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Abstract

Dredged reservoir sediments (DRS), generated in large volumes during dam desilting
operations, pose significant stockpiling and land-use challenges in Mediterranean regions.
Owing to their high fines content and moderate plasticity, these sediments present potential
for reuse as compacted hydraulic barrier materials. This study evaluates the feasibility of us-
ing DRS as a liner material and, for the first time, provides a direct comparative assessment
of natural (wheat straw fibers, WSF) and synthetic (polypropylene fibers, PPF) reinforce-
ment within the same sediment matrix under liner-relevant conditions. Fiber contents of
0-0.9% (by dry mass) were investigated. Mechanical and consolidation behaviors were as-
sessed using direct shear and oedometer tests. Fiber inclusion significantly improved shear
strength, with an optimal response at 0.6%. At this dosage, PPF reduced the compression
index by ~50%, while WSF provided moderate but consistent improvement. Estimated
hydraulic conductivity increased slightly with fiber addition but remained within the range
typically reported for compacted barrier materials. FTIR analysis indicated distinct rein-
forcement mechanisms, with lignocellulosic interactions for WSF and mechanical bridging
for PPF. These results demonstrate that DRS can be effectively valorized as liner materials,
while highlighting the contrasting performance of biodegradable and synthetic fibers, with
0.6% identified as a balance between mechanical efficiency and material sustainability.

Keywords: dredged reservoir sediment; compacted clay liner; landfill cover systems;
fiber-reinforced soil; wheat straw fiber; polypropylene fiber; consolidation behavior;
hydraulic conductivity; geotechnical valorization

1. Introduction

Engineered barrier systems constitute a fundamental component of modern landfill
and waste containment facilities. Their primary function is to prevent the migration of
leachates into surrounding soil and groundwater, thereby limiting environmental contami-
nation. In arid and semi-arid regions, barrier performance may be further challenged by
climatic factors such as desiccation, shrinkage cracking, and cyclic wetting—drying, which
can increase the risk of preferential flow and contaminant migration if liner integrity is com-
promised [1,2]. Among barrier technologies, compacted clay liners (CCLs) remain widely
adopted due to their low hydraulic conductivity, sorptive capacity, and compatibility with
natural soils [3-5]. Regulatory frameworks typically require hydraulic conductivities on
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the order of 102 m/s for basal liners and <10~7 m/s for final cover systems, while main-
taining sufficient shear strength to ensure slope stability and controlled compressibility to
prevent differential settlement and cracking [4,6].

Despite their proven performance, the use of natural clayey soils in liner construction
is increasingly constrained by material availability and environmental considerations [7].
Suitable borrow materials are not always locally accessible, particularly in arid and semi-
arid regions, and their extraction may lead to ecological disturbance, transport-related
impacts, and increased project costs [8]. Consequently, interest has expanded toward alter-
native fine-grained geomaterials, including industrial by-products and reservoir dredged
sediments. It is recognized, however, that dredged sediments are inherently heterogeneous
materials whose composition may vary widely depending on their origin [9-11]. When
characterized by a significant fines fraction and adequate plasticity, certain sediments may
exhibit mechanical and hydraulic behaviors compatible with liner requirements, provided
that their performance is verified against established specifications [9].

Reservoir sedimentation represents a major environmental and hydraulic challenge in
Mediterranean regions, where semi-arid climatic conditions, intense watershed erosion,
and highly irregular rainfall regimes accelerate siltation processes. In North Africa, dam
infrastructures are experiencing particularly high sediment accumulation rates, resulting in
significant losses of effective storage capacity and reduced long-term water resource avail-
ability. To counteract this decline, periodic dredging operations are implemented, generat-
ing substantial volumes of dredged dam/reservoir sediments (DDS/DRS). In Algeria alone,
annual sediment deposition in reservoirs is estimated to exceed 20 million m?3 [12-14],
while globally, hundreds of millions of tons of sediments are dredged each year [15].

Conventional management practices primarily involve open-air stockpiling near dam
sites. This approach creates environmental constraints, occupies valuable land, and may
lead to secondary impacts such as dust emissions, leachate generation, or landscape degra-
dation, while offering limited economic or material valorization potential. Consequently,
the reuse of dredged sediments has emerged as an increasingly attractive and sustainable
management strategy.

Numerous studies have explored the potential incorporation of dredged sediments
in civil engineering and related sectors. Reported applications include their use in road
pavement structures [16-18], brick manufacturing [19], partial replacement of natural aggre-
gates (e.g., sand substitution) [20], supplementary cementitious materials (SCMs) [21,22],
self-consolidating concrete (SCC) [23], geopolymer binders [24], and even agricultural soil
amendments [25]. These investigations demonstrate the technical feasibility of sediment
valorization; however, most focus on structural or construction-material applications, with
comparatively fewer studies addressing their use in geotechnical containment systems.

