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A B S T R A C T   

Annually, large amounts of waste Polyethylene Terephthalate (PET) bottles are discarded 
worldwide, although their properties can be useful in engineering works, such as soil improve
ment. Thus, the influence of PET fibers on sandy soil mechanical behavior was assessed in the 
present work. Consolidated-drained triaxial tests were performed using a 0.5% addition of 1.4 
(SF-1) and 3.3 dtex fibers (SF-2). Afterward, plate load and slopes tests in the laboratory scale 
model were carried out for the most effective fiber. Overall, the inclusion of both fibers improved 
the stress-strain behavior, evident by greater absorbed strain energy in the reinforced soil. The 
insertion of 1.4 dtex PET fibers enhanced the internal friction angle of the soil from 31.9º to 44.3º, 
while a 29.7º value was obtained from 3.3 dtex fibers. Also, a cohesion intercept portion was 
identified in both composites, corresponding to 22.5 and 58.7 kPa for SF-1 and SF-2, respectively. 
The PET reinforcement reduced both vertical and horizontal deformation and altered the soil 
failure mechanism. The settlement reduction in fiber-reinforced sand is stress magnitude 
dependent, decreasing about 81% for stresses above 300 kPa, in which settlement of 125.3 mm 
from unreinforced sand was reduced to 23.6 mm by fiber insertion at 400 kPa. At the maximum 
comparable settlement, a 375.7% enhancement was seen in the bearing capacity, increasing from 
240 kPa to 1141.6 kPa. In addition to a better understanding of soil-PET mixture, the results 
contribute to encouraging sustainable applications in engineering, such as embankment, shallow 
foundation, and retaining wall layers.   

1. Introduction 

The excessive consumption of natural resources associated with large amounts of solid waste materials production is causing 
serious socio-environmental impacts and the land requirement for disposal, wherein the solid residues incorporation in production 
cycles becomes a solution to achieve sustainable development [1–5]. Globally, plastic waste generation exceeds 300 million tons 
annually, with an increasing rate of 4% per year [6]. In Brazil, only 1.2% of 11.3 million tons generated are recycled, and polyethylene 
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represents 48.9% of all thermoplastic polymers discarded, with recycling been identified as the most effective plastic waste man
agement strategy [7,8]. 

Polyethylene terephthalate (PET), a semi-crystalline thermoplastic polymer, due to the mechanical, chemical and thermal prop
erties and production cost relationship, is one of the most produced plastics of the last two decades, resulting in large amounts of waste 
PET, because of its non-biodegradable nature and short-term usage [4,9,10]. Considering that plastic has satisfactory features (low 
density, high tensile strength, lightweight, and low cost), several studies have been conducted to evaluate plastic waste in engineering 
works, such as soil improvement. 

Investigating sand reinforced with natural and synthetic fibers, Gray and Ohashi [11] reported bilinear failure envelopes related 
with a critical confining stress, also identified by Consoli et al. [12] under distinct stress paths. Benson and Khire [13] demonstrated the 
importance of the aspect ratio of high-density polyethylene (HDPE) strips inclusion on shear strength of sand soil. Improvements on 
tensile strength by adding plastic polystyrene in sand soil were reported by Ahmed [14], in agreement with findings of Consoli et al. 
[15], Park [16], Fatahi et al. [17] and Dhar and Hussain [18], using waste plastic fibers with a stabilized agent. From distinct PET size 
and content, Louzada et al. [4] demonstrated at low confining stress that the inclusion does not fill all the voids in the clayey soil, 
affecting the interaction between the materials and minimizing the soil load capacity. Based on previous research, variables such as 
form (e.g. powder, crushed and fibers) and aspect ratio of the inclusion, mixture proportion, type of soil and confining stress magnitude 
exert a high-level influence on the mechanical behavior of plastic waste reinforced soils [13,19–30]. 

