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Abstract

Problematic expansive soils from the Guabirotuba Formation present engineering challenges, some of them are low shear strength
and high compressibility. This research addresses these problems by evaluating the mechanical behavior of this soil when stabilized
with lime-activated silica fume (SF) and reinforced with polypropylene fibers (PPF). The experimental program evaluated mixtures
containing 6-12% SF, 9% lime, and 0.5% PPF through unconfined compressive strength (UCS), splitting tensile strength (STS), and
consolidated undrained (CU) triaxial tests, alongside scanning electron microscopy (SEM). The main findings reveal that lime is essential
to activate the pozzolanic reaction of SF. The lime-SF blends form a Calcium Silicate Hydrate (C-S-H) matrix, significantly increasing
UCS and STS. While the inclusion of PPF slightly reduced peak STS and had a negligible effect on peak UCS, its primary contribution
was transforming the failure mode from brittle to ductile by bridging micro-cracks and preventing abrupt failure. Furthermore,
triaxial testing demonstrated that fiber reinforcement consistently increases effective cohesion (¢') but decreases the effective friction
angle (¢). SEM analysis corroborated these macroscopic findings, illustrating a densified matrix and strong fiber-matrix adhesion.
This study demonstrates that the synergistic use of lime, SF, and PPF enhances the mechanical stability and ductility of Guabirotuba
soil, which is relevant in geotechnical engineering applications such as pavement layers, embankments, and earth structures where
enhanced post-peak behavior and structural integrity are desirable.
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1 Introduction

Expansive and dispersive clays have long been the focus
due to their failure under precipitation or other moisture
conditions. These soils are also known for their infe-
rior engineering behaviors, such as their extremely high
compressibility and low shear strength. To improve their
mechanical properties, clays are recognized as having
satisfactory results when modified with calcium-based
cement agents, such as lime, cement, and fly ash [1-5].
The soil from the Guabirotuba Formation, predom-
inantly found in the Curitiba region of southern Brazil,
poses challenges to engineering projects [6]. These soils
are mainly classified as high-plasticity clays or high-plas-
ticity silts, characterized by a high natural moisture
content, a high plasticity index, and expansiveness [6].
Another problematic feature is its fractured structure and
a texture locally known as "sabdo de caboclo" (in English:

slippery clay), which becomes slippery when wet, thereby
compromising the stability of slopes and excavations [7].

To overcome these limitations, this research proposes
to explore the coupling effect of silica fume lime-acti-
vated and polypropylene fibers for stabilization of the pink
Guabirotuba soil. The aim is to evaluate the mechanical
behavior of a Guabirotuba soil stabilized with lime-acti-
vated silica fume (SF) and reinforced with polypropylene
fibers (PPF). This combination is not only soil improve-
ment but also aligns with the criteria of sustainability and
the reuse of industrial by-products like silica fume [8, 9].
The use of recycled materials enhances sustainability,
aligning with the Sustainable Development Goals (SDGs)
by promoting a circular economy [10, 11].

Lime, widely used for stabilizing clayey soils, modifies
their properties through cation exchange, flocculation, and
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pozzolanic reactions with the silica and alumina present
in the soil. When silica fume, a highly reactive by-prod-
uct of industry, is mixed with lime, it speeds up the for-
mation of calcium silicate hydrate (C—S—H) gels. This
effect makes the soil stronger, less plastic, and more dura-
ble [12—-14]. Concurrently, polypropylene fibers provide
complementary mechanical benefits, such as increased
tensile strength, improved ductility, and a reduction in
drying shrinkage [15-17].

Soil reinforcement using fibers randomly distributed
in the soil has been done with both natural and synthetic
material. The synthetic fibers are usually polypropylene,
polyester, polyethylene, glass, nylon, steel, and polyvi-
nyl alcohol [18]. It is known that the strength of fiber-re-
inforced soil increases with an increase in aspect ratio,
fiber content, fiber modulus, and soil-fiber surface fric-
tion. With respect to natural fibers, noteworthy materials
include bamboo, jute, coir, palm, sugarcane bagasse, rice
husks, sisal, and many others [17].

Mir Moayed et al. [19] investigated a kaolinite clay
soil stabilized with nano-silica and reinforced with hemp
fibers under freeze-thaw cycles. Mir Moayed et al. [19]
conducted unconfined compression strength tests and
determined that 1% of nano-silica yielded the maximum
improvement. The most successful ratio for increasing soil
strength in the 1% nano-silica was the inclusion of 0.4%
hemp fibers. The addition of hemp fibers and nano-silica
enhanced cohesion and friction among soil particles.

Recently, Zaid et al. [20] demonstrated that glass fiber
reinforcement significantly improves the fracture resis-
tance and crack propagation behavior of compacted clay
liners. They observed that a fiber content of 0.01% yielded
the optimal performance across different soil moisture
conditions. Dou et al. [16] investigated a local silty clay
soil reinforced with polypropylene fibers and compared
it with expanded polystyrene (EPS) granular content.
Unconfined compressive strength tests indicated a reduc-
tion in strength with increasing EPS content; yet, the addi-
tion of polypropylene fibers successfully mitigated this
decline, resulting in a maximum compressive strength of
1.93 MPa. Dou et al. [16] also performed freeze-thaw cycle
tests (—18 °C to 20 °C) and validated the material's superior
frost resistance, exhibiting markedly less strength loss.

Although previous studies have demonstrated the ben-
efits of calcium-based stabilizers, reactive silica additives,
and discrete fiber reinforcement for problematic soils, the
available literature remains limited regarding their com-
bined action in expansive residual soils, particularly in the
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Guabirotuba Formation, and their influences on the effec-
tive shear strength parameters.

To address this gap, the primary objective of this study
is to evaluate the synergistic effects of lime-activated silica
fume and polypropylene fibers on the mechanical behavior
and microstructural evolution of the expansive soil from the
Guabirotuba Formation. To achieve this, the specific objec-
tives are: determine the optimal silica fume dosage (6%,
9%, or 12%) activated with a fixed 9% lime content to max-
imize unconfined compressive strength (UCS) and split-
ting tensile strength (STS); assess the impact of 0.5% poly-
propylene fiber inclusion on the ductility and failure mode
of the stabilized matrix; evaluate the evolution of the effec-
tive shear strength parameters (¢’ and ¢') through consol-
idated undrained (CU) triaxial testing; and elucidate the
underlying chemical and mechanical stabilization mecha-
nisms via scanning electron microscopy (SEM) and ener-
gy-dispersive X-ray spectroscopy (EDS) analyses.