From a geotechnical perspective, DRS often exhibit high fines content, moderate
plasticity, and mineralogical compositions dominated by silicates and carbonates, making
them broadly comparable to clayey soils traditionally used in liner applications [4,26].
Several studies have demonstrated the technical feasibility of using dredged sediments or
water treatment sludges as barrier materials [27,28] provided they undergo appropriate
processing or modification.

For liner applications, mechanical stability is as critical as hydraulic performance. Low
shear strength may compromise slope stability, while high compressibility can lead to differ-
ential settlement and cracking, increasing the risk of preferential flow paths. Conventional
stabilization techniques, such as cement/lime [29], ashes [30] and gums [30] stabilization,
can significantly improve mechanical properties but often increase permeability, carbon
footprint, and cost, and may alter the chemical compatibility of the liner [12,13].
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In this context, fiber reinforcement has emerged as an attractive alternative for improv-
ing the engineering behavior of fine-grained soils without fundamentally altering their
mineral structure [31-33]. Unlike cementitious additives, fibers are incorporated at low
dosages (typically <1% by dry mass), require no curing period, and primarily modify me-
chanical behavior through physical mechanisms rather than mineralogical alteration [34].

The reinforcement of soils with randomly distributed fibers has been widely studied
over the past two decades. Both natural and synthetic fibers [35,36] have been shown to
enhance shear strength, ductility, and resistance to crack propagation, primarily through
mechanisms of fiber bridging, frictional interlock, and stress redistribution within the
soil matrix.

Synthetic fibers, particularly polypropylene fibers (PPF), are characterized by high
tensile strength, chemical inertness, and durability. Numerous studies have reported
significant improvements in shear strength and reductions in compressibility of clayey soils
reinforced with low PPF contents (typically 0.25-1.0%) [37]. In contrast, natural fibers, such
as straw, coir, olive husk, or jute, offer advantages in terms of renewability, low density,
and reduced environmental impact, but their hydrophilic nature and lower stiffness may
influence water retention and long-term behavior [38-40].

Despite the extensive body of research on fiber-reinforced soils, most investigations
have focused on strength improvement in conventional clays for embankment or pavement
applications, with limited attention to liner-oriented performance criteria. In particular,
comparative evaluations of natural and synthetic fibers incorporated within the same fine-
grained sediment matrix under compaction and stress conditions representative of barrier
systems remain scarce. The influence of fiber type and dosage on the coupled mechanical
and volumetric response of sediment-based liners specifically shear strength, compressibil-
ity, and the implications for hydraulic compliance has not been systematically examined
within a unified experimental framework. Furthermore, few studies attempt to relate macro-
scopic geotechnical behavior to microstructural evidence in sediment-derived materials.

Within this context, the present study evaluates the feasibility of using fiber-reinforced
reservoir dredged sediment (DRS) as a compacted liner material for waste containment
applications. The investigation focuses on sediment obtained from the Ksob Dam, M’sila,
(Algeria), characterized by a high fines content and moderate plasticity, and examines
reinforcement using wheat straw fibers (WSF) and polypropylene fibers (PPF) at dosages
ranging from 0 to 0.9% by dry mass of sediment. The comparison is methodological
and performance-driven: PPF represents a durable synthetic benchmark widely used in
geotechnical practice, whereas WSF represents a locally available bio-based alternative.

The experimental program integrates direct shear testing, one-dimensional consol-
idation, density and porosity assessment, and Fourier Transform Infrared Spectroscopy
(FTIR) to elucidate the relationships between reinforcement mechanism and engineering
response. By assessing natural and synthetic fibers within the same sediment system
and under liner-relevant performance criteria, the study provides a structured feasibility
evaluation of sediment-based barrier materials. The contribution lies not in introducing a
new reinforcement concept, but in delivering a comparative, application-oriented assess-
ment that supports the valorization of reservoir sediments within a resource-constrained
Mediterranean context.

2. Materials and Methods

2.1. Materials
2.1.1. Dredged Reservoir Sediments (DRS)

The soil investigated in this study is a dredged reservoir sediments (DRS) obtained
from desilting operations at Ksob Dam, M’Sila, Algeria. A representative composite
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sample (Table 1) was prepared by collecting and homogenizing five sub-samples from the
storage area (Figure 1) to ensure it accurately reflects the overall composition of the stored
sediments, thereby supporting its potential application in landfill liner and cover systems.

Table 1. Description of the sediment sample from the dredged storage area of Ksob Dam
(M’Sila, Algeria).

.. Number of . o . o
Sample ID Origin Sub-Samples Latitude (°N)  Longitude (°E)
DRS Dredged sediment 5 35.8412 45721

storage area

Figure 1. Storage area of dredged sediments from Ksob Dam (M’Sila, Algeria).

Geotechnical characterization of the DRS was carried out in accordance with ISO 17892-
4 [41] (particle-size distribution) (Figure 2), ISO 17892-3 [42] (density of solid particles),
ISO 17892-12 [43] (Atterberg limits), and ISO 10694 [44] (organic matter content). The
plasticity index (PI) was used to calculate the clay activity (CA), which provides insight
into the swelling-shrinkage potential and dominant clay mineral family. The physical and
geotechnical properties of the DRS are summarized in Table 2.

