex technological processes. As a result, in Brazil, only about 47% of all
glass containers were recycled in 2011 for a total of 470 thousand tons; while in the USA,
this percentage was even lower, with 40% in 2015 [30]. This illustrates well the fact that
several industrialized countries are still landfilling large volumes of their waste glass, thus
requiring alternative valorization possibilities.

Recent studies have explored the pozzolanic properties of waste glass and its applica-
tion to a new variety of binders, which include the recycling of different types of industrial
waste and by-products (i.e., industrial, agricultural and urban), and have gained notability
as soil stabilizers in substitute to OPC in soil-cement [8,17,20,31–34].

Glass, in general, has silicon dioxide (SiO2) as its main constituent, and the material
resulting from its production process (at high temperatures) is a solid with an essentially
amorphous framework. Thus, finely ground waste glass obtained from the milling of
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soda-lime glass containers presents a viable alternative source of silica for alkali-activated
materials [13,29,35]. Such residue has already been used in several researches, combined
with hydrated lime, for the stabilization of a variety of soils. These materials were charac-
terized by matching and even improving mechanical performance, both in strength and
durability, compared to materials produced from Portland clinker [33,34,36–41].

Recently, ref. [34] evaluated the mechanical performance of the exact same mixture
used in this research, i.e., sandy soil amended with an AAC composed of ground waste
glass (GWG), carbide lime (CL) and sodium hydroxide (NaOH) with a concentration of
3 molal. The effect of key factors, such as the presence of a NaOH solution, the dry unit
weight and the amount of binder, was evaluated on the unconfined compressive strength
(qu), initial shear modulus (G0) and accumulated loss of mass (ALM). Higher values of qu
were evidenced with less porous specimens containing greater amounts of binder (around
2.0 MPa). The authors concluded that this high performance is associated with the reaction
mechanism (polymerization-condensation) in which the cementitious reaction products are
formed in these high alkalinity media. [39], through compressive strength and durability
tests, concluded that the compacted mixture of finely ground waste glass-carbide lime
with an alkaline sodium hydroxide solution of 3 molal concentration has proven to be a
viable material to be used in engineering applications as an alternative and sustainable
replacement geomaterial for earthworks, pavement and soil stabilization. Finally, ref. [41]
used calcium carbide residue (CL) to alkali-activate recycled glass powder (RGP) and
improve the mechanical properties of clay soil, finding significant values of compressive
strength (higher than 2 MPa) for the GP content of 15% and CL 7%, by weight.

However, most of the mentioned research on the use of alternative binders for soil
stabilization is still, and only, focused on laboratory characterization, while the viability
and impact of the construction process associated with these alternative solutions, as well
as the effect of in situ curing conditions on the mechanical properties of the stabilized soil,
requires live-scale field tests.

Recently, ref. [37] presented a study addressing the use of an alternative cement based
on glass and carbide lime waste (without the addition of an alkaline solution) to stabilize
fine sand and evaluate its use in the field as a reinforced layer underneath superficial
foundation. The failure mechanisms presented were very similar to those found in similar
studies using Portland cement. However, no field studies were found in the literature that
addressed the implications of adding an alkaline solution to activate these precursors (glass
and carbide lime waste). Thus, the present study is, to the best of the authors’ knowledge,
the first full-scale assessment of the application of an alternative cement based on ground
glass waste (GWG) and carbide lime waste (CL) activated with an alkaline solution of
sodium hydroxide (SHS) to the stabilize the fine sand. After the laboratory evaluation of
the binders, several layers of fine sand were stabilized with two different types of binders—
both based on GWG and CL, which were alkali-activated in one case and hydrated with
water in the other—and analyzed after 14 and 120 days of curing, through their unconfined
compressive strength (UCS) and initial shear modulus material stiffness (G0). These tests
were performed on samples collected in the field, and the results obtained were compared
with those from the specimens of the same material, fabricated in the controlled laboratory
conditions. The evolution of the mechanical behavior of these materials in controlled
laboratory conditions is presented throughout the curing period, up to a maximum of 120
days. Finally, the results of in situ plate load tests are also presented.