2 Materials
2.1 Soil
For this study, a sample of pink-colored natural soil
belonging to the Guabirotuba Formation was collected.
The sample was collected manually from the municipality
of Fazenda Rio Grande, Parana (PR), Brazil, at the coordi-
nates 25°41'44.5"S and 49°17'22.8"W.

The geotechnical properties of the natural Guabirotuba
soil are summarized in Table 1. According to the Unified

Table 1 Soil parameters

Parameters Value
Specific Gravity of Solids (G ) 2.591
CBR swell — mod. effort (%) 7.07
CBR soaked — mod. effort (%) 0.90
Gravel (> 2 mm) (%) 3.39
Coarse Sand (2—-0.6 mm) (%) 13.68
Medium Sand (0.6—0.2 mm) (%) 6.70
Fine Sand (0.2—-0.06 mm) (%) 15.99
Silt (0.06—0.002 mm) (%) 57.42
Clay (< 0.002 mm) (%) 2.81
Dy, (mm) 0.0594
D,, (mm) 0.0173
D,, (mm) 0.0049
Coefficient of Uniformity (C,) 12.060
Coefficient of Curvature (C) 1.022
Liquid Limit (LL) (%) 47.18
Plastic Limit (PL) (%) 32.67
Plasticity Index (PI) (%) 14.51
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Soil Classification System (USCS), the material is clas-
sified as a low-plasticity silt (ML). Despite the low clay
content, the soil exhibits plastic behavior, which can be
attributed to the influence of clay minerals. Recent com-
parative studies have demonstrated that this optical
method systematically underestimates the true fraction
of platy clay minerals when compared to traditional sedi-
mentation methods [21]. Consequently, while the particle
size yields an ML classification, the soil geomechanical,
plastic and expansive behaviors are fundamentally gov-
erned by its clay mineralogy.

The chemical composition is mainly SiO, and Al,O,
(Table 2), which are common in sedimentary soils.

Scanning electron microscopy (Fig. 1) reveals a loosely
packed fabric defined here as the arrangement of parti-
cles, particle groups, and pore spaces in the soil mass with
an irregular surface, where particles are in contact rather
than bonded. On the left side of Fig. 1 (a), fine and platy
aggregates are visible, while a possible larger angular quartz
grain is located on the right, along with general void spaces.

The EDS analysis (Table 3) confirms the mineralogi-
cal heterogeneity observed in Fig. 1. The elemental com-
position is predominantly composed of oxygen (O), alumi-
num (Al), and silicon (Si), identifying the main material
as an aluminosilicate matrix. Significant concentrations of
carbon (C) were detected at four of the five points analyzed,

Table 2 Chemical composition of silica fume, lime and soil (wt.%)
determined by X-ray Fluorescence (XRF)

Composition Soil Silica fume Lime
Sio, 57.32 88.24 1.26
CaO 0.856 7.511 73.02
AlO, 32.481 3.09 -

SO, 5.422 0.347 7.562
MgO - - 18.56
K,0 3.954 0.62 0.112
Fe,O, 0.224 0.02 0.04
TiO, 0.306 0.18 -

P,O - - 0.354
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Fig. 1 Micrographs of natural soil: (a) at 500 X magnification;
(b) at 1.0 kX magnification

Table 3 Energy Dispersive X-ray Spectroscopy (EDS) analysis of the soil

Pos. C O Al Ti Fe
1 - 64.53 12.48 13.14 3.93
2 9.73 58.81 14.68 15.67 1.11
3 8.77 64.74 12.11 12.99 0.96
4 9.39 53.6 15.47 16.83 4.46
5 9.1 62.07 12.01 12.6 4.03

suggesting the presence of organic matter distributed in the
mineral matrix. Iron (Fe) is present, probably in the form of
oxides, which would explain the pinkish color of the soil.

2.2 Silica fume

The silica fume (SF) was obtained in the local market under
the trade name of "Microsilica". This material is a fine grey
powder, composed essentially of silicon dioxide (SiO,). The
particle size distribution of silica fume, lime, and soil (Fig. 2)
was analyzed by BETTERSIZE/S3 PLUS equipment.

2.3 Lime

The lime is a CH-III dolomitic hydrated lime, commer-
cially available under the brand name "Hidra". Chemically,
it mainly consists of calcium hydroxide [Ca(OH),] and
magnesium hydroxide [Mg(OH),] (Table 2).

The X-ray diffraction (XRD) patterns, which show
the mineralogical compositions of the soil, lime, and sil-
ica fume, are presented in Fig. 3. In the soil, the analysis
primarily identified the presence of quartz and kaolinite,
with a low content of amorphous material or other phases.
Kaolinite is a common expansive mineral in red or pink
soils derived from igneous or metamorphic rocks. These
minerals are frequently found in the fine fractions of trop-
ical and subtropical soils in southern Brazil and are char-
acteristic of expansive soils [22].
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Fig. 2 Grain size distribution of soil, silica fume and lime
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Fig. 3 X-ray Diffraction (XRD) analysis of silica fume, lime and soil

2.4 Polypropylene fibers

In this study, polypropylene fibers (PPF) with dimensions
of 12 mm in length and 18 um in diameter, a specific mass
of 0.91 g/cm?, and a melting and ignition temperatures of
160 and 365 °C, respectively, were employed.

3 Method

Table 4 shows the different blends and contents carried out
for this study. The parameter selection was based on opti-
mizing the stability of the Guabirotuba soil. A range of
6% to 12% silica fume (SF) was chosen because, although
6% is a documented optimum for some clays [23], it may
require higher doses to achieve maximum strength [24].
A fixed content of 9% hydrated lime was selected for all sta-
bilized mixtures. The Initial Consumption of Lime (ICL)
reached a pH of 12.4 at 2% of lime, above this content, the
pH stabilizes at 12.5 with 7% of lime. The 9% hydrated
lime dosage was determined quantitatively based on ICL
and regional stabilization criteria for the Guabirotuba
Formation [25, 26], which also typically exhibits an ICL
between 3% and 5%. The 9% dosage ensures that, after
satisfying the soil’s immediate calcium demand for cat-
ion exchange and flocculation, a residual buffer of approx-
imately 4% to 6% of lime remains.