One of the main concerns of fiber reinforcement is related to the fiber’s orientation during the mixing and compaction process, 
which has been shown to result in non-isotropic mixture by Diambra et al. [31]. In this regard, both moist tamping and vibration 
procedures for preparing reinforced specimens lead to sub-horizontal orientation of fibers. The use of moist tamping technique to 
prepare specimens has the advantages of density control of the sample, prevention of fiber segregation and resemblance with the 
soil-fiber fabric generated in the field compaction [32–34]. Beyond that, the anisotropic behavior of fiber-reinforced sand was 
investigated by Ghadr and Bahadori [35] under undrained torsional shear tests, using a hollow cylindrical torsional shear apparatus, 
and they observed that sand particle shape plays a major role in fibers contribution to shear strength. Further, the increase in sphericity 
and roundness ratios of the particles reduced the anisotropy occurrence in specimen. 

Evaluating the load-settlement response of fiber-reinforced sand in load plate tests, Consoli et al. [36,37] demonstrated that the 
bearing capacity and stiffness of the composite material are dependent on relative density and that the effect is more pronounced for 
higher densities. Mirzababaei et al. [38] studied the waste carpet fiber content and footing edge distance ratio influence on the 
behavior of slope under surface loading, obtaining bearing resistance improvements of 145%. Sotomayor and Casagrande [39] reduced 
the settlement, the number, and size of cracks propagation by adding coconut fibers randomly distributed under plate load tests. 

Even though the importance of field tests to verify the mechanical behavior of the results obtained in laboratory tests, this practice 
tends to be uncommon in fiber-reinforced soils area, and laboratory scale model tests appear as a satisfactory solution for geotechnical 
applications. Nevertheless, there are few available studies, leading to a gap on PET fibers in geotechnical application [36–38]. In 
recognition of these needs, this study was conducted to achieve the goals: (1) evaluate the influence of different aspect ratio of waste 
PET fiber on sandy soil mechanical behavior, from triaxial tests; and (2) verify the contribution of the most efficient fiber on bearing 
capacity of the sand, by load plate and slopes tests in the laboratory scale model. The present research expects to contribute to a better 
understanding of soil-PET mixture and to encourage sustainable applications in engineering, and based on several limitations of it, 
theuse of higher confining stresses in triaxial tests, the replication of the experimental program considering distinct relative density of 
the composite, and the correlation of the results reported here with field test are suggested as possible future areas of study. 

2. Experimental program 

2.1. Materials 

The materials used in this research were a poorly graded sand soil (Fig. 1a) extracted from Itaboraí – Rio de Janeiro/Brazil, and 
Polyethylene Terephthalate (PET) fibers obtained through the recycling of PET bottles. Fibers with distinct geometric features were 
selected, with textile title, diameter (df) and length (lf) of 1.4 dtex, 0.0098 mm, and 38 mm (Fig. 1b) and 3.3 dtex, 0.023 mm, and 56 
mm (Fig. 1c), respectively, resulting in fiber aspect ratios (lf /df) of 3877 and 2435. It is important to point out that the textile title of the 
fiber is a linear measurement based on weight by unit length (1 dtex = 1 g/10,000 m). The fiber’s specific gravity, determined by 
automatic gas pycnometer, is 1.21 g/cm3, presenting 81 MPa tensile strength, 2800 MPa modulus of elasticity, and elongation at break 
of 70% [40]. 

The particle size distribution and properties of sandy soil is presented in Fig. 2 and Table 1 [41]. The chemical characterization by 
X-ray fluorescence analyzer showed the presence of Si (66.02%), Al (30.01%), K (3.20%), Ti (0.50%), and Fe (0.21%) in the soil, in 
agreement with the mineral composition identified from X-ray diffraction, consisted mainly by quartz grains (SiO2), with low degree of 
sphericity and roundness, and high angularity, indicating small or no transport of the material. 

2.2. Specimen preparation 

Based on the similarity of the reinforcement mechanism presented by synthetic, natural and waste fibers, and considering the low 
specific gravity of PET fibers, the fiber addition of 0.5% in relation to the dry weight of the soil was employed, randomly distributed in 
the soil matrix [12,42]. Amounts above of 0.5% resulted in a visually non-homogeneous medium, since the large fibers’ volume 
generates the fiber-fiber contact, which directly affected the grain-fiber reinforcement mechanism [28,33,43]. The abbreviation S100, 
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SF-1 and SF-2 refer, orderly, to sand and sand-PET fiber mixture with 1.4 and 3.3 dtex. 
The moisture content of 10% was established from previous test, with the view to prevent excessive water in molding. The 50% 

relative density of sand (void ratio equals to 0.80) was defined for both unreinforced and reinforced soil, due to the lack of a standard to 
determine maximum and minimum void ratios for fiber reinforced sand, and it is consistent with the literature [24,36,37,39,44,45]. 

