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Abstract: This study shows the influence of the inclusion of abaca fiber (Musa Textilis) on the
coefficients of consolidation, expansion, and compression for normally consolidated clayey silt organic
soil specimens using reconstituted samples. For this purpose, abaca fiber was added according to the
dry mass of the soil, in lengths (5, 10, and 15 mm) and concentrations (0.5, 1.0, and 1.5%) subjected
to a curing process with sodium hydroxide (NaOH). The virgin and fiber-added soil samples were
reconstituted as slurry, and one-dimensional consolidation tests were performed in accordance with
ASTM D2435. The results showed a reduction in void ratio (compared to the soil without fiber) and
an increase in the coefficient of consolidation (Cv) as a function of fiber concentration and length,
with values corresponding to 1.5% and 15 mm increasing from 75.16 to 144.51 cm2/s. Although no
significant values were obtained for the compression and expansion coefficients, it was assumed that
the soil maintained its compressibility. The statistical analysis employed hierarchical linear models to
assess the significance of the effects of incorporating fibers of varying lengths and percentages on
the coefficients, comparing them with the control samples. Concurrently, mixed linear models were
utilized to evaluate the influence of the methods for obtaining the Cv, revealing that Taylor’s method
yielded more conservative values, whereas the Casagrande method produced higher values.

Keywords: natural fiber; abaca fiber; fiber-reinforced soil; one-dimensional consolidation test; soil
improvement

1. Introduction

The incorporation of fibers in the enhancement of materials has a longstanding history,
such as the use of fibers to produce adobe [1]. Nevertheless, the application of natural
fibers for the reinforcement of materials has gained prominence several years later [1].
The application of organic coconut fibers in the creation of composite concrete has been
proposed as an alternative to the utilization of coarse aggregates at concentrations of
210 and 240 kg/cm2. The incorporation of these fibers in specific proportions and lengths
demonstrates strength comparable to that of conventional concrete, while also resulting in
a decrease in carbon emissions [2]. Improving soil entails enhancing its shear strength and
bearing capacity while also reducing settlement [3], thus modifying its properties to achieve
the appropriate conditions for a particular use [4]. Recently, a plethora of soil improvement
techniques have been made available, including the injection of slurry, the incorporation of
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materials such as cement, lime, or fibers, and the application of biochemical methodologies.
One such method is microbially induced calcium carbonate precipitation (MICP), which is
being hailed as an eco-friendly alternative as it does not result in the generation of harmful
byproducts [5]. A literature review indicated that the inclusion of fibers enhanced the
stress–strain behavior of soil [6], enhanced the rigidity of granular and cohesive soils [7],
and improved its peak and post-peak shear resistance [8].

Fibers integrated with lime enhance the compressive strength and consolidation of ex-
pansive soils, resulting in a decrease in the compression and volumetric compressibility ratios,
thus minimizing settlement and cracking [9] and reducing the swelling of expansive soils [10].

The application of natural coconut fibers combined with lime in expansive soil matrices
resulted in a marked improvement in the reduction of both partial and maximum clay
shrinkage. Furthermore, the presence of lime generates cementitious materials [11].

In silty soils, the addition of fibers to the soil reduces cracking [12], increases simple
compression resistance, tensile strength [13], and CBR values [14], and improves resistance,
deformation, and shear failure [15].

Soil improvement is also appreciable, depending on the length of the fibers. For the use
of coconut and bamboo fibers, percentages within the range of 0.5% to 2% and with lengths
of 10, 20, and 30 mm have been used, presenting an improvement in the coefficient of
consolidation for fibers 10 mm in length, from which the improvement decreases until it is
not appreciable [16]. The positive effects of these fibers on the soil are due to the formation
of a fiber confinement network in the soil [17] and an increase in soil-fiber adhesion [18].

These advancements have fostered the incorporation of natural fibers into construction
applications, including slope stabilization and embankment reinforcement [19], and the
potential use of sand to reduce the probability of liquefaction [20].