The microstructural features of the DRS were examined using scanning electron
microscopy (SEM), revealing a dense arrangement of fine particles with irregular morpholo-
gies and interparticle contacts typical of silt—clay mixtures, as illustrated in Figure 3.

Further chemical characterization was performed using X-ray fluorescence (XRF)
analysis. The chemical composition of the DRS, presented in Table 3, is dominated by SiO,,
CaO, and Al O3, confirming the mineral nature of the sediment and its similarity to clayey
geomaterials commonly employed in liner systems. The relatively high CaO content may
further contribute to particle bonding and mechanical stability upon compaction.
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Figure 2. Particle size distribution of the dredged reservoir sediments (DRS).

Table 2. Physical and geotechnical characteristics of the dredged reservoir sediments (DRS).

Property Value
Grain Size Distribution (%)
Sand (%) 28.45
Silt (%) 45.17
Clay (%) 26.38
Soil Classification (USCS) MH (high-plasticity silt)
Specific Gravity (Gs) 2.66
Total Specific Surface Area (cm?/g) 157.5
Clay Activity (CA) 1.15
Organic Matter Content (%) at 450 °C 4.7
Atterberg Limits (%)
Liquid Limit (wL) 61
Plastic Limit (wP) 31.18
Plasticity Index (PI) 29.82
Compaction Characteristics
Optimum Water Content (%) 14.80
Maximum Dry Density (kIN/ m?) 15.54

Table 3. Chemical composition of the dredged reservoir sediment (DRS)determined by XRF analysis.

SiOz CaO A1203 Fe203 MgO Kzo NaZO SO3 Chloride LOI

W% 41.25 18.64 12.08 4.89 1.86 1.61 0.42 0.17 0.02 18.5
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Figure 3. SEM/EDS images of the DRS used in this work.

2.1.2. Fibers: Natural and Synthetic

Two types of fibers were employed as reinforcement: untreated wheat straw fibers
(WSF) as a natural option and commercial polypropylene fibers (PPF) as a reference.

a  Wheat Straw Fibers (WSF):

Wheat straw fibers were sourced from post-harvest residues in Constantine, Algeria.
The straw fibers were obtained from dried straw stems and were manually cut using a
sharp cutter in order to obtain fibers with an average length of approximately 20 mm
(Figure 4). Due to the manual cutting process, a slight variability in fiber length was
observed, estimated at approximately +2 mm. Prior to use, the fibers were oven-dried at
60 °C for 48 h and stored in sealed polyethylene bags.

Figure 4. Natural and synthetic fibers used in this study: (left) polypropylene fibers (PPF) and (right)
wheat straw fibers (WSF).

Physical properties, including bulk density, water absorption capacity, true density,
and porosity, were determined following the procedures of RILEM TC 236-BBM [45] and
Liuzzi et al. [46]. Table 4 summarizes the measured properties of straw.

Table 4. Properties of the wheat straw fibers (WSF).

Properties Wheat Straw Fiber (WSF)
Bulk density (kg/m?) 31.6 +£3.1
True density (kg/ m3) 8129 £11.8
Porosity (%) 96.11
Water content in the ambient atmosphere (%) 9 + 0.65
Average diameter (mm) 1.6-3.0
Water absorption (%) 351 £235
Maximum tensile strength (MPa) 28.83 &= 7.61
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b.  Polypropylene Fibers (PPF):

The synthetic fibers used were polypropylene fibers (PPF) (TUF-STRAND MAXTEN),
supplied by The Euclid Chemical, with a nominal length of 20 mm (Figure 4). The physical
and mechanical properties, such as mass density and tensile strength, were provided by
the manufacturer (see Table 5).

Table 5. Manufacturer-provided characteristics of polypropylene fibers (PPF).

Parameters Value
Density (kg/m?) 910 + 5
The amount of polypropylene (%) 1.8-3.0+£0.2
Young’s modulus (MPa) 3500-3900 + 100
Tensile strength (MPa) 600-650 + 25
Melting point (°C) 165+ 2
Water absorption (%) negligible

2.1.3. Design and Manufacturing of Samples

The dredged reservoir sediment (DRS) was oven-dried at 50 °C to constant mass,
disaggregated using a mortar and pestle, and sieved through a 2 mm mesh. Fiber-reinforced
mixtures were prepared using wheat straw fibers (WSF) and polypropylene fibers (PPF) at
contents of 0%, 0.3%, 0.6%, and 0.9% by dry mass of sediment.

Fibers were first dry-mixed with DRS to ensure uniform dispersion within the ma-
trix(see Figure 5) Tap water was then added to reach the optimum water content (OWC)
determined from Standard Proctor compaction (NF P94-093 [47]). After mixing, each
blend was sealed in airtight containers and conditioned for 24 h at laboratory temperature
(~23 £ 2 °C) to allow uniform moisture equilibration prior to compaction.

