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Abstract

This work uses a new cementitious agent composed of porcelain polishing waste and
hydrated lime in the mitigation of static liquefaction in a loose dune sand. The undrained
behavior of the soil was investigated in 16 triaxial tests under four confining stresses (50,
100, 200 and 400 kPa), on loose samples (relative density of 25%) compacted with two
levels of waste (10% and 30%) and lime contents (3% and 7%) cured at 28 days. Stress-
strain behavior, ultimate strength and critical state parameters were evaluated. The results
showed a brittle response of the stabilized sands, dilatant tendency and low liquefaction
potential, however, the behavior changes with the increase in the confining stress. A
friction angle of up to 42.6° and a cohesion intercept of up to 108.1 kPa were found for
the stabilized sand. When compared to the pure sand, stabilization caused an increase in
strength, of up to 17 times, and in brittleness with a change from contractive to dilatant
behavior. For tests up to 200 kPa, the liquefaction potential reduced to values below zero.
Therefore, the cementation of the grains by using porcelain polishing waste and hydrated

lime was efficient in mitigating the static liquefaction potential of the dune sand.

1. Introduction

When subjected to monotonic or cyclic loading under
undrained conditions, saturated sandy soils in loose state,
due to a contractive tendency, can develop large excess pore
pressure, which reduces the acting effective stresses and cause
a sudden loss of strength, stiffness and bearing capacity,
characterizing the liquefaction phenomenon (Castro & Poulos,
1977; Ishihara et al., 1975). As a result, large deformations
occur that generate substantial loads on buildings and the
entire local infrastructure, which can cause collapses and
numerous losses of human lives (Gautam et al., 2017).

In the last decades, research has been carried out in
order to understand the mechanisms and factors associated
with the triggering of liquefaction (Ghadr & Assadi-
Langroudi, 2019; Mahmoudi et al., 2020; Ni et al., 2022;
Triantafyllos et al., 2020; Yang et al., 2022; Zhu et al., 2021),
assess the susceptibility of natural or artificial deposits to this
phenomenon and map the risk in areas of great social interest
(Fergany & Omar, 2017; Gautam et al., 2017; Sana & Nath,
2016), in addition to developing techniques that can reduce
their probability of occurrence or mitigate their effects on

structures (Minyong et al., 2022; Riveros & Sadrekarimi,
2020; Xiao et al., 2019).

As an alternative to the use of traditional liquefaction
mitigation techniques, most recent studies investigate new
methods such as passive remediation (Krishnan & Shukla,
2021), microbial geotechnologies (Sharma et al., 2021) and
the use of fibers (Zhang & Russell, 2021), nanomaterials
(Zhao et al., 2019) or biopolymers (Smitha & Rangaswamy,
2021). Although these methods are efficient, some challenges
and limitations are encountered in the application over large
areas in the field, such as the possibility of non-uniform
transmission of the stabilizer, improper monitoring and control
of biochemical reactions and the formation of undesirable
products that cause impacts on the environment. In addition,
they are not easily accessible materials and can have high
production and application costs depending on the region.

On the other hand, the need to adopt increasingly
sustainable geotechnologies has led to the use of industrial
by-products in stabilization operations, as a way of reducing
the problems associated with their disposal and production
costs. Wastes such as fly ash (Horpibulsuk et al., 2009;
Mahvash et al., 2018; Simatupang et al., 2020), glass
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powder (Baldovino et al., 2020; Consoli et al., 2019a, 2021)
and biomass ash (Consoli et al., 2019b; Ghorbani et al.,
2018) can be effectively incorporated into mixtures and
has been used to improve the performance of geotechnical
constructions. However, little research has been conducted
on mitigating liquefaction potential of soils with the use of
these materials (Keramatikerman et al., 2017; Kolay et al.,
2019; Wang et al., 2021).

In this context, porcelain polishing waste (PPW), a
component of great worldwide production (Matos et al.,
2018Db), can also be used. This waste, usually discarded in
landfills, requires large storage areas in industries and because
of'its high fineness, can be a source of soil and groundwater
contamination, or even be carried by the winds, affecting the
local vegetation. Originating from the operation of polishing
porcelain tiles with abrasive materials, it has high pozzolanic
activity (Jacoby & Pelisser, 2015; Matos et al., 2018a)
and has already been used in the production of ceramics,
cements, mortars and concretes (Li et al., 2021; Matos et al.,
2020; Medeiros et al., 2021; Sousa et al., 2022), providing
significant gains in the mechanical properties and durability
of these composites.