Table 4 Blend content and curing periods
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This excess is necessary to provide the high-pH environ-
ment and the free calcium ions required to activate the poz-
zolanic reaction of the high-surface-area silica fume, added
at proportions up to 12. For the polypropylene fibers (PPF),
a 0.5% content and 12 mm length were chosen, a combina-
tion that enhances ductility and crack control without nega-
tively affecting workability [27]. Lastly, modified compac-
tion energy was used to evaluate the maximum performance
of the mixtures in high-demand applications [28].

The samples were cured in insulated expanded polysty-
rene (EPS) chambers with water reservoirs and sealed with
EPS lids. This configuration created a stable, high-humid-
ity environment (with relative humidity close to 100%),
which kept moisture and allowed pozzolanic reactions.

3.1 Proctor test

A compaction test was conducted in all mixtures using the
modified effort method in accordance with ASTM D1557-
12(2021) standard [29] to determine the maximum dry
density (MDD) and the moisture content (OMC).

The compaction tests (Table 5) indicate that the addition
of silica fume (SF), lime, and polypropylene fibers (PPF)
modifies the soil's properties. Compared to the soil, which
has an optimum moisture content (OMC) of 15.00% and
a maximum dry density (MDD) of 1.79 g/cm?, all stabi-
lized mixtures showed a reduction in maximum dry unit
weight and an increase in optimum moisture.

The effect of the silica fume is progressive, as its con-
tent increases from 6% to 12%, the optimum moisture
content rises from 17.80% to 20.05%, while the maximum
dry unit weight decreases from 1.73 g/cm? to 1.66 g/cm?.
This behavior is attributed to the high specific surface area
of silica fume, which demands a higher amount of water to
properly lubricate the particles during compaction.

The incorporation of lime (mixtures S-SF6-L9 to
S-SF12-L9) accentuates this trend. The maximum dry unit

Table 5 Dry unit weight and optimum moisture content values

Sample SF (%) Lime (%) PPF (%) Curing (days) Sample OMC (%) MDD (g/cm?)
Soil 0 0 0 0 Soil 15.00 1.79
S-SF6 6 0 0 7-14-28 S-SF6 17.80 1.73
S-SF9 9 0 0 7-14-28 S-SF9 19.02 1.69
S-SF12 12 0 0 7-14-28 S-SF12 20.05 1.66
S-SF6-L9 6 9 0 7-14-28 S-SF6-L9 18.07 1.72
S-SF9-L9 9 9 0 7-14-28 S-SF9-L9 18.87 1.69
S-SF12-L9 12 9 0 7-14-28 S-SF12-L9 20.50 1.66
S-SF6-L9-PPF05 6 9 0.5 7-14-28 S-SF6-L9-PPF05 17.50 1.65
S-SF9-L9-PPF05 9 9 0.5 7-14-28 S-SF9-L9-PPF05 18.25 1.61
S-SF12-L9-PPF05 12 9 0.5 7-14-28 S-SF12-L9-PPF05 18.98 1.58




6»] 6 Gonzalez-Rodriguez et al.
Period. Polytech. Civ. Eng., 70(2), pp. 612-631, 2026

weight decreases because the lime induces flocculation of
the soil particles, creating a more open structure that is
consequently harder to densify.

Finally, the addition of polypropylene fibers (mixtures
S-SF6-L9-PPFO05 to S-SF12-L9-PPF05) causes the most
significant reduction in the maximum dry unit weight.
This is because the fibers act as a reinforcement that inter-
feres with the rearrangement and packing of the soil par-
ticles during the compaction process. Additionally, the
inherent low density of the fibers contributes to lowering
the overall unit weight of the mixture.

In summary, the behavior is due to two main mecha-
nisms: the replacement of soil particles with materials of
a lower unit weight, such as silica fume and polypropylene
fibers, and an alteration in the soil structure, where lime
induces flocculation and the polypropylene fibers create
a three-dimensional mesh that resists compaction.

3.2 Sample preparation and curing

For the unconfined compressive strength, splitting ten-
sile strength, and consolidated undrained (CU) triaxial
tests, cylindrical specimens with nominal dimensions of
50 mm in diameter and 100 mm in height were molded.
For each mixture type and curing time, four specimens
were molded, a number determined by a statistical analy-
sis to ensure a 95% confidence level.

For the molding procedure, first, the required amounts
of dry materials (soil, silica fume, and lime) were weighed
on a balance with a precision of 0.01 g. No formal
pre-compaction mellowing period was applied between
mixing and compaction. To ensure the uniform dispersion
of the polypropylene fibers and avoid segregation or the
formation of clumps, a multi-layer manual mixing proto-
col was adopted. Initially, the solid materials (natural soil,
silica fume, and lime) were completely homogenized in
a dry state; subsequently, the fibers were added gradually
in small increments, mixing simultaneously and continu-
ously by hand to ensure fiber separation. Finally, the nec-
essary amount of water was added, gradually, to reach the
optimum moisture content of the different mixtures. This
process was followed until a homogeneous composite.

All the specimens were molded under the optimum
moisture content and maximum dry density conditions
obtained from the modified energy compaction test.
An amount of each mixture was weighed, placed in the
mold in three layers of equal mass, and each layer was
statically compacted using a manual hydraulic press.
Finally, the specimens were demolded, wrapped in plas-
tic film, identified, and stored in polystyrene boxes at an

average ambient temperature of (23 + 3) °C until reaching
the corresponding curing times of 7, 14 and 28 days.

To ensure the quality of the process, the moisture con-
tent of each specimen was verified after rupture by drying
the material in an oven at 105 + 5 °C to a constant weight.
This verification confirmed that the sealed curing process
was effective, as the moisture content at the time of testing
remained within a +1% tolerance of the target Optimum
Moisture Content (OMC) established during molding for
each respective mixture. If the restrictions were not satis-
fied, the specimen was discarded.

3.3 Statistical analysis
The results underwent statistical treatment to determine the
uncertainty associated with the strength values. This analy-
sis considered both random errors, inherent to the variabil-
ity of the experimental process, and systematic errors, asso-
ciated with the precision of the equipment used. For each
experimental condition, four specimens were tested (N = 4).
In these tests, the mean strength and the sample standard
deviation were calculated as initial steps for the analysis.
The random uncertainty, represented by the standard
error of the mean (s, ), was calculated by dividing the
standard deviation (ap) by the square root of the num-
ber of samples (). To determine the confidence inter-
val, a 95% confidence level was considered, applying the
critical value from the Student's ¢-distribution (f), which
for three degrees of freedom is equal to 3.182. Thus, the
final error for the confidence interval was determined by
the product of Student's z-distribution () and the standard
error of the mean (g, ). This statistical estimation was
conducted in accordance with the ISO 2602:1980 stan-
dard [30]. Consequently, the significance of the difference
between the results was assessed by evaluating these con-
fidence intervals, the mechanical performance of differ-
ent mixtures is considered statistically different only when
their 95% confidence intervals do not overlap, providing
a clear criterion to distinguish actual material enhance-
ments from experimental scatter.