The treatment of the fibers consists of dissolving the lignin they contain to improve
their tenacity and increase their resistance to breakage [21]. Using 3% to 5% sodium
hydroxide (NaOH) solutions, an increase in fiber tensile strength was shown [22], as well as
an increase in thermal stability due to the removal of lignin and hemicellulose, substances
that are more susceptible to degradation [23].

The incorporation of abaca fibers to create innovative or enhanced materials is not a novel
concept; a variety of products, including paper and concrete, have been influenced by the
addition of this material [24], which has properties similar to those of synthetic materials [25].

The inclusion of abaca fibers in soil results in an increase in maximum compressive
stress and an improvement in simple compressive strength as a function of fiber concentra-
tion, fiber length, or both [26].

This research project aims to demonstrate the potential of natural fibers in soil improve-
ment, with the purpose of establishing a foundation for future research and applications. By
focusing on this aspect, the goal is not only to gain a better understanding of the interaction
between natural fibers and soils but also to explore new possibilities for the development
of techniques and products that can sustainably and effectively enhance soil properties.

Multiple studies have demonstrated the effectiveness of utilizing natural fibers as
an alternative to conventional soil improvement techniques; however, this research aims
to apply these methods to organic soil types present in the city of Quito [27], using local
fibers such as abaca, which are used to increase their lifetime and reduce their potential
for degradation [23].

This research aims to encourage the use of abaca fibers in studies that consider other
variables, such as soil type, fiber curing time, moisture conditions, and different fiber
lengths and concentrations. Exploring various combinations of these variables will allow
for a broader understanding of how abaca fibers interact with different soil types under
various conditions.

The article provides details on the characteristics of the materials and the laboratory
testing procedures for soil and abaca fiber, as well as the statistical analysis methodology
used. This article also presents the outcomes of the consolidation tests, which include the
values of the compression coefficient (Cc), expansion coefficient (Cs), and consolidation
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coefficient (Cv). It is important to note that the statistical analyses were conducted using
mixed model methods. Finally, the results are discussed by comparing the values of the
coefficients Cc, Cs, and Cv of the specimens with virgin soil and soil with added fiber.

The research presented positive results mainly for Cv, which, depending on the load
applied to the specimen, increases between 40% and 70%, showing these peak values for
fiber concentrations of 1.0% and lengths of 1.5 mm.

2. Materials and Methods
2.1. Soil

The soil used for this study was extracted from the El Garrochal sector, located in Turubam-
aba, south of the city of Quito, Ecuador. It was characterized to determine its material type and
obtain its properties. Figure 1 illustrates the material and site extraction process.
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Figure 1. Sample extraction site.

The soil was subjected to homogenization through manual quartering, which ensured
the absence of consolidated particles and, if present, their disintegration. Table 1 lists the
soil properties after characterization.

Table 1. Soil properties.

Soil Properties Values Grain Size Analysis % Pass

Specific Gravity 2.54 Gravel 0.00%
Water Content 32% Sand 0.30%
Liquid Limit 35 Slit 20.53%
Plastic Limit 36 Clay 79.10%
Plastic Index 1.5

USCS Classification ML or OL

Following the ASTM D6913 standard test methods for the particle size distribution
(gradation) of Soils Using Sieve Analysis [28], the particle size distribution was determined
via sieving. The methodology proposed in the ASTM D7928 standard test method for
the particle size distribution (gradation) of Fine-Grained Soils Using the Sedimentation
(hydrometer) [29] analysis was followed for the particles classified as slits and clays. Finally,
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the results were obtained by applying the ASTM D2487 Standard Practice for Classification
of Soils for Engineering Purposes (Unified Soil Classification System) [30], from which it
was determined that the soil belonged to the “clayey silt organic soil” (ML or OL).