Silvaetal. (2023) obtained an increase in the compressive
and tensile strength of an aeolian sand improved by incorporating
PPW and hydrated lime, which was directly proportional to
the cementing agent content and curing time. The alkaline
activation of PPW can generate cementitious compounds
through pozzolanic reactions that act in the creation of a
more solid and resistant structure. However, no research was
found that evaluated the use of this composite to reduce the
liquefaction potential of susceptible soils, thus constituting
the main gap that this study aims to address.

Therefore, the aim of this work was to investigate the
stabilization of a loose, saturated dune sand subjected to static
loading in the undrained condition by adding a new stabilizer
composed of porcelain polishing waste and hydrated lime,
checking whether this material can improve mechanical
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Figure 1. Morphology of dune sand, hydrated lime and PPW.
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performance and reduce the static liquefaction potential of
the soil. Souza Junior et al. (2020) have already confirmed
the high liquefaction potential of Natal sand, soil used in
this study. The paper contributes to the understanding of
the stress-strain behavior of soils cemented with alternative
materials to traditional agents such as Portland cement. It
also allows evaluating the influence of this stabilizer on the
soil strength and critical state parameters.

2. Materials and methods
2.1 Materials

Dune sand, waste from the porcelain tile polishing
process and hydrated lime were the three materials used in
this research. In Figure 1, the morphology of each material
after the preparation process can be visualized, through
photography and micrographs obtained by scanning electron
microscopy. Figure 2 shows their grain size distribution curves.

The soil is a clean quartz sand of aeolian origin, with
angular to subangular particles, collected in a coastal dune
in the city of Natal, Brazil. The material was oven dried
at 100°C for 24 hours before use. It has a uniform grain
size distribution, inserted in the range of fine to medium
sand and with a fine content of less than 5%, classified as a
poorly graded sand (SP) by the Unified Soil Classification
System. The physical properties of the sand are shown in
Table 1 and the chemical composition of each material is
shown in Table 2.

The porcelain polishing waste was collected in a ceramic
industry in the state of Paraiba, Brazil. The PPW was oven
dried at 100°C for 24 hours and then manually crushed. Itis a
fine-grained material, with 26.93% clay (<0.002 mm), 71.61%
silt (0.002-0.06 mm) and only 1.46% sand (0.06-0.2 mm). It
also has 99.74% of particles smaller than 75pm (Figure 2)
and a plasticity index of 4%, classified as a low plasticity
silt (ML). The specific gravity found was 2.55 value close to
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Figure 2. Grain size distribution curves of dune sand, PPW and
hydrated lime.

Table 1. Physical properties of dune sand.

Properties Symbol Value
Specific gravity G, 2.66
Mean diameter (mm) ds, 0.265
Effective diameter (mm) dy 0.151
Coefficient of uniformity C, 1.94
Coefficient of curvature C. 0.98
Maximum void ratio €ax 0.84
Minimum void ratio €in 0.60

Table 2. Chemical composition of dune sand, PPW and hydrated lime.

Compound Dune sand PPW Lime
SiO, 75.29 67.48 1.88
ALO, 14.57 17.91 0.97
Fe,O, 1.97 1.01 0.37
CaO 0.19 3.32 94.07
TiO, 2.18 0.33 -
MgO 1.6 3.6 0.9
K0 1.64 3.55 0.94
NaO, 1.6 2.0 0.5
SO, 0.4 0.11 0.11
Others 0.56 0.69 0.26

that found in other studies (Li et al., 2021; Matos et al., 2020;
Medeiros et al., 2021). The chemical analysis identified silica
and aluminum as the main constituents. Iron, calcium, sodium,
magnesium and potassium are present in smaller amounts. As
for the mineralogy, quartz, albite, mullite and silicon carbide
were identified as the main crystalline phases, the first three
probably coming from the porcelain paste and the last one

from the abrasive material used in the polishing process.
Applying the Modified Chapelle method, a consumption
of 394 mg of calcium oxide per gram of PPW was found,
confirming its pozzolanic activity. The morphology of PPW
is characterized by rough and angular particles of irregular
shape. High purity hydrated lime, with a specific gravity of
2.30, was used as the alkaline activator.