3.4 Triaxial test

To determine the shear strength parameters, consolidated
undrained (CU) triaxial compression tests were performed.
The equipment is a Geocomp LoadTrac-II, a triaxial
chamber, pressure and volume controllers, a strain-con-
trolled loading press, and a computational data acquisition
system, the setup of which can be seen in Fig. 4. The test
procedure was divided into the following stages: specimen
assembly, saturation, consolidation, and shearing.



Fig. 4 Triaxial test (CU) process

For the Consolidated Undrained (CU) tests, individual
specimens were evaluated at effective confining pressures
of 50, 100, 200, and 400 kPa to construct the failure enve-
lopes. Unlike the UCS and STS tests, replicates for each
confining pressure were not performed due to the extended
duration required for the saturation and consolidation
phases. The effective shear strength parameters (¢’ and ¢')
were determined through linear regression analysis of
the Mohr—Coulomb envelopes. The uncertainty of this fit
was assessed using the coefficient of determination (R?).
The linear regressions yielded R? values consistently
exceeding 0.95, indicating an adequate fit and low sensitiv-
ity of the derived parameters to experimental scatter.

In the assembly stage, the specimen was positioned on
the pedestal of the triaxial chamber with a porous stone
and filter paper at its base and top. It was then encased in
a rubber membrane to make it impermeable, the chamber
was subsequently sealed and filled with water. For satu-
ration, an upward flow of water was applied through the
specimen to remove air from its voids. The process was
monitored by applying back pressure until Skempton's
B-parameter reached a minimum value of 0.95, indicating
that the sample was saturated.

In the consolidation stage, each specimen was sub-
jected to a specific confining pressure. For each mixture,
four specimens were tested, each consolidated under
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a confining stress of 50, 100, 200, or 400 kPa. Finally,
in the shearing phase, the drainage valve was closed to
ensure undrained conditions, and an axial load (c,) was
applied at a constant strain rate of 1 mm/min until the
specimen failed. This specific shearing rate was selected
to align with testing standards for stabilized pavement
materials [31]. Due to the cementitious matrix, the sta-
bilized specimens exhibit semi-rigid behavior and higher
initial permeability than natural pure clays. The mainte-
nance of undrained conditions and adequate pore pres-
sure equalization within the specimen were verified
through the continuous and stable measurement of the
excess pore water pressure at the sample throughout the
shearing phase, which allowed for the calculation of the
effective principal stresses.

3.5 Microstructural characterization (SEM/EDS)

Scanning Electron Microscopy (SEM) and Energy-
Dispersive X-ray Spectroscopy (EDS) were used to qual-
itatively investigate the microstructural and elemental
changes induced by stabilization. Representative mixtures
containing 9% silica fume (S-SF9, S-SF9-L9, and S-SF9-
L9-PPF05) were analyzed after 7, 14 and 28 days of sealed
curing. Representative fragments were collected from the
internal region of the specimens, carefully fractured to
expose fresh surfaces, mounted on holders, and gold-coated
prior to imaging. SEM observations were performed at 500
and 1,500x magnification, and EDS was used to obtain
qualitative elemental information from the analyzed areas.

4 Experiment results

4.1 Unconfined compressive strength and splitting
tensile strength tests

The addition of silica fume (SF) alone resulted in a decrease
in mechanical strength for both UCS and STS when com-
pared to the soil (Tables 6 and 7, and Fig. 5). Without an

Table 6 Mean values (kPa) of the UCS (g,), with corresponding 95% confidence intervals and coefficients of variation (COV)

Sample 0 days (kPa) 7 days (kPa) 14 days (kPa) 28 days (kPa)
Soil 1197 + 101 (5.3%) - - -

S-SF6 - 1113 + 80 (4.52%) 1016 + 83 (5.13%) 1071 + 104 (6.10%)
S-SF9 - 907 + 95 (6.58%) 911 £ 76 (5.25%) 910 + 97 (6.7%)
S-SF12 - 832 £ 114 (8.59%) 831 + 64 (4.84%) 819 + 107 (8.22%)
S-SF6-L9 - 1658 + 151 (5.73%) 1775 + 74 (2.62%) 1804 + 43 (1.5%)
S-SF9-L9 - 1652 + 50 (1.90%) 1777 + 66 (2.33%) 1894 + 56 (1.86%)
S-SF12-L9 - 1571 + 100 (4.00%) 1717 £ 73 (2.67%) 1875 + 109 (3.66%)

S-SF6-L9-PPF05
S-SF9-L9-PPF05
S-SF12-L9-PPF05

1591 + 75 (2.96%)
1584 + 100 (3.97%)
1785 + 57 (2.01%)

1678 = 34 (1.27%)
1790 = 30 (1.05%)
1906 + 137 (4.52%)

1884 % 62 (2.07%)
1875 + 33 (1.11%)
1920 + 41 (1.34%)
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Table 7 Mean values (kPa) of the STS (g,), with corresponding 95% confidence intervals and coefficients of variation (COV)

Sample 0 days (kPa) 7 days (kPa) 14 days (kPa) 28 days (kPa)
Soil 611 £ 49 (5.04%) — - -