2.2. Abaca Fiber

Abaca fiber (Musa Textilis) was obtained from the Concordia sector in Santo Domingo
de los Tsáchilas Province, Ecuador. The fiber was cut into lengths of 5, 10, and 15 mm,
following the literature, and adjusted to the equipment dimensions. The fibers were cured
with a 5% sodium hydroxide (NaOH) solution for 24 h and then air-dried. Natural fibers
were treated with a sodium hydroxide solution, which increased the tensile strength [22].
This, in turn, allows for the development of a rough surface that improves adherence to
the soil and increases the thermal stability of the fibers [23]. The abaca fibers were cut to
lengths of 5, 10, and 15 mm after treatment.

Table 2 lists the physical and mechanical properties of the abaca fibers after curing.

Table 2. Physical and mechanical properties of the abaca fiber.

Physical Properties Values

Linear Density 100 [Tex*]
Water Content 8.6%

Tenacity 0.81 [N/tex]
Strain at Break 81.3 [N]

Tex*: Mass in grams per 1000 m of fiber. Tests performed at CTP-EPN.

2.3. Specimen Preparation

Fiber concentrations of 0.5%, 1.0%, and 1.5%, along with lengths of 5, 10, and 15 mm,
were selected and added based on the dry weight of the soil. Forty samples of three selected
lengths and concentrations were prepared.

Manual reconstitution of the samples was carried out following the procedure pro-
posed by the research “Development of Intermediate Microstructures in Kaolinitic Clay
and its Consolidation Behavior” [31] for the preparation of a slurry, in which an external
agent was added to the soil to saturate the soil by adding water equivalent to 2 times the
liquid limit until a consistency like that of a slurry was obtained. This process was repeated
for each specimen using this technique to achieve a uniform mixture of soil and randomly
distributed fibers. Table 3 shows the 10 combinations for each length and percentage of
fiber concentration, and the number of samples made for each combination.

Table 3. Soil–fiber combinations.

NAOH Concentration (%) Length (mm) Number of Samples

0.00% 0 4
0.50% 5 4
0.50% 10 4
0.50% 15 4
1.00% 5 4
1.00% 10 4
1.00% 15 4
1.50% 5 4
1.50% 10 4
1.50% 15 4

The fiber content is given by Equations (1) and (2),

Wd =
Ww

1 + w%
(1)

Wd = 53.17 g
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W f = % f × Wd (2)

where Wd is the dry weight of the soil, Ww is the wet weight, w% is the percentage of
additional moisture required to saturate the soil, and W f is the fiber content.

2.4. Testing Program

For the consolidation tests, the ASTM D2435 Standard Test Methods for One-Dimensional
Consolidation Properties of Soils Using Incremental Loading [32] was followed, using the
equipment shown in Figure 2.
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Figure 2. One-dimensional consolidation test.

Method A, used to perform the tests, establishes a soil sample laterally confined by a
ring of 18 mm height and 65 mm diameter and axially loaded with pressure increments
every 24 h. For this investigation, the axial loads were started at 25 kPa and increased to
double the next load as established by the standard, to dissipate the existing pore pressure
in the samples. Finally, unloading was performed at the same loading pressure but this
time every 30 min.

2.5. Obtaining Coefficients

From the one-dimensional consolidation test, the compressibility curve was obtained
as a function of the void ratio and stress applied to the specimen. In the compressibility
region of the curve that approximates a straight line, the coefficient of compressibility (Cc)
can be obtained. The mathematical formulation of Cc is given by Equation (3) [33].

Cc =
e0 − e

logp − logp0
(3)

where e0 is the void ratio at pressure p0 and e is the void ratio at pressure p.
On the same compressibility curve, but in the unloading region, which can be ap-

proximated as a straight line, there is the coefficient of expansion (Cs). The mathematical
formulation of Cs is given by Equation (4) [33].