2.3. Testing methods 

Consolidated-drained triaxial tests were carried out for non-reinforced sand and sand-PET fiber composites at the effective stress of 
50, 100, and 150 kPa, to determine the stress-strain behavior and the strength parameters for superficial geotechnical applications, i. 
e., works limited to confining stresses up to 150 kPa, which can include embankments, shallow foundation placed in the reinforced 
layers of soil, and retaining wall layers. The mixtures were prepared by manually mixing the dry soil, PET fibers (when applicable), and 
water, preventing the entanglement process that occurs when fibers entangled with each other and separate from the matrix, thus 
ensuring the uniformity of the mixture. The specimens were made by static compaction directly onto the triaxial press pedestal, 
controlling the height of each of the three layers into which the mold was divided during the compaction, based on the moist tamping 
technique [31–34,38]. The specimen presented height and diameter of 8.6 cm and 4.0 cm, respectively. 

The samples were saturated using backpressure and water percolation. Skempton’s parameter B value equal to or greater than 0.95 
was considered acceptable [46]. To avoid any pore pressure excess during the shear phase, the criterion present in Head [47] was 
employed, leading to a rate of 0.030 mm/min. 

The tests were performed using conventional triaxial with strain-controlled test, presenting a capacity of 10 t. The load cell used has 
a maximum capacity of 5000 kN and an accuracy of 0.1 kN. The displacement was quantified using linear variable displacement 
transducer (LVDT) with 25 mm of course and accuracy of 0.01 mm. The measurements of the pressure in chamber, the volume gauge, 
and the pore pressure occurred by transducers with a range between 2 kPa and 1700 kPa. The volume change was obtained through 
the volumetric variation measurer (VVM), manufactured in PUC-Rio, following the Imperial College model. 

The plate load and slope tests were conducted in a laboratory physical model with the non-reinforced sand and most efficient 
composite, based on triaxial tests. To simulate a continuous medium without interference from the side walls and the bottom of the 
box, using a rigid circular steel plate 10 cm in diameter and 2.54 cm thick, a box consisting of four high density wood plates and an 
acrylic sheet, with 80 cm in length, and 60 cm in width was designed. According to the criteria that the stress bulb generated by the 
plate load test only represents the characteristics of the soil up to two diameters below the plate, a depth of 45 cm was defined for the 
box [48]. The ratio of the plate diameter to mean particle size (D50 = 0.59 mm) is near to 170—i.e., above 50—which ensures that 
there is no effect for the model plate size on the bearing capacity, as reported by Toyosawa et al. [49]. The buckling of the walls was 
avoided using lateral reinforcement composed of steel profiles. To assurance the homogeneity and relative density of 50%, the ma
terials were mixed using a rotary drum mixer. First, the dry soil and fibers were mixed, and then the water was added in parts until 
reaching the required amount. The box was divided into four layers of 0.1 m each for compaction. 

During the plate load tests, the vertical displacements that occurred around the plate were measured by three displacement 
transducers type with a stroke of 100 mm arranged at 5, 7.5 and 10 cm of the plate edge (Fig. 3), intending to evaluate the soil behavior 
around the plate and its rupture mode. For the slope, an angle of 45º was selected for the tests, in agreement with executive 

Fig. 2. Sandy soil particle-size distribution curve.  

Fig. 1. Materials used in this research: (a) Sand soil; PET fiber (b) 1.4 dtex; (c) 3.3 dtex.  
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recommendation for slope in sandy soils on highways in Brazil. The slope was built using aluminum parts designed and molded for this 
purpose. The displacement transducers were positioned horizontally on the top, middle, and bottom of the slope (Fig. 4) to measure the 
horizontal displacements caused by the increase in load. The plate center was placed at a distance of approximately 13.5 cm from the 
edge of the slope, leading to a ratio of the distance between nearest edge of the plate and the crest of the slope equal to 0.85. Introduced 
by Mirzababaei et al. [38], the authors have shown that the edge of the plate to the slope-crest distance from 0 to 3 times the plate 
diameter does not cause significant variation in the results. 