2. Experimental Program
2.1. Materials

The sand used in this study was originally from the region of Osorio, Southern Brazil.
It can be classified, according to the Unified Soil Classification System [42], as poorly
graded sand (SP). It is fine quartz sand with rounded-shaped particles and a uniform grain
size distribution. The density of the grains is 2.65 g/cm3, and the maximum and minimum
void ratios were 0.6 and 0.9, respectively. The particle size distribution (Figure 1) shows a
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mean effective diameter (D50) of 0.16 mm, and the uniformity and curvature coefficients
were 1.9 and 1.2, respectively. Physical properties are shown in Table 1.
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Table 1. Physical properties of the Osorio sand, ground waste glass and carbide lime.

Properties Osorio
Sand GWG CL

Specific gravity (g/cm3) 2.65 2.47 2.19
Medium sand (0.425 mm < diameter < 2.0 mm)

(%) 1.0 - -

Fine sand (0.075 mm < diameter < 0.425 mm) (%) 98.8 30.6 2.0
Silt (0.002 mm < diameter < 0.075 mm) (%) 0.2 60.4 94.75

Clay (diameter < 0.002 mm) (%) 0 9.0 3.25
Liquid limit - - -
Plastic index Non-plastic Non-plastic Non-plastic

Soil classification (ASTM D2487) SP ML ML

The GWG, used as a precursor, was derived from the milling of transparent domestic
waste glass (i.e., containers and windows) of the soda-lime type in a ball mill. It was
classified as a silt material (ML) in terms of particle size [43]. The milling process followed
a regular procedure that comprehended a fixed time, a defined quantity of glass waste
and a particular quantity of metal balls. Once this process was finished, the resultant glass
powder was subjected to a sieving process, with the aim of increasing its chemical reactivity
and standardizing the material to a maximum particle size of 0.075 mm (sieve # 200) and a
specific surface area of 3.28 cm2/g. The particle size distribution is presented in Figure 1,
while the physical properties are shown in Table 1. The chemical composition of the
GWG obtained by X-ray fluorescence (XRF) shows a majority content of SiO2 (69.09 wt %)
(Table 2). X-ray diffraction analysis (Figure 2a) shows the presence of some amorphous
content, characterized by the presence of a large hump between 15 and 40 (◦2θ) angles, as
well as an absence of prominent peaks, indicating that no crystalline phases are present.
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Table 2. Composition of the ground waste glass and carbide lime (wt %).

Element SiO2 Al2O3 Fe2O3 CaO Na2O MgO TiO2 MnO P2O5 K2O

Ground Waste Glass 69.02 4.34 0.91 9.72 10.89 4.2 0.05 0.01 - 0.25
Carbide lime 3.18 1.99 0.98 69.62 - 0.56 0.08 0.01 0.01 -

Appl. Sci. 2021, 11, x FOR PEER REVIEW 5 of 23 
 

 
Figure 1. Particle size distribution of ground waste glass, carbide lime and Osorio sand. 

Table 2. Composition of the ground waste glass and carbide lime (wt %). 

Element SiO2 Al2O3 Fe2O3 CaO Na2O MgO TiO2 MnO P2O5 K2O 
Ground Waste Glass 69.02 4.34 0.91 9.72 10.89 4.2 0.05 0.01 - 0.25 

Carbide lime 3.18 1.99 0.98 69.62 - 0.56 0.08 0.01 0.01 - 

 

 

Appl. Sci. 2021, 11, x FOR PEER REVIEW 6 of 23 
 

 

Figure 2. X-ray diffractometry (a) ground waste glass; (b) carbide lime waste. 

An SHS was used as an activator. Sodium hydroxide of analytical purity (99.0%), in 
the form of pellets, was dissolved in distilled water to produce the alkaline solution with 
a concentration of 3 molal. This was based on the literature review of alkaline activation 
of GWG [16,46–48]. 