Cs =
e − e0

logp0 − logp
(4)

Finally, to calculate the consolidation coefficient (Cv), Taylor (t90) and Casa Grande (t50)
methods were used to observe the effect of the fiber on the soil settling time. The mathe-
matical formulation of Cv is given by Equation (5) [33].
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Cv =
Tv ∗ Hdr2

t
(5)

where t is the settling time, Hdr is the drainage height, and Tv is a constant for each method:

Tv for the Taylor method: 0.848
Tv for the Casa Grande method: 0.197

2.6. Statistical Analysis

The intercept and slopes were extracted for log-transformed Cv values for various
experimental sets. The growth curve parameter estimates were estimated using the proc
reg function in SAS 9.4. Several hierarchical general linear models (Type I Sum of Squares)
were used to explore the influence of the estimation method (Casa Grande relative to
Taylor), percent, and length of abaca fibers on growth curve parameters for Cv (intercepts
and slopes). Owing to the number of replications and the corresponding statistical power,
only the main effects of the percentage and length of abaca fibers, rather than statistical
interactions, were computed in separate models. A linear mixed model was also computed
to determine the influence of the estimation method, experimental load, length, and per-
centages of log-transformed Cv values. This model was computed using the proc mixed
function in SAS 9.4.

3. Results and Discussion
3.1. Compression and Expansion Coefficient

The compression coefficient (Cc) shows an upward trend but is relatively negligible, as
shown in Figure 3a, where the average values of the compression coefficients are compared
with the inclusion of the fiber at the three lengths and the values of the soil compression
index without alterations.
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Figure 3. Values of (a) the compression coefficient (Cc) and (b) the expansion coefficient (Cs) as a
function of fiber concentration.

The most favorable outcome that was achieved was a 17.32% increase in the sample to
1.0% concentration with a length of 15 mm, while the lowest increment was obtained from
the sample with 10 mm and 1.50% concentration, which only showed an increase of 0.11%.
From these values, it can be observed that the soil retained its compressibility properties,
and no significant improvement was observed.

On the other hand, the expansion coefficient (Cs), as shown in Figure 3b, was obtained
from the average values for the soil-fiber matrices to compare the results with those
yielded by the soil without the inclusion of the fiber, which behaves similarly to Cc. The
sample with a concentration of 0.50% and fibers measuring 10 mm in length achieved an
approximate increase of 15.47%, which represents the best result. Meanwhile, the sample
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that demonstrated the least effect of fiber addition, with an increase of 0.90% in its Cs, was
the one with 5 mm long fibers at 0.5% concentration.

As the fiber content increased, the refractive index decreased, although this decrease
was not statistically significant (Figure 3a). For a sample length of 10 mm, the Cc at 0.5%
fiber content yielded a refractive index of 0.105, whereas the corresponding value at 1.5%
fiber content was 0.018. This represents an increase of approximately 10.17% and 8.25%,
respectively, compared with the control sample.

In the case of Cs, the improvement for a length of 15 mm was approximately 7.06% at a
concentration of 0.5%, whereas an improvement of 0.90% was obtained with a concentration
of 1.5%. This can be observed in Figure 3b.

Hussain et al. [9] reported a reduction in Cc associated with the stabilization of lime.
In this study, no cementitious material was used, which may provide a loosely packed soil
matrix that does not modify the compressibility properties of expansive soil [9]. However,
the Cv values increased as a function of the fiber content of the matrix.

3.2. Consolidation Coefficient

Consolidation coefficient (Cv) values were obtained for each loading state of the test,
from which the average values of the four samples were calculated.

Figure 4 shows the consolidation index values obtained using the Taylor method for
the fiber lengths of 5, 10, and 15 mm.

Fibers 2024, 12, x FOR PEER REVIEW 8 of 17 
 

 

(a) (b) 

 
(c) 

Figure 4. Consolidation coefficient values with Taylor the method for (a) 5 mm length; (b) 10 mm 
length, and (c) 15 mm length. 

At a final state of charge of 200 kPa with 5 mm and 0.5%, there was a 5% decrease 
compared with the control sample; however, this increased to 90.93% with 1.0% concen-
tration compared with the control sample, as shown in Figure 4a. Meanwhile, the increase 
in 𝐶𝑣 from 1.0% to 1.5% with a fiber length of 5 mm was at least 53%. It can also be ob-
served from Figure 4b,c that the improvement between concentrations of 0.5% and 1.0% 
is similar, and there is no significant difference in the improvement between them. 