The rigid circular steel plate was coupled to the MTS load system, consisting of a universal reaction frame attached with a hydraulic 
servo actuator and a 100 kN load cell. The plate displacement was monitored by an internal data acquisition system connected to the 
actuator, which directly measures the displacement of the loading cell. Another external data acquisition system was connected to the 
displacement transducers. The load application occurred in a controlled manner at 0.2 kN/s rate [50]. 

3. Test results and analysis 

3.1. Conventional triaxial tests 

3.1.1. Stress-strain-volumetric results 
The stress-strain-volumetric response obtained through CID triaxial tests for sand and sand-PET fiber composites is presented in  

Fig. 5. The inclusion of PET fibers caused an increase in resistance as the effective stress increased. Compared to non-reinforced sand, 
an increment in the maximum deviatoric stress is observed for both PET fiber composites, which suffered a hardening effect with the 
increase in axial strain (strain-hardening). 

By analyzing the fiber-reinforced sand, the SF-1 mixture demonstrated superior stress-strain behavior. For the same mixture ratio, 
SF-1 contains finer and smaller fibers (1.4 dtex and 38 mm length) and, consequently, lighter—resulting in a greater number of fil
aments within the soil matrix, when compared to 3.3 dtex PET fibers. Thus, the randomly distributed presence of these fibers is more 
likely to pass through the soil rupture surface [14,27]. 

The volumetric strain εv vs. εa curves demonstrated a compressive nature for all the experimental conditions, indicating that the 
fiber adding does not modify the non-reinforced sand tendency, as observed by Consoli et al. [36] and Louzada et al. [4]. At 
approximately 2% axial strain, a parallel behavior is observed between the stress-strain curves fiber-reinforced soil, where curves 
increasing accompanied by the widen in effective confining stresses applied. This behavior is believed to occur on account of a single 
strength increase rate existence with the axial strain from the moment the fibers are mobilized. Also, this contribution remains visible 
until the axial strain limit of 18%. 

3.1.2. Shear strength parameters 
The effect on the strength parameters incurred by the fiber inclusion is shown in Fig. 6. It is seen that the PET addition caused an 

improvement in cohesion intercept for both composites, ranging from 0 to 22.51 kPa (SF-1) and 58.77 kPa (SF-2). In respect of the 
internal friction angle of the sand (31.97º), an increment of 38.7% was obtained by SF-1 (44.33º), while SF-2 suffered a short reduction 
(29.72◦). It has been shown by many authors that a bilinear failure envelope in respect of fiber reinforced sand [12,13,51]. Under 
lower-pressure part of the failure envelope, as the present work, reinforcing mechanism is governed by fiber stretching and slippage, 
leading to significant gains in the internal friction angle, mainly, which agrees with the obtained results for sand-PET fibers with 1.4 
dtex. Considering that fibers in fiber-reinforced sand in reality work in tension and not in shear [37,52–54], it is expected that the 
smaller aspect ratio presented by fibers with 3.3 dtex affected the mobilization of tension, in accordance with He et al. [55]. 

Considering the 50% relative density leading to an initial loose sand behavior, the 3.3 dtex fibers, with both larger diameter and 
length (0.023 mm and 56 mm, respectively), is expected to present superior mobilization stress in the presence of effective confining 
stresses higher than the 150 kPa used in this study. Under a low confining stress, the fiber’s major role regards to gains in cohesion 
intercept, in the same way observed for polypropylene fibers. 

The recommended relationship of fiber length (lf) to the diameter of the matrix grains (D50), 10 < Lf/D50 < 100, established to 
fiber-reinforced sand by Diambra and Ibraim [29], was satisfied by both fibers SF-1 (64.4) and SF-2 (94.9). Although it was expected 
that the higher relation would result in greater interaction and, consequently, superior shear strength parameters, it is important to 
clarify that the length and diameter of the fiber varied in the present study, affecting the establishment of a simple correlation between 
the ratio and mechanical behavior. Further, not only the mean particle size, but also the grain shape parameters, affects the interaction 
mechanisms [35]. 

Table 1 
Properties of the sand.  