The experimental program was divided into two stages: laboratory-based and field-
based testing of two different families of binders—those activated with the SHS and those 
hydrated with water. According to previous laboratory studies, for both sets of mixtures, 
the GWG content was 30% of the dry weight of the sand, whereas the CL content was 7% 
of the total mass of solids [16]. Therefore, the two binders differ only in their liquid phase: 
• BSHS (activated with a 3 molal sodium hydroxide solution); 
• BH2O (hydrated with water). 

All specimens were molded with a water content (ω) of 11%, for a maximum dry unit 
weight (γd) of 16.0 kN/m3 (e = 0.60), according to Proctor compaction tests [49]. Although 
the Proctor compaction tests revealed that higher dry unit weight values could be reached, 
this value was selected to facilitate the fabrication of the live-scale layers. 

2.2. Fabrication of the Laboratory Specimens 
Cylindrical specimens with 50 mm in diameter and 100 mm in height were molded 

in the laboratory. The molding procedure of the specimens consisted of the following 
steps: (1) individual weighing of the dry materials (Osorio sand, GWG and CL) in two-
digit precision scales; (2) manually mixing of solid materials until visual homogeneity was 
acquired; (3) addition of solution sodium hydroxide (SHS), or distilled water, followed by 
manual mixing for 10 min, or until total homogenization; (4) weighing of the pastes ac-
cording to established parameters; (5) separation of the paste in three small portions, in 
order to verify the molding moisture content; (6) static compaction in cylindrical molds, 
considering three sequential layers, with the top of each layer scarified to enhance the 
adherence to the next layer; (7) weighing and measurement of each specimen, with preci-
sions of 0.01 g and 0.1 mm, respectively; (8) sealing of the molded sample in a plastic bag. 

Figure 2. X-ray diffractometry (a) ground waste glass; (b) carbide lime waste.



Appl. Sci. 2021, 11, 11286 6 of 21

The CL is the residue from the production of acetylene gas, obtained near Porto Alegre
city (southern Brazil). This waste was received in the form of agglomerated powder (lumps)
due to its high humidity. The CL was dried for 48 h at 60 ◦C and then ground by hand using
a porcelain mortar and sieved to guarantee a maximum size of 0.075 mm. The particle size
distribution is presented in Figure 1, and the physical properties are shown in Table 1. The
chemical composition (Table 2) reveals a significant calcium content (69.62 wt %), while
the high loss of material (23.58 wt %), after calcination at 1000 ◦C, is mainly due to the
presence of calcium carbonate [44,45]. Mineralogically, the XRD (Figure 2b) pattern of
the CL shows the main presence of portlandite and crystallized carbonate phases (mainly
calcium carbonate-calcite). A complete and detailed physical, chemical and mineralogical
characterization of this residue can be encountered in [45].

An SHS was used as an activator. Sodium hydroxide of analytical purity (99.0%), in
the form of pellets, was dissolved in distilled water to produce the alkaline solution with a
concentration of 3 molal. This was based on the literature review of alkaline activation of
GWG [16,46–48].

The experimental program was divided into two stages: laboratory-based and field-
based testing of two different families of binders—those activated with the SHS and those
hydrated with water. According to previous laboratory studies, for both sets of mixtures,
the GWG content was 30% of the dry weight of the sand, whereas the CL content was 7%
of the total mass of solids [16]. Therefore, the two binders differ only in their liquid phase:

• BSHS (activated with a 3 molal sodium hydroxide solution);
• BH2O (hydrated with water).

All specimens were molded with a water content (ω) of 11%, for a maximum dry unit
weight (γd) of 16.0 kN/m3 (e = 0.60), according to Proctor compaction tests [49]. Although
the Proctor compaction tests revealed that higher dry unit weight values could be reached,
this value was selected to facilitate the fabrication of the live-scale layers.