Furthermore, for a length of 15 mm and a concentration of 1.0%, an increase in 𝐶𝑣 
was observed, as shown in Figure 4c; however, this improvement decreased in response 
to a final loading of 200 kPa. In the final stage, the increase was approximately 42.05%, 
whereas in the initial stage, the increase was approximately 75.75%, similar to the rest of 
the samples. 

In addition, it can be observed in Figure 5a that enhancements compared to the con-
trol sample in an initial loading state of 25 kPa for the 10 and 15 mm samples at a concen-
tration of 0.5% were at least 25% and 84%, respectively; however, for a length of 5 mm, 
there was an initial decrease of at least 43%. 

Figure 4. Consolidation coefficient values with Taylor the method for (a) 5 mm length; (b) 10 mm
length, and (c) 15 mm length.

At a final state of charge of 200 kPa with 5 mm and 0.5%, there was a 5% decrease com-
pared with the control sample; however, this increased to 90.93% with 1.0% concentration
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compared with the control sample, as shown in Figure 4a. Meanwhile, the increase in Cv
from 1.0% to 1.5% with a fiber length of 5 mm was at least 53%. It can also be observed
from Figure 4b,c that the improvement between concentrations of 0.5% and 1.0% is similar,
and there is no significant difference in the improvement between them.

Furthermore, for a length of 15 mm and a concentration of 1.0%, an increase in Cv was
observed, as shown in Figure 4c; however, this improvement decreased in response to a final
loading of 200 kPa. In the final stage, the increase was approximately 42.05%, whereas in the
initial stage, the increase was approximately 75.75%, similar to the rest of the samples. In
addition, it can be observed in Figure 5a that enhancements compared to the control sample
in an initial loading state of 25 kPa for the 10 and 15 mm samples at a concentration of 0.5%
were at least 25% and 84%, respectively; however, for a length of 5 mm, there was an initial
decrease of at least 43%.
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The incorporation of fibers at a concentration of 1.0% led to an increase in fiber length, as
shown in Figure 5b. However, the improvement was not significant for all of the fiber lengths.
For the starting and ending load states with 1.0% concentration (Figure 5b), the 10 mm
sample shows an approximate increase of 68.64% and 28.92%, respectively, compared to
the control sample. Meanwhile, for a length of 15 mm in the starting and ending load
states, increases of 75.75% and 42.05%, respectively, were observed. Nevertheless, with a
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concentration of 1.0% and a length of 5 mm, similar increases were obtained compared to
the length of 15 mm.

According to Fonseca et al. [34], the inclusion of sisal fibers indicates an improvement
in the mechanical properties of the soil and a reduction in the void ratio of the soil that
contributes to the reduction in the magnitude of settlements; however, it is mentioned
that the effectiveness of the use of fibers cannot be proven in cases where there is no
homogenization in the matrix.

The random addition of coconut fibers to the soil reduces the magnitude and time of
settlement by up to 25% owing to the increase in stiffness in the matrix due to the inclusion
of the fibers, considering that these reductions do not present considerable variations
depending on the length of the fiber [35]. This may justify the increase in the Cv values
with t50 in this study, which increases as a function of the concentration of randomly added
fiber and not of the length, decreasing the consolidation time.

In a study conducted by Jeludin, M. [36], an increase in Cv values as a function of the
concentration was evidenced; however, when the lengths of the coconut fibers increased,
the Cv values decreased, which is attributed to the fact that the fibers may present folds or
accumulations, resulting in lower resistance [37]. Similar to the situation presented in this
study, the Cv values for t90 in the matrices with higher fiber concentrations and lengths of
10 and 15 mm also show a decrease.