2.2 Methods

In this study, the shear strength under undrained
conditions of a dune sand stabilized with different contents
of porcelain polishing waste (10% and 30%) and hydrated
lime (3% and 7%) was evaluated through monotonic triaxial
tests in loose compacted samples (relative density of 25%).
The lime contents, defined in addition to the mass of sand
plus PPW, were chosen based on the minimum content of 3%
found by the Initial Lime Consumption method proposed by
Rogers et al. (1997) and in accordance with other studies that
used pozzolan-lime mixtures for soil improvement (Abbasi
& Mahdieh, 2018; Consoli et al., 2019b, 2021).

The PPW contents, defined as a substitute for sand
in the mixture, were determined to evaluate the effects of
different incorporation contents. Previous tests have shown
that levels below 10% are ineffective. Furthermore, the studies
with pozzolan-lime mixtures cited above have shown that
an increase in pozzolan content tends to amplify pozzolanic
reactions, providing gains in soil strength, justifying the high
values adopted. The low relative density was chosen due
to the high liquefaction potential presented by samples of
pure sand in the loose state (Souza Junior et al., 2020). For
each composition, maximum and minimum void ratio tests
were performed. Table 3 presents the physical properties
of the samples with a Code of sample XPYL where the X
represents the amount of PPW and the Y the amount of Lime.
This Code was used in all paper.

2.3 Molding and curing of the specimens

The specimens, with dimensions of 50 mm in diameter
and 100 mm in height, were prepared using the moist tamping
technique, as it allows the obtainment of more homogeneous
samples in an extensive range of densities through simple
procedures (Sze & Yang, 2014). Furthermore, this method
allows a better dispersion of the stabilizer in the sand matrix,
avoiding eventual segregation and concentration of grains
that could occur in other methods.

Initially, sand and PPW in the dry condition were mixed
until a homogeneous appearance was obtained. Then, lime
was added and a new mixture was performed. Distilled water
was added to the final material. The mass of each material
used was calculated from the total dry mass of the mixture
M, (Equation 1). Where S, L and P are the contents
(%) and pg, p; and pp are the densities of the sand, lime
and PPW, respectively. The amount of PPW was calculated
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as a substitute for the mass of sand (Equation 2), and the
amount of lime as an addition to the mass of sand plus PPW
(Equation 3). V, ., is the total volume of the sample and e
is the calculated void ratio for each mixture.

|

po_Mp
M¢+Mp

(S+L+P)

S L P

Ps PL Pp

. Vtotal

J (1+e)

M,

(1

2

M 3)
Mg +Mp
It is worth noting that the dry unit weight of each
mixture decreases with the isolated increase in PPW or lime
content, as can be seen in Table 3. The moisture content was
defined based on Equation 4, using 5% in relation to the mass
of sand ( Mg ) and a water/stabilizer ratio of 0.32 defined in
previous tests, in order to ensure a good workability when
molding. The mass of stabilizer was defined as the sum of
the masses of PPW (M, ) and hydrated lime ( A/, ).

“4)

The samples were statically compacted in a tripartite
cylindrical mold and in four layers of equal height. The
compaction energy used in each layer was that sufficient
to achieve the desired height and relative density. In this
process, three samples were taken to verify the moisture
content and the maximum mixing and molding time was
30 minutes. At the end of the molding process, the samples
were weighed and their dimensions were measured with a
precision of 0.01g and 0.01mm, respectively. Maximum
tolerances of +0.5% for moisture and +2% for relative
density were adopted. The curing process was carried out
for 28 days in a humid chamber with a temperature of 23°C
+ 3°C and humidity above 95%.

M, =0.05x Mg +0.32x(M, +M,)

2.4 Undrained monotonic triaxial tests

A total of 16 monotonic triaxial tests were performed
in accordance to the requirements of ASTM D4767 (ASTM,

Table 3. Physical properties of each composition.