2.2. Fabrication of the Laboratory Specimens

Cylindrical specimens with 50 mm in diameter and 100 mm in height were molded in
the laboratory. The molding procedure of the specimens consisted of the following steps: (1)
individual weighing of the dry materials (Osorio sand, GWG and CL) in two-digit precision
scales; (2) manually mixing of solid materials until visual homogeneity was acquired; (3)
addition of solution sodium hydroxide (SHS), or distilled water, followed by manual
mixing for 10 min, or until total homogenization; (4) weighing of the pastes according
to established parameters; (5) separation of the paste in three small portions, in order to
verify the molding moisture content; (6) static compaction in cylindrical molds, considering
three sequential layers, with the top of each layer scarified to enhance the adherence
to the next layer; (7) weighing and measurement of each specimen, with precisions of
0.01 g and 0.1 mm, respectively; (8) sealing of the molded sample in a plastic bag. The
following molding specifications were observed: Maximum variations of ±1.5% and 1.0%
were tolerated, in the average dimensions and mass of each specimen, respectively. The
compaction degree was always between 99 and 101% of the target value, while a maximum
variation of 5% was admitted for the average moisture content. Specimens were cured in a
humid room at a temperature of 23 ◦C ± 2 ◦C and relative humidity of 90% [50]. Three
specimens per result were fabricated, and curing periods of 7, 14, 28, 60 and 120 days were
adopted. The mix proportions used can be seen in Table 3.

Table 3. Mix proportion of the laboratory specimens.

Specimens GWG
(%)

CL
(%)

ω

(%) Liquid Fase γd
(kN/m3)

Curing Period
(Days)

BSHS 30 7 11
SHS (3 molal)

16.0 7, 14, 28, 60 and
120BH2O Water
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2.3. Recovery of the Field Specimens

For the field-testing program, a total of four circular ground waste glass (GWG)-
carbide lime (CL)-sand layers were assembled, each with 300 mm thickness (Hr) and a
diameter (Dr) of 450 mm. Those dimensions were established according to the equipment
available for its construction that would guarantee a good homogenization of the material
and allow the removal of a number of cylindrical samples suitable for carrying out the
determined analyzes.

The pits, with the specified dimensions, were manually dug into the soil surface.
The molding of the field layers followed a similar procedure to that already used in the
laboratory. However, in this case, the materials were prepared on a 450 L capacity mixer,
while the compaction of each layer was performed manually. In order to control the specific
weight and humidity, samples were taken from each compacted layer according to NBR
9813 [51], in which a cylinder with a cutting edge is seated on the ground surface, properly
leveled and, through the free fall of a tamping socket, it is tamped into the material until its
upper edge is 1.0 cm below the ground surface. Subsequently, with the help of spatulas, the
soil is cut around the cylinder and below its lower edge. With a beveled ruler, the faces of
the specimen are scraped. The mass of the cylinder containing the material is determined
immediately in order to avoid loss of moisture. Thus, by knowing the mass and volume
of the cylinder, the dry unit weight of the soil in situ is obtained. Table 4 summarizes
the dry unit weight (γd) and moisture content (ω) values obtained in the field during
the molding process. These results were similar to the initial requirements of ω = 11%
and γd = 16.0 kN/m3, which indicates the homogeneity of the mixture and compaction
efficiency. The field molding process can be followed from Figure 3.

Two layers, BSHS and BH2O, were allowed to cure for 14 days, while another two cured
for 120 days. During the curing period, the climatic conditions of the place where the
layers were made (Southern Brazil) were monitored (i.e., these data were retrieved from
the local weather station, located close to the experimental field) in order to present the real
conditions (temperature and precipitation) in which the layers of the field were submitted
during the cure. After the curing period, the layers were extracted from the soil (Figure 4a),
and cylindrical samples were manually removed from the layers and carefully trimmed to
attain 50 mm in diameter and 100 mm in height (Figure 4b) to later be tested for unconfined
compression.

2.4. Specimen Testing

The unconfined compressive strength tests (UCS) were carried out on an automatic
press machine, under strain-controlled conditions (axial displacement of 1.14 mm/min),
following the contents of the ASTM C39 [52]. Approximately 24 h before the test, the
specimens were submerged in water to mitigate possible suction effects [53].