According to Moselmi et al. [38], a study in which an analysis was performed using
Scanning Electron Microscopy (SEM), lignocellulose fibers when randomly arranged can
be dispersed in order to increase the interaction between the soil and the fiber, which in
turn increases the shear strength and reduces the number of voids in the soil. The effects of
the random arrangement of abaca fibers in this study also showed a reduction in the ratio
of voids in the matrices compared to the soil samples without fiber inclusion.

The methods used to obtain the coefficient can be divided into two types: the Casa
Grande and Taylor methods. The comparison between the two methods is shown in Fig-
ure 6. It is evident that for a 0.5% concentration (Figure 6a,b), both methods demonstrated
similar trends, with a higher Cv value for longer lengths. For a length of 10 mm, the
methods showed similar trends, indicating that a higher percentage leads to a lower Cv
value, as shown in Figure 6b. Nonetheless, the Casa Grande method exhibited higher
values, suggesting that the Taylor method is more conservative.
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3.3. Statistical Analysis

A hierarchical general linear model revealed that the estimation method had no
significant effect on the intercept (as a growth curve parameter for C Cv). The intercepts
of the curves varied as a function of the percentage of abaca fibers. The control and
0.5% samples had lower intercept values than the samples containing 1% abaca fiber. A
subsequent hierarchical general linear model indicated that the intercept of the curves
had a negative and significant influence on their slope. The estimation method had no
significant influence on the slopes of the curves. Finally, the control samples featured lower
slope values than the samples containing 1% abaca fiber. The model did not detect any
significant difference in slope values between samples with 0.5% and 1% abaca fibers. The
results are described in Table 4 and Figure 7.

Table 4. Hierarchical general linear model (Type I Sum of Squares) exploring the influence of the
estimation method and abaca percentage on growth curve parameters for Cv.

Parameter Estimate Standard Error t-Value p-Value

Criterion: Curve intercept (a)

Intercept 1.871 0.046 41.01 <0.0001
Type Casa Grande 0.093 0.048 1.95 0.0564

Type Taylor 0.000
Percent 0.0 −0.245 0.062 −3.99 0.0002
Percent 0.5 −0.198 0.055 −3.60 0.0006
Percent 1.0 0.000

Criterion: Curve slope (b)

Intercept 0.007 0.001 13.21 <0.0001
Curve Intercept (a) −0.003 0.000 −11.78 <0.0001
Type Casa Grande 0.000 0.000 0.65 0.5194

Type Taylor 0.000
Percent 0.0 −0.001 0.000 −3.36 0.0014
Percent 0.5 0.000 0.000 −1.21 0.231
Percent 1.0 0.000
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Similarly, a hierarchical general linear model indicated that the estimation method did
not significantly influence the intercepts of the curves. In contrast, the control and 5 mm
abaca fiber samples displayed significantly lower intercepts than those at 15 mm of abaca
fiber. A subsequent statistical examination determined that the intercept of the curves
negatively and significantly influences the slope of the curves. The estimation method had
no significant effect on the model. The analysis also indicated that, relative to conditions of
15 mm, the abaca fiber control conditions had lower slopes. No significant differences were
detected between the samples at 5 mm and 10 mm with 15 mm of abaca fiber. The results
are presented in Table 5 and Figure 8.

Table 5. Hierarchical general linear model (Type I Sum of Squares) exploring the influence of the
estimation method and abaca length (mm) on growth curve parameters for Cv.

Parameter Estimate Standard Error t-Value p-Value

Criterion: Curve intercept (a)

Intercept 1.888 0.053 35.91 <0.0001
Type Casa Grande 0.093 0.047 1.97 0.0534

Type Taylor 0.000
Length 0 mm −0.262 0.066 −3.95 0.0002
Length 5 mm −0.261 0.066 −3.92 0.0002
Length 10 mm −0.087 0.066 −1.31 0.1938
Length 15 mm 0.000

Criterion: Curve slope (b)

Intercept 0.007 0.001 11.74 <0.0001
Curve Intercept (a) −0.003 0.000 −10.61 <0.0001
Type Casa Grande 0.000 0.000 0.44 0.6603