Property Value 

Specific gravity (Gs) 2.65 
Effective size (D10), mm 0.24 
Uniformity coefficient (Cu) 2.90 
Gradation coefficient (Cc) 1.0 
Minimum void ratio (emin) 0.67 
Maximum void ratio (emax) 0.93 
USCS Classification SP  
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3.1.3. Strain energy absorption capacity 
Tenacity is the property of the material that expresses the energy absorbed by it when deformed. In this study, tenacity was assessed 

by the strain energy absorption capacity (Edef), which is a quantity numerically equal to the area under the stress × variation strain 
curve, evaluated up to an axial strain of 18%. Fig. 7 shows the variation in the strain energies absorbed under the different effective 
stresses applied. 

The inclusion of PET fibers in the sand matrix demonstrated a non-linear increase in absorbed energy for all studied stress con
ditions. This beneficial effect can be understood as fibers developing resisting forces when shear forces in weak zones overcome soil 
natural shear strength [26]. In this sense, the composite reinforced with 1.4 dtex PET fibers presents a greater capacity than the 
composite reinforced with 3.3 dtex PET fibers. 

Fig. 3. Load plate test set-up: (a) cross-section; (b) overview.  
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3.2. Plate load tests in laboratory scale model 

For the laboratory scale model tests, the 0.0098 mm diameter and 38 mm length PET fiber was utilized, based on the most efficient 
behavior during the triaxial tests. The load-settlement curves obtained for the sand and the sand-PET fiber composite are shown in  
Fig. 8. 

The enhancement in the load-settlement behavior by the PET inclusion is expressed by the ability to withstand more than double 
the load with a lower settlement, as a result of the increased stiffness [29,38]. The behavior is attributed to the reinforcement effects, 

Fig. 4. Slope test set-up: (a) cross-section; (b) overview.  
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such as the rise in both shear strength parameters and the high degree of interlocking. 
The maximum load and measured settlement obtained for the sand were 436.9 kPa and 135.6 mm, respectively, in contrast to 

1141.64 kPa and 73.11 mm recorded for the sand-PET fiber composite. For the maximum comparable settlement (73.11 mm), it was 
seen a 375.7% enhancement in the bearing capacity. 

Both materials (S100 and SF-1) demonstrated a similar path at the initial load-settlement, which is related to the sand behavior. On 
the other hand, the fiber inclusion begins to act together with the matrix at approximately 50 kPa, and after the S100 reaches the 
failure, the composite remains resisting. A nearly linear pattern could be seen during the sand-PET fiber composite test (R2 = 0.994), 
indicating elastic behavior. 

The load-settlement results present the same tendency observed by Consoli et al. [37] and Sotomayor and Casagrande [39]. In all 
studies, the addition of fibers, natural or synthetic, to the sandy matrix, is effective in reducing the settlements when compared to the 
non-reinforced soil. Moreover, the curves exhibit a similar trend when submitted to greater loads, almost parallel. Possible differences 
can be explained by the variability of the materials used in each work, the diameter of the plate employed, and the characteristics of the 
sandy soil. 

It is worth noting that sand-PET behavior along the test is affected by the stress magnitude (Table 2). The waste PET fiber used in 
the mixture is more efficient on settlement reduction when submitted to higher loads, reaching reductions about 80% when subjected 
to stresses above 300 kPa. As shown by Consoli et al. [36], as well as Kumar and Kaur [56], the horizontal stresses are expected to 
increase under the plate during loading, increasing the confining stresses, thus, the association of continuous increase of strength at 
larger settlement and confining stresses lead to a stiffer response of the material. As a result, the fibers can absorb greater deformation 
energy and better distribute the working stresses in comparison to the unreinforced soil [38]. 

The settlements obtained from the displacement transducers inserted near the plate, at distances of 5 (transducer 1), 7.5 (trans
ducer 2), and 10 cm (transducer 3) are shown in Fig. 9. For the S100, it is seen as a settlement closer to the edge of the plate, while for 
the distances of 7.5 and 10 cm, a raising of the sand occurred during the loading. The phenomenon characterizes a local failure, where 
there is the formation of a wedge at the edges of the foundation and a remarkable tendency to lift the soil around the foundation from 
the concentration of stress over a smaller area close to the loaded area [38]. The formation of radial and perpendicular fissures around 
the plate was observed during the plate load test of the sand (Fig. 10a). 