Figure 5. Preparation steps of the specimens.

Specimens were statically compacted to their respective maximum dry density (MDD)
in accordance with NF P94-093 compaction parameters. Cylindrical specimens (50 mm
diameter x 20 mm height) were prepared for one-dimensional consolidation testing, while
prismatic specimens (60 mm x 60 mm x 20 mm) were prepared for direct shear testing.

2.2. Methods

The experimental methods adopted in this study were selected to address the key
performance requirements of landfill liner materials, namely mechanical stability under
stress, controlled compressibility, and low hydraulic conductivity, while accounting for the
potential modifications induced by fiber reinforcement (see Figure 6).
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Figure 6. Schematic planning of the experimental plan followed in this work.

The shear strength behavior of fiber-reinforced DRS was evaluated using a controls-
type direct shear box in accordance with NF P94-071-1 [48]. Prior to shear testing, Standard
Proctor compaction tests were performed in accordance with NF P94-093 to determine the
maximum dry density (MDD) and optimum moisture content (OMC) of both unreinforced
and fiber-reinforced sediments. The sediment was tested without fibers and with varying
fiber contents (0.3%, 0.6%, and 0.9%) using wheat straw fiber (WSF) and polypropylene
fiber (PPF). The results of the Proctor tests were used to define the compaction parameters
for the preparation of specimens for consolidation and shear testing. The obtained OMC
values are presented in Table 6 and were used in specimen preparation.

Table 6. Mixture proportions of DRS-based composites.

Mixture ID DRS (% Dry Mass)  WSF (% Dry Mass) PPF (% Dry Mass) Water Content (%)

DRS-0 100 0 0 14.80
DRS-WSF-0.3 99.7 0.3 - 14.89
DRS-WSEF-0.6 99.4 0.6 - 1491
DRS-WSEF-0.9 99.1 0.9 - 15.79
DRS-PPF-0.3 99.7 - 0.3 14.80
DRS-PPF-0.6 99.4 - 0.6 14.80
DRS-PPF-0.9 99.1 - 0.9 14.80

Consolidated—drained direct shear tests were subsequently carried out under three
normal stress levels (200, 300, and 400 kPa) at a constant horizontal displacement rate
of 0.02 mm/min. Shearing was continued until a minimum horizontal displacement of
7 mm was reached. For each combination of fiber type (WSF or PPF), fiber content, and
applied normal stress, three replicate tests were conducted to ensure the reliability and
reproducibility of the results.
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The bulk density (ppyk) of compacted specimens was determined from mass and
geometrical measurements using a precision scale and caliper. The true density (pirue)
was measured using a helium gas pycnometer ULTRAPYC 1200-e (Quantachrome, Boyn-
ton Beach, FL, USA) in accordance with ASTM D4892 [49]. The total porosity (®) was
calculated as:

o =1 Phulk (1)
Ptrue
where ®: is the total porosity in %, ppyik: is the bulk density in kg/ m3 and pirue: is the true
(apparent) density in kg/m3.

One-dimensional consolidation tests were conducted to evaluate the compressibility
and hydraulic behavior of both unreinforced and fiber-reinforced DRS. The tests were
performed using a conventional oedometer apparatus in accordance with ISO 17892-5 [50].
The specimens were statically compacted into rigid rings with a diameter of 70 mm and a
height of 20 mm.

The consolidation tests were carried out using a stepwise loading procedure. The
applied vertical stress increments were 50, 100, 200, 400, and 800 kPa. Each load increment
was maintained until the completion of primary consolidation before the subsequent load
level was applied. Each loading step was sustained for 24 h to ensure the development of
primary consolidation.

After reaching the maximum applied stress, unloading was performed in the re-
verse order of loading. Due to the time-consuming nature of the test, the consolidation
experiments were repeated twice for each mixture to ensure the reliability of the results.

The hydraulic conductivity (k) of the DRS mixtures was indirectly estimated from
consolidation parameters using the following relationship:

K=Cy *my *x vy, (2)

Cy: coefficient of consolidation; my: coefficient of volume compressibility; v = 10 kN/ mS.
To investigate potential physicochemical interactions between DRS and fibers, Fourier
Transform Infrared Spectroscopy (FT-IR) analyses were performed using a JASCO FT/IR-
4100 spectrophotometer(JASCO Inc., Tokyo, Japan). Samples were finely ground and
scanned in transmission mode over the range 500-4000 cm !, with a spectral resolution of

2cem~ L.

3. Results
3.1. Direct Shear Test

Figure 7 presents the Mohr—Coulomb failure envelopes for DRS specimens reinforced
with different fiber contents. The corresponding shear strength parameters, cohesion (C),
and internal friction angle (¢) are summarized in Table 7.