Type Taylor 0.000
Length 0 mm 0.000 0.000 −2.36 0.0215
Length 5 mm 0.000 0.000 0.51 0.6135
Length 10 mm 0.000 0.000 −0.58 0.5642
Length 15 mm 0.000
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A linear mixed model was used to examine the influence of the estimation method,
experimental load, and length and percentage of abaca fiber on the log Cv values. The
model indicated that the Casa Grande method estimated higher values than Taylor’s
method. The analysis also identified a significant influence of load on log Cv values,
wherein loads at 25 and 50 featured lower log Cv estimates than loads at 200. The control
samples displayed lower log Cv values than the samples containing 1% and 15 mm of
abaca fiber. Similarly, the experimental conditions at 0.5% and 5 mm and samples at 0.5%
and 10 mm exhibited lower log Cv estimates compared to samples with 1% and 15 mm of
abaca fiber. The random intercepts did not reach statistical significance. Table 6 describes
this in detail.

Table 6. Linear mixed model examining the influence of the estimation method, experimental load,
length, and percentages on Cv.

Solution for Fixed Effects

Parameter Estimate Standard Error DF t-Value p-Value

Intercept 2.058 0.036 3 57.78 <0.0001
Type Casa Grande 0.070 0.013 242 5.18 <0.0001

Type Taylor 0.000
Load 25 −0.200 0.019 242 −10.5 <0.0001
Load 50 −0.122 0.019 242 −6.43 <0.0001

Load 100 −0.032 0.019 242 −1.69 0.0924
Load 200 0.000

Length and Percent 0.0, 0.0 −0.230 0.023 242 −9.87 <0.0001
Length and Percent 5.0, 1.0 0.001 0.027 242 0.05 0.9593

Length and Percent 10.0, 1.0 −0.044 0.027 242 −1.63 0.1045
Length and Percent 5.0, 0.5 −0.366 0.027 242 −13.6 <0.0001

Length and Percent 10.0, 0.5 −0.111 0.027 242 −4.13 <0.0001
Length and Percent 15.0, 0.5 −0.015 0.027 242 −0.57 0.5693
Length and Percent 15.0, 1.0 0.000

Solution for Random Effects

Parameter Estimate Standard Error
Predicted DF t-Value p-Value

Intercept (sample 1) −0.064 0.029 242 −2.18 0.03
Intercept (sample 2) −0.022 0.029 242 −0.74 0.4604
Intercept (sample 3) 0.046 0.029 242 1.57 0.1187
Intercept (sample 4) 0.040 0.029 242 1.36 0.1761

4. Conclusions

The compression coefficient indicated that the optimal result was achieved with
a 17.32% increase in the sample length from 1.0% to 15 mm. In contrast, the lowest
increase was observed in the sample with a length of 10 mm and a concentration of 1.50%,
which was only 0.11%. While Widianti et al. [39] using coconut fibers conclude that as
the percentage of fiber concentration increases, the Cc decreases significantly up to 65%,
Jeludin [16] concludes that with higher fiber content, the Cc increases, dominating fiber
compression leading to inadequate mixing between soil and fiber. These results suggest
that the soil retained its compressibility properties, and no significant improvement was
observed. Additionally, for Cs, an improvement of approximately 7.06% was observed
at a concentration of 0.5% and a length of 15 mm, whereas an improvement of 0.90%
was obtained at a concentration of 1.5%, and it can be concluded that the results did not
significantly improve.

Although the results obtained in this investigation suggest that the incorporation of
abaca fiber does not yield significant enhancements in the compression and expansion
indices, it is recommended that additional experiments be conducted in future studies
to corroborate this conclusion. It is plausible that factors such as the inherent variability
of the soils, compaction conditions, and length, content, and orientation of the fibers,
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among others, may influence the observed outcomes. A more comprehensive and rigorous
analysis, encompassing a larger sample size and diverse test conditions, would facilitate
a more precise evaluation of the impact of abaca fibers on the compressive behavior of
these soils.