S-SF6 - 423 +£21 (3.12%) 420+ 36 (5.39%) 441 + 32 (4.56%)
S-SF9 - 409 £ 45 (6.91%) 442 + 31 (4.4%) 420 + 19 (2.84%)
S-SF12 - 375 +£43 (7.21%) 372 +35 (5.91%) 392+ 12 (1.92%)
S-SF6-L9 - 891 + 49 (3.46%) 1015 + 72 (4.47%) 1051 £ 96 (5.74%)
S-SF9-L9 - 859 + 113 (8.27%) 1029 + 46 (2.81%) 1294 + 112 (5.44%)
S-SF12-1L9 - 799 + 39 (3.07%) 1123 + 66 (3.7%) 1325 + 76 (3.61%)
S-SF6-L9-PPF05 - 817 + 44 (3.42%) 893 + 10 (0.7%) 989 + 67 (4.26%)
S-SF9-L9-PPF05 - 813 + 32 (2.48%) 852 + 28 (2.07%) 982 + 81 (5.18%)
S-SF12-L9-PPF05 - 848 + 37 (2.75%) 875 + 73 (5.24%) 1002 £ 91 (5.71%)
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Fig. 5 Multifactorial box plots of the: (a) UCS results; (b) STS results

alkaline activator, the silica fume acts as an inert filler whose providing the necessary alkalinity and calcium ions to ini-
fine particles interfere with the inter-particle friction of the tiate a pozzolanic reaction with the amorphous silica. This
soil, thereby weakening its internal structure rather than reaction forms a Calcium Silicate Hydrate (C—S—H) matrix

providing a cementitious bond. As a pozzolanic material, that binds the soil particles, leading to a significant increase
silica fume requires a high-pH environment and a source of in both compressive and tensile strength over time. The
calcium to react and form strengthening compounds, condi- highest STS was achieved in the S-SF12-L9 mixture (12%
tions that are not met when it is added in isolation. SF, 9% lime) with a value of (1325 £ 76) kPa, while the

In contrast, the inclusion of lime was the factor for highest UCS was observed in the S-SF12-L9-PPF05 mix-
strength development. Lime acts as a chemical activator, ture (12% SF, 9% lime, 0.5% PPF) at (1920 + 41) kPa.



Regarding the effect of polypropylene fibers (PPF) on
the splitting tensile strength (g,), the results presented in
Table 7 indicate that the inclusion of 0.5% PPF does not lead
to a uniform or statistically substantial reduction in peak
strength across the evaluated mixtures. For instance, while
the S-SF12-L9-PPF05 mixture at 28 days shows a numeri-
cal value of 1002 £ 91 kPa compared to the 1325 + 76 kPa
of the unreinforced S-SF12-L.9 mixture, in most other con-
figurations and curing ages, the variations remain within
the experimental dispersion margins. This suggests that
the fibers do not significantly alter the ultimate tensile
capacity of the stabilized soil. The primary contribution
of the PPF is observed in the post-peak regime (Fig. 6 (a)
and (b)); while unreinforced specimens exhibit brittle fail-
ure with an immediate loss of load-bearing capacity, the
fiber-reinforced specimens maintain structural integrity
through a crack-bridging mechanism (Fig. 6 (b)). This tran-
sitions the failure mode towards a ductile behavior, which
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is a more significant mechanical enhancement than the
marginal variations observed in the peak g, values.

This change in failure mode is visually confirmed in
Fig. 7. The unreinforced specimens failed catastrophically
(Fig. 7 (a)), shattering under compression (bottom) and
splitting completely in two under tension (top). In contrast,
the fiber-reinforced specimens seemed unbroken after fail-
ure. Although cracked, they are held together by the fibers,
which bridge the cracks and prevent complete separation.
This enhancement of ductility is a known benefit of using
PPF in Guabirotuba soil, preventing the abrupt failures
typical of chemically stabilized soils [32, 33].

It is acknowledged that the UCS and STS tests were per-
formed on unsaturated specimens, where matric suction
contributes to the apparent strength. However, all speci-
mens were molded and tested at comparable moisture con-
tents and densities relative to their specific compaction
curves. Therefore, the observed trends and the relative
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Fig. 6 Typical stress-strain curves of: (a) Unreinforced and fiber-reinforced in UCS test; (b) Unreinforced and fiber-reinforced in STS test

Fig. 7 Failure modes of specimens from STS (top) and UCS (bottom) tests: (a) Unreinforced; (b) Fiber-reinforced
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improvement ratios provided by the stabilizers remain valid
indicators of performance. Furthermore, the strength gains
were subsequently validated under saturated conditions in
the Consolidated Undrained (CU) triaxial tests, confirm-
ing that the improvements are due to hydraulic cementation
and fiber reinforcement rather than suction alone. The UCS
and saturated CU triaxial datasets do not permit a rigorous
quantitative determination of matric suction.

The mechanical improvements achieved with the lime-
SF-PPF ternary system are consistent with other studies.
While other approaches evaluate 10% pumice powder for
the long-term enhancement of contaminated clays [34], or
the stabilization of oil-contaminated soils [35], the method
proposed in this study demonstrates a significant acceler-
ation in strength gain. Specifically, the lime-SF specimens
achieved approximately 90% of their 28-day unconfined
compressive strength within the first 7 days of curing.

This contrasts with stabilization using pumice powder,
which is characterized by a slower pozzolanic reaction
and requires extended curing periods, up to one year, to
reach full microstructural maturation [34]. Furthermore,
the addition of polypropylene fibers addresses the brittle
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failure, ensuring a ductile response that is not often found
in stabilization alternatives.

4.2 Triaxial tests

The results of the consolidated undrained (CU) triaxial
tests for the soil and the stabilized mixtures are presented
in Figs. 8 to 11. Tests were conducted under confining
pressures (o) of 50, 100, 200 and 400 kPa. A summary of
the effective shear strength parameters, cohesion (c¢') and
friction angle (¢"), is provided in Table 8.

The inclusion of polypropylene fibers (PPF) resulted in
an increase in effective cohesion (¢’) and a reduction in
the effective friction angle (¢") compared to unreinforced
specimens. The increase in ¢'is attributed to the mobiliza-
tion of tensile strength in the fibers through crack-bridg-
ing, which provides an internal confinement that restricts
lateral expansion. Micromechanically, the decrease in ¢’
occurs because the polymeric surface of the fibers pres-
ents a lower frictional resistance than the cemented soil
grains, interfering with inter-particle interlocking along
the shear plane. This reduction is substantiated by the dila-
tion behavior observed in the CU tests. Under undrained
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Fig. 8 Results of the Consolidated Undrained (CU) triaxial test for a soil sample compacted using modified effort: (a) Total and effective stresses
path in the p-g plane; (b) Mohr—Coulomb effective stress circles and failure envelope; (c) Deviator stress versus axial strain; (d) Excess pore pressure

versus axial strain
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Fig. 11 Stress-strain behavior of mixtures: (a) S-SF12-L9; (b) S-SF12-L9-PPF05

Table 8 Triaxial CU test results for soil and blends

Sample ¢’ (kPa) ' (°)
Soil 27.89 32.96
S-SF6-L9 196.32 43.76
S-SF9-L9 212.62 37.73
S-SF12-L9 318.77 37.33
S-SF6-L9-PPF05 325.50 30.54
S-SF9-L9-PPF05 332.22 27.47
S-SF12-L9-PPF05 283.16 31.65

conditions, dilative tendency is evaluated through excess
pore water pressure (Au). As shown in the pore pres-
sure responses (Figs. 12 to 14), fiber-reinforced speci-
mens generated less negative excess pore pressure com-
pared to unreinforced mixtures. This attenuated negative
pore pressure indicates a lower tendency of the reinforced
matrix to dilate during shear. A reduced dilation tendency
inherently correlates with a lower effective friction angle.