All tests were performed under identical conditions following standard direct shear
procedures, with specimens compacted at OMC and MDD and tested under consolidated—
drained conditions at normal stresses of 200, 300, and 400 kPa. For each configuration, three
replicate tests were conducted, and the results are presented as mean values with associated
standard deviations (Table 7), indicating limited variability and good repeatability.

The results indicate that fiber inclusion significantly modifies the shear strength
behavior of the reinforced DRS. Up to an optimal fiber content of 0.6%, a general increase
in the maximum shear stress (Tmax) Was observed for both WSF- and PPF-reinforced
specimens. This improvement can be attributed to the development of a reinforcing
fiber network within the soil matrix, which enhances stress transfer and restricts particle
displacement through frictional interlocking mechanisms [51].
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Figure 7. Mohr—Coulomb failure envelopes for fiber-reinforced and unreinforced DRS specimens: (a)
WSF-reinforced DRS and (b) PPF-reinforced DRS.

Table 7. Variation in shear strength parameters with fiber content.

Fiber Content (%) Apparent Cohesion C (kPa) Friction Angle ¢ (°)
0% (DRS) 10.08 £ 1.22 17.53
0.3% WSF 24.59 £ 0.82 17.80
0.6% WSF 29.19 £1.11 18.77
0.9% WSF 26.47 £1.05 17.53
0.3% PPF 25.68 £ 2.10 25.97
0.6% PPF 32.99 £ 1.65 27.08
0.9% PPF 30.98 £ 0.07 26.51
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However, beyond 0.6% fiber content (i.e., at 0.9%), a reduction in shear strength was
observed, suggesting a threshold beyond which reinforcement efficiency decreases.

For WSE-reinforced specimens, the maximum shear stress under a normal stress of
200 kPa increased by approximately 73% at 0.6% fiber content compared to the unreinforced
sample. At 0.9%, this increase declined to 58%. This reduction may be associated with
limited mechanical stiffness and irregular geometry of straw fibers, which can reduce
effective load transfer when fiber concentration becomes excessive.

Conversely, PPF demonstrated superior performance in enhancing shear strength.
At 0.6% fiber content, the maximum shear stress increased to 170.25 kPa, representing
an approximately 87% increase relative to WSF-reinforced DRS at the same fiber content.
At 0.9%, shear strength decreased to 125.85 kPa, indicating that excessive fiber inclusion,
even for synthetic fibers may reduce reinforcement efficiency due to fiber entanglement or
non-uniform distribution within the matrix.

These results are consistent with previous studies reporting the existence of an optimal
fiber dosage for maximizing mechanical performance in fine-grained soils [48]. Experi-
mental evidence indicates that shear strength increases with fiber content up to a critical
threshold, beyond which additional fibers may interfere with compaction, reduce dry
density, decrease particle—particle contact, and promote clustering, ultimately disturbing
matrix homogeneity. Similar behavior has been reported in cohesive soils, where peak
strength is achieved at intermediate fiber contents, while higher dosages primarily improve
ductility rather than peak load capacity [52].

The shear strength parameters derived from the Mohr—Coulomb envelopes are pre-
sented in Table 7. Both cohesion and internal friction angle increased with fiber content up
to 0.6%, followed by a slight reduction at 0.9%, confirming a nonlinear response and the
presence of an optimal fiber dosage.

For WSF reinforcement at 0.6%, cohesion increased to approximately 1.79 times that
of unreinforced DRS, while the friction angle increased by a factor of 1.07. The relatively
moderate increase in ¢ suggests that straw fibers primarily enhance apparent cohesion
rather than frictional resistance.

PPF inclusion further enhanced shear strength parameters. At fiber contents of 0.3%,
0.6%, and 0.9%, cohesion values were 1.05, 1.13, and 1.17 times greater, respectively, than
those of the corresponding WSF-reinforced specimens. The increase in friction angle
was more pronounced, with ratios of 1.38, 1.90, and 1.54 relative to WSF mixtures at the
same fiber contents. These results indicate that fiber type influences the balance between
cohesion and frictional resistance, with PPF contributing more significantly to increases in
internal friction.

The observed enhancement in shear strength may be attributed to two primary mech-
anisms: (i) increased frictional resistance resulting from fiber—soil interlocking and surface
roughness effects [53], and (ii) an increase in apparent cohesion due to tensile resistance
provided by fibers bridging potential failure planes [54,55].

3.2. Density and Porosity

Table 8 presents the bulk density and total porosity of unreinforced and fiber-reinforced
DRS mixtures compacted at optimum water content. The unreinforced DRS exhibits a dry
bulk density of 1.584 g/cm? and a corresponding porosity of 40.45%, values that are fully
consistent with those reported for compacted fine-grained sediments and clayey soils used
in liner applications. For instance, Marchiori et al. [56] reported dry bulk densities ranging
from 1.50 to 1.65 g/cm® and porosities between 38 and 45% for water-treatment sludge-
based compacted liners, while remaining compliant with hydraulic barrier requirements.
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Table 8. Bulk and porosity of the DRS-based liner samples.