Furthermore, to achieve a more comprehensive understanding of the behavior of
soft soils with the incorporation of abaca fiber, it is recommended to supplement mixed
and hierarchical linear models with advanced methodologies, such as nonlinear models,
multivariate analysis, and/or numerical simulations. These approaches would facilitate the
comprehension of complex interactions, the identification of patterns, and the evaluation
of the long-term sustainability of fiber utilization.

According to the calculation method for obtaining values of Cv, it can be demonstrated
that although different values of Cv are obtained depending on the method used, they
all exhibit the same trend of improvement for the samples. To reinforce this conclusion,
statistical analysis conducted using the hierarchical general linear model revealed that the
estimation method had no significant effect on the intercept (as a growth curve parameter
for Cv). However, it can be established that the Casa Grande method provides higher
values than those obtained through Taylor’s method, allowing the conclusion that the
values obtained through Taylor’s method are more conservative. This was confirmed
through statistical analysis of the linear mixed model, where the model indicated that the
Casa Grande method estimated higher values than Taylor’s method.

The results of the hierarchical general linear model showed no statistically significant
difference in the slope values between samples with 0.5% and 1.0% abaca fibers. This was
evident in several of the simple tests, such as for samples 15 mm in length and with an
initial load of 25 kPa, where improvements of approximately 84.95% and 75.75% were
observed for the 0.5% and 1.0% concentrations, respectively.

The control samples showed lower log Cv values than those containing 1%- and 15-
mm Widianti abaca fiber. Similarly, the experimental conditions at 0.5% and 5 mm and
samples at 0.5% and 10 mm exhibited lower log Cv estimates as opposed to samples with
1% and 15 mm of abaca fiber. The outcome that demonstrated the most favorable results,
with a 324% increase compared to the control sample, when subjected to increasing loads,
was achieved with 15 mm and 1.5% concentrations. Similarly, Widianti [38] concluded
that with longer fiber lengths, the Cv value increased, reducing the consolidation time.
Jeludin [16] concluded that there was no difference between the Cv values obtained with
concentrations of 0.5% and the control samples.

The greatest improvement was observed in the initial stress states, but it decreased
as the stress increased. This was demonstrated in samples with a length of 15 mm and
1.0%, where an increase in Cv was observed; however, this improvement decreased in
response to a final loading of 200 kPa. In the final stage, the increase was approximately
42.05% compared to the control sample, whereas in the initial stage, the improvement was
approximately 75.75% compared to the control sample.

It is recommended to explore the impact of other plant fibers and alternative treatments
on the same consolidation tests, as well as to conduct tests with different types of soils and
moisture conditions to validate the versatility of abaca fibers. Additionally, the evaluation
of mechanical properties, such as shear strength, soil, and modified fiber durability, and
the analysis of associated costs can determine the feasibility of this practice on a large scale,
contributing to the development of sustainable alternatives in geotechnical engineering.

The use of NaOH can generate highly alkaline residues that, if not properly managed,
can contaminate water bodies and affect local bio Cv iversity. In addition, chemical treat-
ment can influence the biodegradability of fibers, modifying their long-term environmental
impact. Both these effects and those derived from the application of natural fibers as
alternative soil improvement methods are part of the second phase of this research. This
stage focuses on evaluating the sustainability and environmental feasibility of the use of
treated natural fibers, seeking a balance between mechanical and environmental benefits.
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A detailed cost–benefit analysis of the introduction of abaca fibers in soil improvement
is recommended to assess the economic and environmental feasibility of their use. This
analysis should consider the costs associated with the acquisition, treatment with sodium
hydroxide, and application of the fibers and a comparison with the cost associated with
commonly used improvement methods. In addition, it is crucial to include the environ-
mental costs associated with chemical treatment in the study, as well as the environmental
benefits of using natural and renewable resources.

This article sets the groundwork for future research in which the durability time of
the fiber is evaluated, as well as the time it can be useful in engineering practice. Similarly,
studies are being conducted to compare the durability of these alternative methods with
common methods over the long term.
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