The initial shear modulus (G0) was determined through ultrasonic pulse velocity
tests. The shear wave was measured on samples before UCS tests, considering that the
ultrasonic pulse velocity test is non-destructive. An ultrasonic pulse device was utilized to
measure the shear waves. A high viscosity gel was applied on the transducers, which were
then attached to the extremities of the samples for the measurement of the waves. For a
homogeneous and elastic medium, G0 is the product of the bulk density by the square of
the velocity of a shear wave passing through it [45].

Table 4. Values of dry unit weight and moisture content for each experimental layer, determined
during the molding process.

Material
Dry Unit Weight (kN/m3) Moisture Content (%)

14d Curing 120d Curing 14d Curing 120d Curing

BH2O 16.43 16.31 10.58 11.05
BSHS 16.41 16.12 10.58 10.33
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2.5. Spread Footing Testing

Seven circular layers stabilized either with BSHS or BH2O, with diameters (Dr) of 450
and 900 mm and thick (Hr) of 300 mm (Figure 5), were fabricated on a slightly cemented
residual soil, fully characterized by [11] and [54]. Eight layers were initially planned, but
one was damaged during fabrication. These layers were then submitted to Plate Load Tests
(PLT) by using a circular 300 mm rigid plate. The dimensions of the layers were chosen
based on previous work [11,37,55]. Figure 6 shows the relative distribution of the stabilized
layers in the field. The distances between layers were defined considering the required
minimum spacing between the edges of adjacent layers, which, as recommended by [10],
was set at twice the diameter of the largest layer. The tests were carried out after curing
periods of 14 and 120 days.
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The PLT procedure followed the recommendations of [56]. The load (Q) was applied
using a hydraulic jack installed under a loaded reaction structure (Figure 7a,b). The
readings were performed with a load cell, properly calibrated in the laboratory, and a data
acquisition system. The measurement of the vertical displacement was performed using
resistive rulers with a course of 50 mm and a resolution of 0.01 mm, positioned at three
different points on top of the plate (Figure 7c). The load increments applied in each stage
were previously defined as 10% of the expected rupture load. For the definition of the load
capacity, the criterion of [18] was used, where the breaking load (Qu) is defined as the point
on the stress–settlement curve corresponding to a relative settlement (δ/D) of 3%.
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3. Results and Discussion
3.1. Evolution of UCS with Time

The results obtained during the unconfined compressive strength tests (UCS) are
shown in Figure 8. The results for mixtures with SHS varied from 400 kPa to 5000 kPa
and 155 to 5000 kPa without SHS. These values are the average of three tests, with each
individual strength value not deviating more than ± 10% from the average. A strength
increase with curing time can be observed, up until day 120. This behavior is related to the
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pozzolanic capacity of the waste glass, which reacts with the calcium hydroxide [Ca(OH)2]
available in the CL, forming a bonding matrix. These pozzolanic reactions are known to
develop for periods well beyond the 28-days period usually considered for the assessment
of OPC-based binders. Moreover, relevant is the higher short-term strength produced by
the alkali-activated material compared with the material hydrated with water. Since the
pozzolanic reactions depend on the development of a strongly alkaline environment, the
presence of the activator creates such an environment immediately after the materials are
mixed. On the contrary, the CL is less effective at increasing the pH of the mixture, resulting
in lower dissolution rates of the silica (from the glass). After 120 days, the differences
are practically null, as the hydrated material had time to develop similar volumes of
binding gel.
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UCS ratio between the stabilized and natural specimens, which initially was approxi-
mately 2.6 (i.e., more than double), decreased to 1 after the longest curing period considered.
According [28], the biggest difference between the pozzolanic reactions and alkaline acti-
vation is that the alkaline metal (NaOH) is more effective than the alkaline earth metals
(calcium) due to the higher initial pH that the activating solution provides, thus dissolving
and breaking the original structure more effectively.