Sample Bulk Density ppq (g/cm®) Porosity ® (%)
DRS (0%) 1.584 40.45
0.3% WSF 1.570 40.58
0.6% WSF 1.555 40.74
0.9% WSF 1.535 41.11
0.3% PPF 1.580 40.26
0.6% PPF 1.560 40.68
0.9% PPF 1.545 40.91

The incorporation of wheat straw fibers (WSF) induces a gradual reduction in bulk
density, from 1.570 g/cm? at 0.3% to 1.535 g/cm? at 0.9%, accompanied by a corresponding
increase in porosity up to 41.11%. This trend reflects the lower intrinsic density of ligno-
cellulosic fibers and their tendency to hinder particle rearrangement during compaction,
leading to a more open soil fabric. Similar density reductions of 2-5% and porosity in-
creases of ~1-3 percentage points have been reported for soils reinforced with natural fibers
such as straw, coir, and jute at comparable dosages (0.25-1.0%) [35,57]. The slightly higher
porosity observed at elevated WSF contents is consistent with the increased compressibility
and permeability noted later, as excess fibers promote fiber clustering and localized voids
within the matrix.

In contrast, polypropylene fiber (PPF) addition results in more limited changes
in density and porosity. Bulk density remains close to that of the unreinforced DRS
(1.580-1.545 g/ cm?), while porosity varies only marginally (40.26-40.91%). This behavior
reflects the higher stiffness and smoother surface of PPF, which interferes less with particle
packing during compaction. Comparable trends were reported by Plé and Lé [58], who ob-
served density reductions below 2% in polypropylene-reinforced silty clays, with minimal
changes in void structure. The restrained porosity increase explains the more favorable
consolidation response and lower sensitivity of permeability observed for PPF-reinforced
mixtures relative to WSF.

Overall, the density—porosity evolution confirms that fiber reinforcement does not
compromise the compactability of DRS within the investigated range. The measured
porosity values remain within the typical interval reported for compacted clay liners
(35-45%) [3,5,56], ensuring adequate sealing capacity. The results further indicate that the
optimum fiber content (~0.6%) corresponds to a balance between mechanical reinforcement
and limited alteration of the pore structure, whereas higher fiber contents primarily increase
void ratio without proportional gains in performance.

3.3. Consolidation Test and Permeability Estimation

One-dimensional consolidation tests were conducted on DRS samples, both unrein-
forced and reinforced with WSF and PPF at fiber contents of 0.3%, 0.6%, and 0.9% (by dry
mass of sediment), in order to evaluate the influence of fiber inclusion on key geotech-
nical parameters: the compression index (Cc), swelling index (Cs), coefficient of volume
compressibility (mv), and coefficient of consolidation (Cv). The results are summarized in
Table 9.

Overall, the incorporation of fibers led to a reduction in Cc, Cs, mv, and Cv up to
an apparent optimal fiber content of 0.6%. At 0.9%, a slight increase in some parameters
was observed for both fiber types, suggesting that excessive fiber content may reduce
reinforcement efficiency due to dispersion limitations.
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Table 9. Compressibility and consolidation results.
Coefficient of Coefﬁc1ent. of .
. . A Volumetric Swelling Index
Material Compression Index Consolidation A
(Co % 10-3: cm?/s) Compressibility (Cs)
M ) (my x 10—3: m%/kN)
DRS 0.327 0.43 3.7 0.029
0.3% WSF 0.326 0.36 2.5 0.021
0.6% WSF 0.303 0.34 2.7 0.022
0.9% WSF 0.316 0.12 2.6 0.019
0.3% PPFE 0.210 0.36 1.97 0.025
0.6% PPF 0.164 0.28 1.64 0.023
0.9% PPF 0.192 0.28 1.00 0.022

For WSF-reinforced samples, the compression index decreased from 0.327 to 0.303 at
0.6% fiber content (approximately 8% reduction), before increasing to 0.316 at 0.9%. This
moderate improvement may be attributed to limited interfacial bonding and the relatively
low stiffness of straw fibers within the DRS matrix.

In contrast, PPF was significantly more effective in reducing compressibility. At
0.6% fiber content, Cc decreased from 0.327 to 0.164, corresponding to an approximate
50% reduction. A slight increase to 0.192 at 0.9% was observed, likely due to reduced
dispersion efficiency at higher fiber contents [59]. The marked reduction in compressibility
at 0.6% PPF may be associated with improved stress transfer and fiber—matrix interaction
mechanisms [60].

Overall, PPF demonstrated greater effectiveness than WSF in reducing compressibility,
particularly at 0.6%. While wheat straw fibers offer environmental and economic advan-
tages, their reinforcement efficiency appears limited beyond this dosage. Importantly, all
C. values remained within the typical range for compacted clays (C. < 0.5), indicating
acceptable consolidation behavior for liner applications [56].