2011). After the curing period, the samples were assembled
in the triaxial cell and subjected to an upward percolation
of water under low confining stress, until the volume of
percolated water was greater than 2 times the volume of
the sample. The saturation process was then performed by
increasing the back pressure in stages of 50 kPa, keeping
the effective confining stress at 10 kPa until reaching a
Skempton parameter B greater than 0.95. The desired
parameter B was obtained at back pressure values up to
490 kPa. Upon completion of the saturation process, the
samples were isotropically consolidated under stresses of 50
kPa, 100 kPa, 200 kPa and 400 kPa. During the shear phase,
the samples were subjected to triaxial compression under
undrained conditions and a strain rate of 0.2 mm/min until
a maximum axial strain of 20% was reached. The shearing
rate was determined in previous tests in order to allow good
equalization of the pore pressures. This was confirmed by
checking the pore pressure on both the top and bottom of
the specimen.

3. Results and discussion

A summary of the main results obtained in the monotonic
triaxial tests can be seen in Table 4, where y,, ¢, €., p', ¢q
and &, represent the dry unit weight of molding, initial void
ratio, void ratio at end of consolidation, mean effective stress,
deviator stress and axial strain, respectively. Two failure modes
were observed. For lower strength specimens, a tendency
to bulging during shear occurred, mode A (Figure 3a). The
samples of higher strength showed a well-defined shear surface,
with formation of a shear band, indicating concentration of
shear deformation, mode B (Figure 3b).

Figure 4 shows the stress-strain behavior and stress
path under a confining stress of 50 kPa for all mixtures. Data
for pure sand in the loose and medium dense state obtained
by Souza Junior et al. (2020) are also presented. The stress-
strain of stabilized sand is marked by a rapid increase of the
deviator stress in a small variation of the axial strain, until
the peak state is reached, in which the soil failure occurs
and the strength drops considerably, characterizing a brittle
behavior (Figure 4a). In contrast, pure sand does not have
a well-defined peak.

Contents Properties
Code PPW Lime Vd,,. Ya,, e e, G, Va
(KN/m?) (KN/m?) (KN/m?)
10P3L 10% 3% 17.0 14.4 0.84 0.55 2.64 14.9
30P3L 30% 3% 17.1 12.7 1.06 0.53 2.62 13.6
10P7L 10% 7% 16.6 14.0 0.88 0.58 2.62 14.5
30P7L 30% 7% 16.0 12.1 1.15 0.62 2.60 12.9

10P3L: 10% PPW+3% Lime. 30P3L: 30% PPW+3% Lime. 10P7L: 10% PPW+7% Lime. 30P7L: 30% PPW+7% Lime
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Table 4. Summary of data obtained in monotonic triaxial tests.

Initial state q/! D'y Peak state Critical state

Mixture ! . ; Failure
p Va e e, &, g/ p' &, p q p q mode
(kPa)  (kN/m’) (%) (%) (kPa)  (kPa)  (kPa)  (kPa)

10P3L 50 14.91 0.768 0.762 0.41 2.22 4.24 282.17 45820 21936 319.80 B
100 14.90 0.770 0.757 0.71 1.89 7.88 269.56  408.66 257.00 368.04 A
200 14.91 0.768 0.752 1.26 1.66 6.08 340.78 52237 26541 375.69 B
400 14.88 0.772 0.742 2.90 1.50 4.56 382.01 569.73 328.29 464.47 A

30P3L 50 13.56 0.928 0.923 0.46 2.68 1.73 302.96 608.84 187.96 310.90 B
100 13.57 0.927 0.916 0.59 2.57 2.04 329.19 64343 204.55 331.32 B
200 13.55 0.930 0.910 0.85 2.195 1.90 416.57 796.81 216.05 348.22 B
400 13.59 0.925 0.880 1.11 1.81 2.12 501.69 85521 300.83 426.21 A

10P7L 50 14.49 0.810 0.804 0.36 2.65 3.88 331.04 581.27 276.28 422.88 A
100 14.53 0.805 0.795 0.65 2.34 1.55 34192  672.81 331.93 528.09 B
200 14.57 0.801 0.785 0.63 2.02 3.31 379.87 639.63 32537 499.66 A
400 14.50 0.809 0.788 1.39 1.68 2.14 508.86 84436 340.19 503.10 A

30P7L 50 12.88 1.021 1.015 0.53 2.89 1.74 430.07 898.97 319.45 537.68 B
100 12.89 1.019 1.011 0.76 2.82 2.29 579.85 1189.48 377.30 620.08 B
200 12.87 1.022 1.009 0.58 2.39 1.85 609.89 1209.09 437.89 728.37 B
400 12.90 1.017 0.989 1.31 2.04 1.66 592.06 1164.56 408.78 679.47 B

Figure 3. Observed failure modes for stabilized sand in triaxial tests.