3.2. Field and Laboratory Results Comparison

The samples extracted from the field layers were also submitted to UCS testing.
Figure 9 shows the UCS of the samples recovered from the field after 14 and 120 days
and compares these values with those obtained in the laboratory. The field results for
mixtures with SHS varied from 850 to 1730 kPa and 220 to 940 without SHS. As is usually
the case, the field results are lower than those obtained with the specimens fabricated in the
controlled environment of the laboratory. Such difference is more significant after 120 days
since the material spent more time exposed to the environment and, thus, was less capable
of developing higher UCS levels (when compared with those obtained in the laboratory).
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After 14 days of curing, the field/laboratory ratio was 0.80 for the BSHS material and
0.49 for the BH2O material. After 120 days, the same ratio decreased to 0.35 (BSHS) and
0.18 (BH2O), suggesting that the curing conditions (i.e., relative humidity, temperature and
precipitation) assumed an important role regarding the production and development of the
cementitious gel. In addition to the curing conditions, an important factor to be considered
for the UCS results is the difference of the molding process from field to laboratory because,
in the laboratory, there is greater control and precision over the molding conditions, such
as mixture homogeneity, degree of compaction and guarantee of the shape and measures of
the specimen (i.e., vertical sides and flat surfaces), which consequently give better strength
results. Moreover, the extraction of the specimens taken from the field sample may have
interfered in the results of UCS of the samples recovered the field because, as they were
sculpted by hand, the sides and loading surfaces of the specimens were not precisely
regular (Figure 4b), which certainly interfered in the strength, negatively. It should also be
noticed that the lowest ratios for each curing period were obtained BSHS, which can be
interpreted as an indication of higher durability of the alkaline-activated material.

Figure 10 shows the monitoring of the climatic conditions to which the stabilized
layers were exposed during the curing period. The average temperature was around
15 ◦C, therefore lower than the laboratory environment, which most likely hindered the
field results. According to the data collected from the weather station, precipitation of
approximately 100 mm was registered in the first 14 days of curing, with an increase to
230 mm in the third week. Such high precipitation during the initial and crucial stage of
the reactions may have reduced the pH of the pastes and, thus, conditioned the strength
development. These climatic conditions, characteristic of the Southern region of Brazil,
can significantly influence the field performance, especially of the layers without alkaline
activator, which usually show slower development rates than the activated systems.

Figure 11 shows the variation in the initial shear modulus (G0) (average value of
three specimens) for the same specimens submitted to the UCS tests. In every case, the
G0 increases with increasing curing time. However, the laboratory BSHS/BH2O ratios for
samples cured for 14 and 120 days were 2.85 and 2.34, respectively. This difference was
even higher for the field-cured material, with ratios of 3.85 and 4.31 after curing periods of
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14 and 120 days, respectively. As expected after the analysis of the UCS results, the field
samples showed lower stiffness than the laboratory samples, with lab/field ratios of 2.58
(14d) and 2.39 (120d) for the BH2O material, and 1.70 (14d) and 1.44 (120d) for the BSHS
material.
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3.3. Spread Footing Testing

Figure 12 shows the load vs. settlement results of the plate tests performed on the
seven field layers. The loading capacity of the natural soil, which was used as a reference
in the present study, was determined by [11]. The stabilization produced an initial strength
increase relative to the response of the natural soil.
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For better observation of the general trends verified in the two diameters used, the
applied loads and the respective settlements were normalized by the area, and the resulting
stress was then plotted as a function of the relative settlement (δ/Dr). Figure 13 shows that,
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after normalization, most curves are approximately superimposed, including that from
the natural soil. The representation of the normalized results thus suggests that, regarding
the Dr 450 mm tests, failure was controlled by the load capacity of the soil underlying
the stabilized layer. As the load increases, there is a progressive breaking of the bonds
of the weakly cemented residual soil supporting the stabilized layers, resulting in the
vertical penetration of the foundation with practically no lateral movement of the soil.
This behavior is typically observed when structured soils lose their fabric [54]. The Dr
900 mm layers reached the failure before the load capacity of the natural soil was exceeded
(note that this capacity is higher than that of the foundation soil of the Dr 450 mm layers),
which justifies that the overlapping of the normalized 900 mm curves with the normalized
450 mm curves occurs only for an initial relative deformation of approximately 0.1%.
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Figure 13. Normalization of results.