Regarding the coefficient of consolidation (Cy), a general decrease was observed with
increasing fiber content. For WSF-reinforced mixtures, C, decreased notably at 0.9%, which
may reflect increased structural heterogeneity and fiber clustering during mixing [38].
Changes in C; are influenced by both permeability and compressibility, and therefore
should be interpreted in conjunction with m, and hydraulic conductivity values [39,61].

Concerning the swelling index (Cs), WSF-reinforced samples exhibited lower Cs values
at 0.3% and 0.9% compared to DRS, although variations remained limited. The hydrophilic
nature of straw fibers may contribute to localized water retention within the matrix. In
contrast, Cs decreased progressively with increasing PPF content, from 0.029 (DRS) to 0.022
at 0.9% (=24% reduction), indicating improved control of volumetric expansion. Similar
trends have been reported by Muhammad et al. [61] and Viswanadham et al. (2009) [62].

Hydraulic conductivity is a critical parameter in the design of landfill cover and
liner systems, as it governs fluid migration [3,56]. Typical design guidelines indicate
values on the order of <1 x 10~ m/s for compacted clay liners and <1 x 107 m/s for
cover systems.

Permeability was estimated indirectly from oedometer test results using the classical
relationship proposed by Olson and Daniel [63], and later applied by Mata and Ledesma,
2003 [64] and Quang and Chai, 2015 [65]. All permeability values are reported in cm/s; for
comparison with regulatory requirements expressed in m/s, appropriate unit conversion

https:/ /doi.org/10.3390/ geotechnics6020032


https://doi.org/10.3390/geotechnics6020032

Geotechnics 2026, 6, 32

14 of 20

was performed. Hydraulic conductivity was calculated from the coefficient of consolidation
(Cy) and the coefficient of volume compressibility (my).

Permeability values were determined under three loading ranges: 100-200 kPa,
200400 kPa, and 400-800 kPa. The variation in hydraulic conductivity with fiber con-
tent is shown in Figures 8 and 9.
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Figure 8. Hydraulic conductivity variations with WSF content at different loading steps.
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Figure 9. Hydraulic conductivity variations with PPF content at different loading steps.

An increase in fiber content from 0% to 0.9% resulted in a progressive increase in
hydraulic conductivity. However, for fiber contents up to 0.3%, this increase remained
marginal. For example, under the 400-800 kPa loading stage, permeability increased from
1.69 x 1078 cm/s (DRS) to 1.86 x 1078 cm/s (0.3% WSF) and 2.07 x 108 cm/s (0.3% PPF).

At 0.6% fiber content, hydraulic conductivity increased to 5.25 x 10~8 cm/s (WSF)
and 4.21 x 1078 cm/s (PPF), and at 0.9% to 1.19 x 10~7 cm/s (WSF) and 1.36 x 10~7 cm/s
(PPF). The highest sensitivity was observed for 0.9% WSF under 100200 kPa, where
permeability reached 2.22 x 10~7 cm/s.

When converted to SI units, the highest measured permeability (1.36 x 107 cm/s)
corresponds to 1.36 x 10~? m/s, which remains two orders of magnitude lower than
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the regulatory limit for landfill cover systems (1077 m/s). Moreover, these values are
substantially lower than the typical upper limits reported for compacted liner materials
(Chaduvula et al., 2017 [66]; Divya et al., 2018 [67]), (Mukherjee and Mishra, 2019 [68]).

The increase in permeability can be attributed to the development of preferential flow
paths induced by fiber inclusion (Mukherjee and Mishra, 2019 [68]), as was also reported
by Muneerah et al., 2019 [39] P1é and Lé, 2012 [58], and Qiang et al., 2014 [69]). This
interpretation is consistent with the measured increase in porosity (40.45% to 41.11% for
WSF), indicating a slightly more open soil fabric.

Nevertheless, even at 0.9% fiber content, the estimated permeability (e.g., 1.36 x 10~7 cm/s
for PPF) remains compatible with the hydraulic performance required for landfill cover
systems. These results suggest that fiber reinforcement enhances mechanical stability
without critically compromising the hydraulic barrier function.

3.4. Fourier Transform Infrared Spectroscopy (FT-IR)

The FTIR spectra of unreinforced and fiber-reinforced DRS (Figure 10) reveal the
dominant mineralogical framework of the sediment and the progressive contribution of
organic fibers with increasing dosage.

Transmittance (a.u.}

— 0.9% WSF
40 T T T T T T
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e
.1
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Figure 10. FTIR spectra of dam-extracted sediment (DRS) reinforced with wheat straw fibers (WSF)
and polypropylene fibers (PPF) at different dosages.
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All specimens exhibit a broad absorption band in the 3600-3200 cm~! region, at-
tributed to O-H stretching vibrations of structural hydroxyl groups in clay minerals to-
gether with physically adsorbed water. The band near 1640 cm ! corresponds to H-O-H
bending of the interlayer and adsorbed water molecules [70]. These features are typical
of fine-grained clayey materials and reflect the hydrophilic nature of the mineral matrix,
which governs compressibility and consolidation behavior.