A more linear stress-strain relationship is obtained up to
points close to maximum ratio between g and p' (¢/ p',,..)»
from this point, large plastic strains appear, leading to failure
and then to the critical state. Similar stress-strain behaviors
were obtained in other studies that investigated the
influence of stabilizers such as cement and pozzolan-lime
mixtures on the mechanical behavior of soil in triaxial tests,
indicating that the material investigated in this study is also
a cemented soil (Amini & Hamidi, 2014; Bagheri et al.,
2014; Keramatikerman et al., 2018; Li et al., 2015; Mola-
Abasi et al., 2020; Rios et al., 2014; Schnaid et al., 2001;
Sharma & Fahey, 2003; Vranna & Tika, 2020). Silva et al.
(2023) confirmed the formation of cementitious compounds
using the same mixture of PPW and lime.

Regarding the generation of pore pressure during the
test, the stabilized soil shows a contractive tendency, with

the emergence of a positive pore pressure peak. This phase is
followed by a dilatant tendency associated with the peak strength
(Figure 4b). Up to this point, the behavior is typical of dense
soils. With the advancement of strains, there is a reversal of
behavior and a new increase in pore pressure, culminating in
a stabilization or slightly ascending trend until the end of the
test. Thus, the last stage is associated with the destruction of the
soil structure after the failure point (Rios et al., 2014; Sharma
& Fahey, 2003; Vranna & Tika, 2020), which begins to show
contractive behavior, typical of pure loose sand that liquefies.

In contrast to that observed for pure sand, a well-defined
peak was obtained in the ¢/ p' ratio at small strains for
the stabilized sand (Figure 4c). The value of this parameter
increases rapidly until it reaches the peak, when it then
reduces to a residual plateau with a slight downward trend
until the end of the test. The stress path is initially marked by
a dilatant tendency until the failure point, when a significant
softening occurs and the behavior is inverted to a contractive
tendency, moving towards the Critical State Line (CSL)
of the pure sand (Figure 4d). The contractive tendency is
associated to the strain softening behavior presented by the
samples in the stress-strain graph after reaching the peak.

Dilatant behaviors were observed for all stabilized
sand mixtures as well as for pure sand in the medium dense
state. This means that even under low relative density, the
cementation caused by the incorporation of lime and PPW
can change the contractive tendency of the soil to dilatant,
like what occurs with the increase in densification.

In general, the stress-strain behavior of stabilized sand
is similar to that of a pure dense sand until the failure point is
reached, then the bonds break and the soil behaves similarly
to pure sand in the loose state.
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Figure 4. Effect of stabilization on dune sand response under ¢y =50 kPa .

3.1 Effect of the stabilizer content

The peak state is reached for average strain levels
up to 2.0% for 30P3L and 30P7L mixtures, and 5.0% for
10P3L and 10P7L mixtures. This indicates that an increase
in the cementation level, here assessed by peak strength,
reduces strains at failure. Samples with lower stabilizer
content, especially the 10P3L mixture, showed a more ductile
behavior with a smaller drop in post-peak strength, a fact
that according to Li et al. (2015) occurs when there is a low
level of cementation between the particles.

When compared to pure sand in loose state, it is noted
that stabilization is capable of increasing soil strength, with
the best performance being obtained for the mixture with
30% PPW and 7% lime which achieved increments of up
to 17 times. All the mixtures presented a better performance
than the medium dense sand. Thus, stabilization promoted
a performance gain greater than the increase in the relative
density of the soil.

To better evaluate the effect of stabilizer level on sand
response, the volumetric binder content parameter ( B;,)
(Equation 5) can be used, which relates the volume of binder
(PPW plus lime) to the total volume of the sample. This
parameter has already been efficiently used in other studies
to correlate the strength results of stabilized soil samples with
the level of stabilizer (Baldovino et al., 2020; Consoli et al.,
2020,2021). In Figure 5, the parameter B,, is related to the
maximum deviator stress in each test.