The triaxial results suggest a change in dilative tendency
among the mixtures. The unreinforced stabilized blends
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Fig. 12 Pore pressure response vs. axial strain for mixtures: (a) S-SF6-L9; (b) S-SF6-L9-PPF05
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Fig. 14 Pore pressure response vs. axial strain for mixtures: (a) S-SF12-L9; (b) S-SF12-L9-PPF05

(e.g., ¢' = 43.76° for S-SF6-L9), which exhibited steeper lower peak effective friction angles (ranging from 27.47°
effective strength envelopes, also generated more pro- to 31.65°) and reduced negative pore pressure generation,
nounced negative excess pore pressures during CU shear- suggesting that the fibers modified the shear mechanism by
ing, indicating a stronger dilative tendency of the cemented reducing the relative contribution of dilation and increas-
matrix. In contrast, the fiber-reinforced mixtures showed ing the apparent cohesive component. This interpretation



is qualitative, as no independent critical-state friction angle
or explicit dilation angle was determined.

Regarding parameter fitting, it is important to note that
for the more ductile responses observed in fiber-reinforced
mixtures, the peak deviator stress was defined at the point
of maximum resistance even if the failure was not abrupt.
In cases where a clear peak was not reached, the stress at
15% axial strain was selected as the failure criterion. This
criterion ensures consistency in the Mohr—Coulomb fit
while acknowledging the sensitivity of the derived parame-
ters to the selected stress range and the increased ductility.

Furthermore, while the increase in ¢’ reflects the phys-
ical tensile reinforcement of the fibers acting on the
cemented matrix [36], its magnitude is partially an artifact
of the linear Mohr—Coulomb envelope fitting over the lim-
ited confining stress range evaluated (50 to 400 kPa). Since
the true failure envelope of fiber-reinforced cemented
soils typically exhibits non-linearity at very low confining
stresses, linear extrapolation from this stress range may
overestimate the true effective cohesion intercept.

The soil exhibited predominantly ductile, strain-harden-
ing behavior, as shown in the test results summarized in
Fig. 8. It did not show a well-defined peak strength; instead,
it mobilized increasing resistance at axial strains greater
than 8%. Throughout the shearing phase, the soil consis-
tently generated positive excess pore pressure, indicating
a contractive tendency under load. Its effective strength
envelope was defined by ¢’'=27.89 kPa and ¢' = 32.96°.

Saran and Demirdz [37] investigated geopolymer-stabi-
lized soil using a combination of lime, fly ash, silica fume,
and basalt fibers. The authors carried out UCS and desic-
cation cracking tests at different additive contents. Saran
and Demirdz [37] observed that fiber inclusion improves
strength up to an optimal content, beyond which perfor-
mance may decrease due to fiber clustering.

Syed et al. [38] also evaluated stabilized soil reinforced
with treated fibers, combining experimental testing with
machine learning-based prediction of strength parameters
such as UCS, CBR, and consolidation. The authors uti-
lized a local low plasticity clay, coal ash, silica fume, and
banana fibers treated with alkaline solutions. The results
confirmed that fiber reinforcement played a dominant role,
improving ductility and post-peak behavior.

In contrast, all lime and silica fume-stabilized mixtures
(S-SF6-L9 to S-SF12-L9) displayed a stiffer response, fail-
ing at much lower axial strains, typically between 2% and
5%. A key distinction from the soil was their dilatant behav-
ior, characterized by the generation of negative excess pore
pressure during shear, which increases the effective stresses.
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This evidence indicates that the cementitious matrix formed
by the stabilizers must expand volumetrically to fail.

The primary influence of the polypropylene fibers (PPF)
was on the post-peak behavior and the shear strength param-
eters. A comparative analysis of the stress-strain curves
(Figs. 9 to 11) shows that while the unreinforced mixtures
(S-SF6-L9, S-SF9-L9, S-SF12-L9) exhibited a brittle failure
with a sharp drop in strength after the peak, the correspond-
ing fiber-reinforced mixtures (S-SF6-L9-PPFO05, S-SF9-1.9-
PPF05, and S-SF12-L9-PPF05) displayed a more ductile
response, maintaining a significant residual strength.

This change in behavior is also reflected in the pore
pressure response (Figs. 12 to 14). The fiber-reinforced
samples generally showed a more attenuated generation of
negative pore pressure, suggesting that the fibers help to
control the volumetric expansion during shear.

To understand the failure mechanisms and the transition
from contractive to dilative behavior, the total and effec-
tive stress paths in the p-¢g plane were analyzed. Figs. 15 to
17 present the stress paths for the mixtures containing 6%,
9% and 12% silica fume, respectively, comparing the unre-
inforced and fiber-reinforced conditions. During the initial
stages of shearing, the effective stress paths (solid lines)
for all stabilized mixtures migrate to the left. This indicates
a contractive tendency accompanied by the generation of
positive excess pore water pressure. As shearing progresses,
the stress paths reach a distinct inflection point, known as the
Phase Transformation State (PTS). At this point, the contrac-
tive behavior ceases, and the material begins to dilate, caus-
ing the stress paths to reverse direction and migrate to the
right due to the generation of negative pore water pressure.
When comparing the unreinforced and fiber-reinforced mix-
tures, the analysis reveals that the addition of polypropylene
fibers (PPF) does not significantly alter the initial location of
the PTS. This indicates that the onset of dilation is primar-
ily governed by the stiffness of the cemented matrix (lime
and silica fume). However, the fibers noticeably modify the
stress path trajectory after the PTS point.