A strong band centered at approximately 1030 cm ! is assigned to Si-O stretching
vibrations of aluminosilicate minerals [71], confirming the presence of clay minerals and
quartz within the DRS. The persistence of this band across all mixtures indicates that fiber
incorporation does not alter the fundamental mineral skeleton of the sediment. Secondary
mineral-related bands, including those in the 520-470 cm ! region, are consistent with Si-O-
Al and Si-O-5i bending vibrations, further supporting the stability of the clay framework
after reinforcement.

In WSF-reinforced mixtures, distinct organic signatures appear and intensify with
increasing fiber content. The emergence of C-H stretching bands in the 2920-2850 cm !
range is associated with aliphatic chains present in cellulose and hemicellulose. The
band near 1730 cm~! corresponds to C=O stretching vibrations of hemicellulosic ester
groups [71], confirming the incorporation of lignocellulosic components.

Additional bands in the 1500-1600 cm ! region are attributed to aromatic skeletal
vibrations of lignin, which become more pronounced at higher WSF contents. Overlapping
in the 1000-1100 cm ! region between C-O-C and C-O vibrations of cellulose and Si-O
stretching of clays results in slight band broadening, suggesting intimate physical contact
between fibers and the clay matrix [72]. Importantly, no new absorption bands or peak
shifts indicative of chemical bonding between mineral phases and organic fibers were
observed. This suggests that the interaction between WSF and DRS is predominantly
physical in nature, likely governed by frictional interlocking, hydrogen bonding, and
mechanical bridging rather than chemical modification of the mineral structure.

The presence of hydrophilic hydroxyl and carbonyl functional groups in WSF may con-
tribute to increased water affinity at the fiber—soil interface. This observation is consistent
with the consolidation results, where moderate improvements in cohesion were accompa-
nied by slight increases in compressibility and permeability at higher fiber contents.

In contrast, PPF-reinforced samples display only weak characteristic bands associated
with polypropylene, primarily C-H stretching vibrations in the 2950-2840 cm ! region and
bending vibrations near 1455 and 1375 cm ™. The absence of polar functional groups or
additional oxygen-containing bands confirms the chemically inert nature of polypropylene.

No significant modification of clay-related bands was detected in PPF mixtures, indicat-
ing that the mineral matrix remains unaffected chemically. The reinforcement mechanism
in PPF systems is therefore attributed primarily to mechanical interlocking and tensile
resistance provided by the synthetic fibers.

Overall, the FTIR analysis confirms that fiber reinforcement does not induce chemical
alteration of the DRS mineral structure. Instead, mechanical improvement arises from
physical interaction mechanisms, with WSF introducing hydrophilic organic functionality
and PPF acting as an inert structural inclusion.

4. Conclusions

This study investigated the feasibility of valorizing dredged reservoir sediments
(DRS) as geomaterials for landfill liner and cover applications through fiber reinforcement.
Particular emphasis was placed on the comparative evaluation of natural (wheat straw
fibers, WSF) and synthetic (polypropylene fibers, PPF) reinforcements within the same
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sediment matrix under liner-relevant conditions, providing new insight into their respective
efficiencies and mechanisms.

e  The unreinforced DRS exhibited properties compatible with liner applications, includ-
ing high fines content (~72%), moderate plasticity (PI ~ 30), and porosity within the
typical range of compacted clay materials (=40%).

e  Fiber inclusion significantly enhanced shear strength, with an optimal content of
0.6%. At this dosage, WSF increased shear strength by ~73%, while PPF showed
more pronounced and consistent improvements due to higher stiffness and more
effective stress transfer. A reduction in performance beyond 0.6% indicates fiber
oversaturation effects.

e Consolidation behavior improved with fiber addition, as reflected by a reduction
in compressibility. The compression index decreased from 0.327 (DRS) to 0.303
(0.6% WSF) and 0.164 (0.6% PPF), confirming the effectiveness of reinforcement in
limiting deformation.

e  Hydraulic conductivity, indirectly estimated from consolidation parameters, showed
a slight increase with fiber content but remained within ranges typically reported for
compacted fine-grained barrier materials.

e  Bulk density and porosity results indicated that fiber addition did not adversely affect
compactability, with only marginal porosity increases (~40.45% to 41.11%), remaining
within acceptable limits.

e  FTIR analysis highlighted distinct reinforcement mechanisms, with lignocellulosic in-
teractions and increased water affinity for WSF, and mechanically driven reinforcement
for PPF, confirming the influence of fiber nature on soil-fiber interaction.

Overall, this work demonstrates that DRS can be effectively reused as liner materials,
while highlighting the distinct performance and mechanisms of natural and synthetic fibers
within a unified experimental framework. The findings identify 0.6% fiber content as
an optimal balance between mechanical improvement and material efficiency, with WSF
offering a sustainable alternative despite lower performance compared to PPE. Future work
should focus on direct permeability measurements and long-term durability assessment, as
well as the evaluation of field-scale performance under realistic environmental conditions.
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