VetV
Vi

B

v

(&)

otal

An increase in the volumetric binder content, by the
increase in PPW and lime content separately or combined,
caused a tendency to increase the ¢,,,, , which shows that
these two components have a positive effect on the strength
of the stabilized soil. However, the performances of mixtures
30P3L and 10P7L for the confining stresses of 50 kPa, 100 kPa
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Figure 5. Influence of the volumetric binder content on the ¢, .

and 400 kPa are similar, which generates a central plateau in
the graph. This suggests that a reduction in the content of one
of the stabilizer components can balance the strength gain
obtained by increasing the content of the other component.
An increase in the parameter B;, tends to generate higher
levels of cementation and consequently higher strengths.
However, in a stabilizer formed by two components, the
parameter B;, cannot fully express the influence of each
one on soil performance and is therefore not recommended
for mixtures where the two contents change.

It is important to mention that the curve for the tests
with 100 kPa of confining stress does not follow a trend.
It is below the 50 kPa curve for sample 10P3L and above
the 400 kPa curve for sample 30P7L. Some hypotheses
could be the variability of the data, which was not treated
in triplicate, as well as the influence of bond breakage due
to the consolidation process which has a different impact
on each mixture.

Compared to loose sand, stabilization reduced the
contractive tendency of the soil in all mixtures. An increase
in the stabilizer content, either by increasing the PPW or
lime content, tends to increase the dilatant behavior of the
soil. Hydration products formed in cemented soils fill the
voids between grains, reducing the generation of positive
excess pore pressure in undrained tests.

3.2 Effect of the confining stress

The confining stress influence on the stress-strain
behavior of the stabilized sand can be seen in Figure 6,
which shows the results obtained for the 30P3L mixture.
There is a clear tendency for the strength to increase with
the confining stress. Figure 7 shows the variation of ¢,,,,
with the confining stress for the mixtures and the results
for loose pure sand obtained by Souza Junior et al. (2020).
Between 50 kPa and 200 kPa, for example, the ¢, value
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Figure 6. Confining stress effect on stabilized sand.
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for the 30P3L mixture increased from 609 kPa to 797 kPa,
representing an increase of 31%. An increasing trend was
obtained by Sharma & Fahey (2003) and Bellato et al., (2020)
and occurs due to an increase in the interaction between the
particles which increases the internal friction resistance.

However, the behavior is not unique, in other cases there
is a decrease or constancy in strength. Between 200 kPa and
400 kPa, for example, the mixture 30P7L practically maintains
the same performance. This may occur due to the breaking
of part of the bonds during the consolidation process, which
counterbalances the gains in strength resulting from the increase
in interparticle forces (Li et al., 2015; Mola-Abasi et al., 2020;
Sharma & Fahey, 2003; Vranna & Tika, 2020).

This can be corroborated by Figure 8 which shows the
variation of the void ratio at consolidation with the confining
stress for each mixture. For the tests with 400 kPa occurs
the largest variation in the void ratio for most mixtures,
which may cause greater breakage of the bonds. This also
suggests that 200 kPa is the yield stress of these materials.
The effect of the confining stress is greater in the case of pure
sand, represented by a steeper curve, which indicates greater
strength gains with increasing confining stress.

An increase in the confining stress caused a reduction in
the dilatant tendency. This can be attributed to a break in part
of the bonds between the particles during the consolidation
phase, making the response approach that of an uncemented
sand in the loose state.

3.3 Liquefaction potential

The liquefaction potential ( LP) of soils can be evaluated
by relating the initial confining stress ( o'5; ) with the effective
confining stress in the critical state ( o'y ;) through an index
represented by Equation 6 (Hussain & Sachan, 2019). While
positive values indicate a contractive tendency of the sample,
negative values are obtained for samples with dilatant behavior
where the final confining stress was higher than the initial
one. The variation of LP with the initial confining stress
for stabilized and pure sand is shown in Figure 9.

o'y — 0y
- (6)

LP=

The pure sand in loose state showed positive values of
LP, with a peak obtained for the test of 100 kPa, however
there is no clear relation to the confining stress. For the
medium dense sand, the values became negative, indicating
a reduction in the liquefaction potential.

The stabilized sand samples showed increasing LP
values with confining stress, with negative values up to ¢ ''s;
equal to 200 kPa for all the mixtures. This shows that the
treatment is efficient in reducing the liquefaction potential
especially at low confining stresses. For o';; equal to 400
kPa, only the 30P7L mixture presented a negative LP value.
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Figure 8. Variation of the void ratio after consolidation with
confining stress.
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Figure 9. Variation of the liquefaction potential for pure and
stabilized sand.