For the unreinforced mixtures (e.g., S-SF9-L9), the
effective stress path climbs steeply after the PTS to reach
a sharp peak strength, corresponding to a high effective
friction angle. In contrast, for the fiber-reinforced mixtures
(e.g., S-SF9-L9-PPF05), the post-PTS trajectory is attenu-
ated. The fibers actively restrain the volumetric expansion
through a tensile crack-bridging mechanism. This internal
restriction alters the stress path slope near failure, allow-
ing the material to mobilize a higher apparent cohesion (c’)
while flattening the overall failure envelope, which explains
the reduction in the effective friction angle (¢"). Ultimately,
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all stabilized mixtures fail in a dilative state, but the PPF
inclusion stabilizes this terminal dilative phase, providing
the observed ductility. The peak failure states extracted
from these stress paths are summarized by the effective
failure envelopes in the p’-q plane (Fig. 18).

Analysis of the Mohr—Coulomb failure envelopes
(Figs. 19 and 20) and the data in Table 8 reveals a trend
regarding the strength parameters. The addition of fibers
consistently led to an increase in effective cohesion (¢') but
a decrease in the effective friction angle (¢'). For instance,
comparing mixture S-SF9-L9 (¢’ =212.62 kPa, ¢' =37.73°)
with S-SF9-L9-PPF05 (¢’ = 332.22 kPa, ¢' = 27.47°), the
cohesion increased while the friction angle was reduced.

This result suggests that the fibers contribute a tensile
reinforcement mechanism that manifests as an apparent
cohesion, but their presence may interfere with the par-
ticle-to-particle contact that governs frictional resistance.
The overall strength envelopes, presented in the 7-¢” space
in Figs. 19 and 20, summarize how the unreinforced mix-
tures tend to have a higher dependency on confining pres-
sure (steeper slope), whereas the fiber-reinforced mixtures
show a higher cohesion intercept.

While the standard CU triaxial tests provided the fun-
damental shear strength parameters for the stabilized mix-
tures, it is relevant to contextualize these results within
the limitations of the testing apparatus. Standard triaxial
tests impose fixed principal stress directions and bound-
ary restraints at the end platens, which can influence the
localized failure mechanisms. Literature evaluating tor-
sional shear testing, such as the study by Khayat [39] on
sandy soils under comparable confining stresses (100 to
400 kPa), demonstrates that the continuous rotation of
principal stresses and inherent anisotropy influence the
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Fig. 18 Effective failure envelopes in the p’-¢ plane for the natural and
stabilized soil
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volumetric behavior and shear response of granular materi-
als. Although the cemented matrix of the lime-SF stabilized
Guabirotuba soil limits the localized boundary effects typ-
ically observed in uncemented sands, the potential aniso-
tropic yielding under complex stress paths remains a vari-
able. Therefore, the derived ¢’ and ¢’ parameters represent
the macroscopic envelope under fixed principal stresses,
whereas torsional loading could offer further insights into
the anisotropic response of the fiber-reinforced composite.

Finally, it is important to acknowledge a limitation
regarding the specimen preparation method and its influ-
ence on the mechanical response. The specimens were
statically compacted in horizontal layers, a process known
to induce a preferential horizontal orientation of the ran-
domly distributed polypropylene fibers. Consequently,
the stabilized composite inherently exhibits an anisotro-
pic structure. Under standard triaxial loading, where the
major principal stress (g,) is applied vertically, the shear
failure plane develops at an angle relative to the horizontal
plane. While the horizontally aligned fibers successfully
intersect these shear planes, as evidenced by the transition



626 Gonzalez-Rodriguez et al.
Period. Polytech. Civ. Eng., 70(2), pp. 612-631, 2026

to ductile behavior and the significant increase in appar-
ent cohesion (c'), the derived strength parameters repre-
sent this specific anisotropic condition. The structural per-
formance of the material under different principal stress
directions may vary due to this fiber alignment.

4.3 Microstructural analysis (SEM/EDS)

The microstructure of the mixture containing only
soil and 9% SF is presented in Fig. 21. The micrograph
reveals a porous and granular structure with no evidence
of a cementing matrix, even after 28 days of curing. The
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corresponding EDS analysis, detailed in Table 9, con-
firms a near-total absence of available calcium. This lack
of an alkaline activator prevents the pozzolanic reaction,
explaining why no significant cementitious products were
formed and, consequently, why no strength gain was
observed in the mechanical tests.

The addition of 9% lime fundamentally transformed the
material, as shown in Fig. 22. The micrograph displays a vis-
ibly denser and more homogeneous matrix, which is consis-
tent with the expected pozzolanic interaction between the
lime and the SF. This densification suggests the development
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Fig. 21 SEM morphological analysis of the soil and 9% silica fume mixture at: (a) 7 days of curing (500x—1,500% magnification); (b) 14 days of

curing (500x-1,500x magnification); (c) 28 days of curing (500x—1,500x magnification)

Table 9 Analysis by Energy-Dispersive X-ray Spectroscopy (EDS) of the soil and 9% silica fume mixture at at 7, 14, and 28 days of curing

Pos. C O Al Si Fe
6 - 59.63 16.15 21.43 2.06
7 11.36 59.52 13.32 14.5 1.03
8 6.71 58.73 16.61 17.3 0.65
9 - 61.32 16.35 19.31 23
10 - 57.65 13.1 27.48 1.22
11 - 61.03 15.62 19.12 371
12 6.78 54.21 17.93 19.59 1.5
13 9.15 62.09 13.07 14.12 1.57
14 7.99 63.31 13.06 14.04 1.6
15 - 53.17 18.43 24.87 31
16 - 57.8 11.94 26.62 2.38
17 - 56.23 18.15 20.5 3.26
18 - 60.56 9.52 28.39 0.89
19 - 42.46 11.67 13.43 31.34
20 - 48.29 0.33 49.93 0.24
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Fig. 22 SEM morphological analysis of the soil, 9% silica fume, and 9% lime mixture at: (a) 7 days of curing (500%—1,500% magnification);
(b) 14 days of curing (500x—1,500x magnification); (c) 28 days of curing (500x—1,500x magnification)

of cementitious bonding products that fill voids and improve
particle interconnection. The EDS results (Table 10) are an
indirect evidence of microstructural densification associated
with stabilization. Definitive phase characterization would
require more specific analytical techniques, such as quanti-
tative XRD or solid-state NMR.