In general, there was a proportionality between the load capacity and the reinforced
diameter—for the same load, lower displacements were observed for the higher diameter.
However, the failure mechanism was different for each diameter. For the smaller diameter
(Dr450BSHS and Dr450BH2O), a puncture failure mechanism occurred when the steel plate
and the stabilized layer underneath behaved as a single element and penetrated the soil
without any lateral movement. This mechanism was fully observed during the analysis of
the exhumed layers when it became clear the soil penetration without any visible cracks
(Figure 14).
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Figure 14. Dr 450 mm BSHS stabilized layer exhumed from the soil.

The larger diameters (Dr900BSHS and Dr900BH2O) showed a different failure mode,
characterized by punching shear, which resulted in the clear separation of a cylinder located
beneath the circular plate from the remaining body of the stabilized layers (Figure 15).
Some tension cracks were also formed inside the cylinder when it tried to expand laterally
due to the Poisson’s effect. Additionally, two or three radial cracks developed from the
center to the edges. Similar failure modes and cracking patterns were found by [11,24], soil
stabilized with Portland cement.
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4. Conclusions

The present work assessed the application of alkali-activated cement based on indus-
trial wastes to stabilize the residual layer supporting a superficial load. From the results
obtained, it was possible to draw the following conclusions:

(a) Regarding the laboratory mixtures, the material activated with a 3M sodium hy-
droxide solution presented a higher compressive strength (UCS) than the material
hydrated with water, but only for short-term curing periods. The alkalinity of the
activator enhances the initial dissolution of the original silica, resulting in a strength
2.6× higher than the water-based mixtures. With the increase in curing time, the latter
was able to develop similar volumes of binder, thus obtaining similar UCS values. In
the present research, the results for NaOH mixtures varied from 0.4 MPa to 5.0 MPa
for laboratory tests and 0.2 MPa to 1.7 MPa for field results, depending on the curing
period. Therefore, some of the results are contained in the minimum values required
by soil-cement standards and can also be considered for projects with lower stresses;
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(b) Comparing the field and laboratory UCS data, it is clear that the former showed
lower strength for both types of the mixture, which is attributed to the influence of
the climatic conditions during curing, which was controlled in the laboratory, and
to a molding precision of the specimens made in the laboratory with greater control
regarding mixtures homogeneity, degree of compaction and control of shape and
measurements (i.e., vertical sides and flat surfaces). As the curing period increased,
the difference between field and laboratory became more significant, which was
aggravated by the higher precipitation registered in the region during the last 7 weeks
of the curing period, compared with the first 10 weeks;

(c) The stiffness (G0) results obtained in the field were lower than those obtained in the
laboratory for both types of mixture. With the increase in curing time, there was
an increase in stiffness. However, the AAC-based mixtures showed higher initial
stiffness values than the water-based mixtures in the laboratory and in the field. This
was contrary to what was observed with the UCS, after 120 days, when the hydrated
material showed higher compressive strength than the activated material;

(d) The plate load tests showed that the stabilization of the surface layer significantly
increased the load-bearing capacity compared with the natural soil. An increase in
the diameter of the stabilized layer also provided a higher load-bearing capacity. Two
different failure mechanisms were observed, depending on the dimensions of the
reinforcement layers, with the 450 mm layer showing a puncture mechanism, while
the 900 mm layer showed the appearance of cracks;

(e) Data normalization suggests that, in the case of the 450 mm layers, the foundation
(plate) and the stabilized layer behaved as a single element, supported on the lower
stabilized base, meaning that the failure load is controlled by the capacity of the soil
beneath it. For the 900 mm diameter, the failure occurred when the applied load
exceeded its tensile stress.
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