Thus, it can be inferred that an increase in the confining stress
has a negative effect, corroborating the hypothesis that the
consolidation process affected the soil structure.

Observing the curves of the mixtures 10P3L, 30P3L and
30P7L, there is a tendency of reduction of the liquefaction
potential with an increase in the addition contents, however,
the 30P3L mixture presented the highest LP value among
the mixtures. This may be related to a non-linear influence
of the fines on the liquefaction resistance of the soil, since
at low lime contents and high amounts of PPW, part of the
waste particles may not react chemically, working only with
a physical effect. The incorporation of non-plastic fines at
certain levels can reduce the liquefaction resistance of the
soil for samples produced under the same relative density
(Zhu et al., 2022).
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3.4 Failure envelope and strength parameters

Figure 10 shows the Mohr-Coulomb peak strength
envelopes for all the mixtures. The stabilized sand envelopes
are positioned above the pure soil envelopes. The strength gain
is attributed to an increase in the friction angle above 33.0°,
higher than that found for pure sand in the medium dense
state, approximately 30.5°, as well as to the emergence of a
considerable cohesion intercept, of up to 108.12 kPa in the
30P3L mixture, resulting from the bonds formed between the
particles (Table 5). With an increase in the cementing agent
content between the 10P3L, 10P7L and 30P3L mixtures,
an increase in the cohesion intercept occurred while the
friction angle remained practically unchanged. However,
for the 30P7L mixture there was a reduction in the cohesion
intercept and increase in the friction angle. This may have
been caused by variability in the performance of one of the
four samples that affects the adjustment of the strength curve.

As reported by Mohamedzein & Al-Rawas (2011),
cementation tends to produce small changes in the friction
angle of the soil and the emergence of a cohesion intercept,
which increases with cement content. Furthermore,
cementation induces cohesion especially by creating bonds
between particles. The friction angle can be altered by the
incrustations of the cementing agent that change the shape
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Figure 10. Peak strength envelopes of pure and stabilized sand.

Table 5. Peak strength parameters of pure and stabilized sand.

of the soil particles. Bagheri et al. (2014) found an increase
in both cohesion and peak friction angle with increasing
stabilizer content for soil samples with cement, lime and
rice husk ash at 28 days of curing. In any case, the tendency
is usually maintained with the increase in binder content, in
contrast to that presented by the 30P7L mixture.

For the mixtures with 3% lime, an increase in the PPW
content tends to increase the cohesion intercept. The same
happens for an increase in lime content for mixtures with
10% PPW. Thus, it can be inferred that an increase in the
content of any of the additions has a beneficial effect on the
strength parameters.

3.5 Critical state lines

As recognized by other authors (Porcino & Marciano,
2017; Schnaid et al., 2001; Vranna & Tika, 2020) the
determination of the true critical state in cemented soil
samples faces some experimental difficulties, especially
due to the concentration of strains that are observed in the
triaxial tests. The existence of a shear strain concentration
plane and changes in the contact area between the two parts
of the specimen make it difficult to stabilize the stresses. In
this study, the residual test conditions were considered for
the construction of the CSL both in the p':q and p':e
planes. In Figure 11, the CSL obtained for the stabilized sand
are presented, as well as the CSL referring to the pure sand
obtained by Souza Junior et al. (2020) in the p': g plane.