This microstructural densification is the fundamental
mechanism driving not only the enhanced unconfined com-
pressive strength but also the expected long-term durability

of the stabilized matrix. As the C—S—H gels bridge the pore
spaces and encapsulate the soil particles, the composite
becomes resistant to structural degradation over time. These
observations align with recent durability-microstructure
studies. For instance, Nasiri et al. [35] demonstrated that the
progressive precipitation of cementitious gels in lime-sta-
bilized soils governs their long-term performance and
resistance to weathering over extended periods. Similarly,
Li et al. [40] highlighted that the continuous formation of

Table 10 Analysis by Energy-Dispersive X-ray Spectroscopy (EDS) of the mixture of soil, 9% silica fume and 9% lime at 7, 14, and 28 days of curing

Pos. C (0] Mg Al Si Fe

21 - 61.43 1.57 13.31 16.89 2.38
22 25.27 44.33 9.6 3.55 4.35 0.77
23 7.69 58.74 0.18 15.48 16.85 0.92
24 11.58 47.67 0.75 13.41 17.33 2.55
25 - 63.85 1.6 271 24.96 0.63
26 - 62.57 2.83 13.09 15.03 2.89
27 17.81 59.36 9.71 1.85 2.28 0.48
28 - 62.85 2.34 12.94 14.36 4.16
29 8.83 54.05 0.32 16.48 18.42 1.57
30 - 59.28 1.77 15.96 17.98 2.61
31 - 64.16 - 15.82 18.47 1.12
32 - 60.41 1.42 13.1 20.53 2.56
33 10.66 57.31 - 0.53 31.35 0.16
34 - 63.85 0.8 15.37 17.2 2.22
35 10.7 39.55 - 20.09 2597 3.12
36 10.52 42.52 0.58 18.46 22.12 471
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C-S-H and C-A-S-H products significantly bolsters the
durability and structural integrity of stabilized clays even
under varying environmental and temperature conditions.

Finally, the interaction between the polypropylene fibers
(PPF) and the stabilized matrix is illustrated in Fig. 23. The
micrograph shows a fiber filament well-embedded within
the dense matrix formed by the soil, lime, and SF. There
is evidence of good adhesion at the fiber-matrix interface,
which is crucial for the effectiveness of the reinforcement.
This strong bond allows for the transfer of stresses across
micro-cracks, which explains the transition from brittle to
ductile behavior observed in the mechanical tests. As noted
by Tang et al. [36], the strength of this soil-fiber interface is
a controlling factor; in cemented soils, the accumulation of
hydration products like CSH on the fiber surface creates a
stronger bond than that found in unstabilized soil. The EDS
data for this blend is provided in Table 11.

5 Conclusions
Based on the results obtained from the UCS, STS, CU tri-
axial, and SEM/EDS analyses, the following conclusions
can be drawn regarding the stabilization of the Guabirotuba
soil with lime, silica fume, and polypropylene fibers:
* The addition of silica fume (SF) alone was detrimen-
tal to the soil's mechanical properties, causing a con-
sistent decrease in both Unconfined Compressive

Strength (UCS) and Splitting Tensile Strength (STS).
The inclusion of lime was a critical factor for stabi-
lization; it acted as a chemical activator, enabling
the pozzolanic reaction to form a Calcium Silicate
Hydrate (C—S—H) matrix that bound the soil parti-
cles and led to significant gains in both compressive
and tensile strength.

The primary contribution of the polypropylene fibers
(PPF) was not to the peak strength but to the mate-
rial’s ductility and post-peak behavior. The addition
of fibers had an insignificant effect on peak UCS and
resulted in a decrease in peak STS. However, the
fibers fundamentally changed the failure mode from
brittle to ductile in both test types. This conclusion
was confirmed by the stress-strain curves, which
showed a gradual reduction in post-peak resistance,
and by the visual state of the specimens after failure,
where fibers prevented catastrophic shattering and
maintained structural integrity.

In the consolidated undrained (CU) triaxial tests, all
stabilized mixtures exhibited significantly higher
shear strength properties than the soil. The addi-
tion of PPF consistently resulted in an increase in
the effective cohesion (c¢’) but a decrease in the effec-
tive friction angle (¢'). The highest effective cohesion
of 332.22 kPa was recorded in the S-SF9-L9-PPF05
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Fig. 23 SEM morphological analysis of the soil, 9% silica fume, 9% lime, and 0.5% polypropylene fibers mixture at: (a) 7 days of curing (500x—
1,500% magnification); (b) 14 days of curing (500%—1,500% magnification); (c) 28 days of curing (500%—1,500% magnification)
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Table 11 Energy Dispersive X-ray Spectroscopy (EDS) analysis of the mixture of soil, 9% silica fume, 9% lime and 0.5% polypropylene fibers at 7,

14, and 28 days of curing

Pos. C (0) Al Si Ca Fe
37 - 59.92 14.14 16.23 2.56 5.28
38 23.36 25.57 10.27 12.41 0.63 26.81
39 - 67.96 11.17 11.28 0.35 2.1
40 - 63.49 15.4 16.83 0.49 3.65
41 - 56.24 14.75 20.58 4.5 3.52
42 77.04 19.78 0.85 1.21 0.29 0.58
43 - 56.88 14.89 18.09 3.67 3.62
44 - 54.81 19.92 23.43 0.44 1.16
45 - 56.15 12.81 14.59 1.2 14.75
46 12.72 46.4 16.43 18.35 2.53 2.52
47 - 60.74 15.91 18.24 2.57 1.48
48 - 56.1 17.77 21.84 1.45 2.09
49 - 59.31 11.39 20.58 4.27 2.09
50 - 62.57 8.2 23.14 3.88 0.68
51 - 62.94 13.49 14.06 0.37 1.17
52 - 60.27 10.74 1473 4.93 6.4
53 - 65.29 6.11 23.52 2.21 1.04
54 - 54.97 11.51 15.62 6.27 7.1
blend, a substantial increase from the soil's 27.89 kPa. this dense matrix, demonstrating good adherence at
This suggests the fibers contribute to a reinforcement the fiber-matrix interface, which is the mechanism
mechanism that manifests as apparent cohesion but responsible for the observed ductility.
may interfere with the interparticle friction.
* The microstructural analyses (SEM/EDS) provided Acknowledgement
visual confirmation of the mechanical behavior. The authors are thankful to the Federal University
The micrographs showed that mixtures with only of Technology Parand and the financial support that
SF retained a porous, unreacted granular structure. Coordination provided for the Improvement of Higher
In contrast, the addition of lime produced a dense, Education Personnel (CAPES). The authors acknowledge
homogeneous CSH matrix. In the reinforced blends, the use of an Al-based tool for spelling checks during the
the fibers were observed to be well-embedded within preparation of this manuscript.
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