In contrast, for the sand-PET fiber composite, it is possible to note that the vertical movement of the foundation is accompanied by 
the depression of the ground immediately below, and the penetration of the foundation occurs by vertical shearing around the 
foundation, while the surrounding soil practically does not participate in the process, characterizing a punching failure. Although it 

Fig. 5. Stress-strain-volumetric behavior of sand and sand-PET fiber composites in conventional triaxial compression tests.  
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does not avoid the appearance of cracks, the insertion of the fiber reduces the sand movement due to its pullout resistance, controlled 
by the friction between the materials [53,57,58]. Moreover, the reinforcing elements can absorb greater deformation energy and 
distribute the generated stresses underneath the loaded area over a larger area (Fig. 10b). The satisfactory interlocking between the 
fibers and soil grains creates a relatively uniform strengthened composite, able to dissipate the energy under the load area [36]. 

The horizontal displacements measured by the transducers during the slope tests in the laboratory scale model are presented in  
Fig. 11. The readings obtained in the sand test at the crest were larger than the middle and base readings, which matches the rupture 
surface formed in the slope because, upon breaking, the soil at the top of the slope was lifted. The transducer placed at the base of the 
slope suffered a displacement contrary to the others because when breaking, the soil transposed the level of the transducer, precluding 
the actual readings. 

For the sand-PET fiber composite, the displacements were significantly reduced, and the slope collapsed at higher stresses, sup
porting approximately three times more load than the sand performance. Comparing the displacement patterns between unreinforced 
and fiber-reinforced sand, the tensile restraint produced by the fibers leads to increase the effective confining pressure, which increases 
the frictional portion of the strength and acts by holding the soil grains from moving toward the slope face, as observed by Consoli et al. 
[37] and Mirzababaei et al. [38]. It is noticed that the composite slope suffered a horizontal deformation in the middle of its surface, 
which only begins to occur approximately at 300 kPa, approximately the same load where the sand collapses, confirming the hy
pothesis that when the soil no longer supports the applied loads the fibers begin to act, preventing the slope rupture. 

Fig. 6. Strength envelopes for sand and sand-PET fiber composites.  

Fig. 7. Strain energies absorbed at 18% of axial strain.  
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4. Concluding remarks 

Based on the results and analyses presented on the paper, it is possible to conclude that:  

• Both fibers improved the stress-strain behavior and absorbed strain energy of non-reinforced sand as well as increased stiffness. 
Superior strength parameters gains were obtained for the 1.4 dtex fiber, with the appearance of 22.51 kPa in cohesion intercept and 
increment of sand internal friction angle from 31.9º to 44.3º.  

• PET fibers addition in the sand matrix contributes to an increase in soil strength and reduces the deformation in both vertical and 
lateral directions, distributing the applied stress more uniformly in a larger area. Considering the maximum comparable settlement 
of 73.11 mm, the bearing capacity enhanced from 240 to 1141.6 kPa.  

• The settlement reduction in fiber-reinforced sand is stress-magnitude dependent. At 400 kPa, the settlement of 125.3 mm from 
unreinforced sand decreased to 23.6 mm by the addition of the fibers, showing a decrease of at least 80%. 

Fig. 8. Pressure-settlement behavior for non-reinforced and fiber-reinforced sand.  

Table 2 
Stress level effect on sand-PET fiber settlement reduction efficiency.  

Stress (kPa) Settlement (mm) Settlement reduction (%) 

S100 SF-1 

50 6.39 6.06 5.2 
100 20.47 8.68 57.6 
200 56.83 13.31 76.6 
300 95.15 18.05 81.0 
400 125.35 23.64 81.1  

Fig. 9. Vertical displacement measured near the plate for non-reinforced and fiber-reinforced sand.  

J.W.S. Ferreira et al.                                                                                                                                                                                                  



Case Studies in Construction Materials 15 (2021) e00741

11

Fig. 10. Failure mechanisms obtained for (a) sand soil; (b) sand-PET fiber.  

Fig. 11. Horizontal displacement for non-reinforced and fiber-reinforced sand.  
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• The reinforcing elements changed the soil rupture mechanism from local failure, in which occurs the concentration of stress over a 
smaller area close to the loaded area, to punching shear failure, wherein reinforcing elements absorb greater deformation energy 
and distribute the generated stresses underneath the loaded area out over a larger area. 
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