All the stabilized sand curves are positioned above the
pure sand curve, with a tendency to increase the slope with
the B, parameter, although the curves for the 10P7L and
30P3L mixtures are very close. According to Vranna & Tika
(2020), in the critical state, the structure of the cemented
soil present in the shear band is formed by fragments of the
cementing agent that were formed with the failure process,
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Figure 11. Critical state lines of pure and stabilized sand in the
p':q plane.
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as well as more granular particles with incrustations and
different shapes from those existing in the pure sand. Thus,
an increase in the cementation level tends to generate a
structure with superior frictional strength, which explains
an increase in the friction angle in the critical state.
According to Rios et al. (2014), the behavior of cemented
soil is governed by the performance of the cementing agent,
and subsequently by the fragments formed after failure. These
researchers also found the CSL for cemented soil to be steeper
than for pure soil. For Ajorloo et al. (2012), an increase in
particle roughness, due to the covering by the cementing agent
or bonds that remained even after failure, may contribute to
the increase in the slope of the CSL. Furthermore, this effect
is similar to that obtained with the incorporation of non-plastic
fines in the CSL of uncemented sands (Zhu et al., 2022).
Inthe p': e plane, the equation presented by Schofield &
Wroth (1968) was used to define the CSL for each composition.
The final states reached for each confining stress were plotted
together with the CSL obtained, to visualize the fit degree
(Figure 12). The data referring to the 400 kPa test for the
30P7L mixture was not used, as it is too far from what was
obtained in the other confining stresses. As in the p':g¢
plane, the stabilized sand curves remained above the pure
sand curve and are higher the greater the stabilizer content.
The critical state parameters M, ¢.., I' and A that were
obtained in the line fits in Figures 11 and 12 are presented
in Table 6. The increase in the value of M and ¢,, with sand
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Figure 12. Critical state lines of pure and stabilized sand in the
p' e plane.

Table 6. Critical state parameters of pure and stabilized sand.

Material M bes ° r A
Dune sand 1.267 31.50 0.726 0.03
10P3L 1.426 35.17 0.803 0.05
30P3L 1.538 37.74 0.981 0.09
10P7L 1.534 37.64 0.871 0.02
30P7L 1.654 40.41 1.028 0.01

stabilization is in agreement with other research on cement-
stabilized soils (Schnaid et al., 2001; Vranna & Tika, 2020).

4. Conclusion

In this research, the influence of the incorporation
of porcelain polishing waste and hydrated lime on the
undrained response of a dune sand was evaluated by means
of monotonic triaxial tests. The confining stress, lime content
and PPW content variables were combined and the response
was evaluated through the stress-strain behavior, stress path
and soil strength envelopes.

The stress-strain behavior of stabilized sand is marked
by a brittle response and dilatant trend until the material
failure, when its destructuring causes a reversion to a
contractive trend similar to that presented by pure loose
sand. An increase in the confining stress causes an increase
in soil performance and a reduction in the dilatant behavior,
resulting from the breakage of part of the bonds formed due
to the consolidation process.

Compared to pure sand, there was a gain in strength up
to 17 times, with an increase in the friction angle, higher than
that of medium dense sand, and the emergence of a cohesion
intercept up to 108.1 kPa, resulting from the cementation
between the particles. Although there is a tendency for
strength to increase with the B,, parameter, it has not proved
suitable for assessing situations where the contents of the
two components have varied in different directions.

Stabilization reduced the liquefaction potential of the
soil, but the effect of each addition on this parameter needs to
be further studied. The presence of unreacted fines may also
influence the undrained behavior of the soil. Furthermore,
the confining stress has a negative effect on the liquefaction
resistance of the stabilized soil. Finally, a superior frictional
strength in the critical state was obtained with an increase
in the cementation level.
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List of symbols and abbreviations

c' Cohesion intercept

d Effective diameter

ds, Mean diameter

e Void ratio

e, Void ratio at end of consolidation
e Initial void ratio

€, ~ Maximum void ratio

€pnin Minimum void ratio

p' Mean effective stress

q Deviator stress

q/ p' e Maximum ratio between g and p'

Gmar ~ Maximum deviator stress

B Pore water pressure coefficient
B, Volumetric binder content

C. Coefficient of curvature

CSL  Critical state line

C, Coefficient of uniformity

G, Specific gravity

L Lime content

LP Liquefaction potential
M Slope of CSLin p':g space

M, Total dry mass of the mixture
My Mass of lime particles
ML Low plasticity silt

Mg Mass of sand particles

Mp Mass of PPW particles
M, Mass of water
P PPW content

PPW  Porcelain polishing waste

R? Coefficient of determination
S Sand content
SP Poorly graded sand

Viww  Total volume of the sample

Va Dry unit weight

Au Excess pore water pressure

&, Axial strain

A Slope of CSL in e:log p' space
Ps Density of sand particles

Pr Density of lime particles

Pp Density of PPW particles

Lo Density of water

o' Normal effective stress

P Confining stress

o'y Initial effective confining stress
o'y, Final effective confining stress

T Shear stress

@' Internal friction angle

r Intercept of CSL in e:log p' space
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