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ABSTRACT 

This study investigates stress direction changes and reinforcement behavior in 
geotextile-encased sand specimens subjected to cyclic triaxial loading. During axial 
loading, applied forces are redistributed radially through the soil matrix and mobilized as 
tensile stresses in the encasing geotextile fabric. At the particle level, stress orientation 
evolves along the principal axes, with rearrangement occurring during cyclic shearing. 
Results show that prolonged loading leads to progressive rearrangement and softening 
of the soil matrix, accompanied by a reduction in confinement efficiency due to fabric 
loosening at the soil–fabric structure. Additionally, post-cyclic reconsolidation tests reveal 
that the reinforcement retains its structural function, maintaining sufficient confinement 
and supporting partial recovery of the soil skeleton. These findings highlight the dynamic 
interaction between fabric tension and internal soil structure, and demonstrate that 
encasement continues to provide mechanical benefits on reconsolidation. 
 
 
1. INTRODUCTION 
 

Geotextile encasement has emerged as an effective solution for improving the 
cyclic performance of soils, especially in earthquake-prone or wave-affected 
environments. By providing lateral confinement, geotextile fabrics enhance the stiffness 
and strength of soil, reduce deformation, and delay pore pressure buildup during cyclic 
loading (Yoo & Abbas, 2019; Miranda et al., 2017). This method has been widely applied 
in stone columns, geotextile tube embankments, and sandbag foundations installed in 
soft or saturated ground conditions (Raithel et al., 2002; Kim et al., 2023). Although the 
mechanical benefits of encasement are well-documented, limited research has explored 
the internal stress redistribution and principal stress rotation that occur during repeated 
loading. As cyclic loads are applied, soil particles undergo progressive rearrangement 
and potential softening, affecting the mobilization of tensile forces in the geotextile. In 
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dense specimens, this confinement effect tends to activate at higher strains, while in 
looser soils, it can engage earlier due to rapid lateral expansion. The dynamic coupling 
between particle behavior and fabric tension remains poorly understood, particularly 
under undrained principal stress conditions. 
 

Furthermore, the role of post-cyclic reconsolidation in restoring soil strength and 
density within encased systems is also an area of interest. Studies such as Ishihara and 
Yoshimine (1992) and Green (2001) have shown that cyclic liquefaction and subsequent 
reconsolidation lead to significant densification, yet the effect of geotextile encasement 
on this process remains underexplored. 

This study aims to investigate the evolution of internal stresses, confinement 
mobilization, and reconsolidation behavior in geotextile-encased sand specimens 
subjected to cyclic loading. By focusing on principal stress rotation and post-cyclic 
performance, this work contributes to a deeper understanding of fabric-soil interactions 
and provides insights for the design of resilient geosynthetic-reinforced systems. 
 
2. EXPERIMENTAL PROGRAMME 
 
Specimen preparation and experimental set up: 
 

The test specimens were prepared using sand collected from Saemangeum Port, 
South Korea. The material had a fines content of 14% and median particle size 
D50=0.14mm.  Based on criteria established by Seed et al. (1985) and Youd and Idriss 
(2001), the soil was classified as potentially liquefiable under undrained cyclic loading. 
Cylindrical specimens (70 mm diameter × 140 mm height) were prepared at two target 
relative densities namely loose 35% and medium dense 50%. The moist tamping method 
(Ladd, 1978; Frost & Park, 2003) was employed to achieve the target densities. For the 
encased specimens, a flexible woven polyester (PET) geotextile was used. The fabric 
was pre-cut and positioned inside the mold prior to tamping, ensuring full encasement. 
Un-encased specimens were also prepared as controls for comparison. 
 

The experimental setup, including the dynamic triaxial system and visualization of 
the encased specimen with labeled parts, is shown in Fig. 1. Tests were performed using 
a dynamic triaxial apparatus (Wille Geotechnik, Germany). Axial load was measured 
using an internal load cell, and displacement was captured using an LVDT connected to 
the loading rod. A volume-pressure controller (VPC) was used to regulate confining and 
back pressures. Data were acquired and processed using the Geosys software suite. 
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Fig. 1 Experimental Set up 

 
 
Cyclic Loading Programme: 
 

Cyclic triaxial tests were performed in accordance with ASTM D5311M-13 under 
undrained conditions. All specimens were isotropically consolidated to an effective 
confining pressure of 100 kPa. Cyclic axial loads were applied at a frequency of 0.1 Hz, 
replicating quasi-static loading while minimizing inertial effects (Zhu et al., 2021). Applied 
Cyclic Stress Ratios (CSR) range from 0.15 to 0.30 with 0.05 increments. The failure 
criteria were defined as pore pressure ratio Ru =1.0 or double amplitude axial strain DA 
= 5%, whichever is achieved first. Visualization of the encased specimen’s integrity 
during cyclic loading is shown in Fig. 2(a), while Fig. 2(b) provides a photograph of the 
specimen prior to installation in the triaxial chamber. 
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(a)  (b) 

Fig. 2 (a) Visualization of specimen integrity and (b) specimen set up. 

 
 
Post Cyclic Loading Programme:  
 

The applied loading program, including the post-cyclic reconsolidation stage, is 
summarized in Fig. 3(a). After the cyclic phase, the drainage valve was opened to allow 
pore pressure dissipation and specimen reconsolidation under drained conditions. The 
process was considered complete once the volume change stabilized and effective 
stress recovered. Subsequently, drained monotonic shearing was performed at a 
constant strain-rate to evaluate the residual strength. A representative specimen in its 
loosened, reconsolidated state is shown in Fig. 3(b). Volumetric strain measurements 
were used to compute the final relative density, enabling evaluation of cyclic densification 
effects. 
 
 

 
 

(a)  (b)  
Fig. 3 (a) Loading programme and (b) reconsolidated state visualization. 
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3. RESULTS AND DISCUSSION 
 
Cyclic resistance and pore pressure response: 
 

Geotextile encasement significantly enhanced the cyclic resistance of the sand 
specimens compared to un-encased controls. As shown in Fig. 4(a), PET-encased 
specimens endured a higher number of cycles before reaching failure, particularly at 
lower cyclic stress ratios (CSR = 0.15). In contrast, un-encased specimens typically failed 
within 20–50 cycles under similar loading conditions. At CSR = 0.15, encased samples 
often did not reach the failure threshold (either Ru=1.0 or DA strain ≥ 5%) even after 200 
cycles, indicating substantial delay in pore pressure buildup and softening onset. 
 

This improvement is attributed to the lateral confinement provided by the PET fabric, 
which limits radial expansion and helps maintain effective stress within the specimen 
during cyclic loading. The effect was more pronounced in loose specimens, where early 
mobilization of fabric tension occurred due to immediate lateral deformation. To simplify 
the resistance trend, Fig. 4(b) presents the normalized excess pore pressure ratio (Ru) 
behavior of the PET-encased specimens, plotted alongside reference boundaries 
derived using the Seed et al. (1975) formulation. These bounds represent the expected 
liquefaction behavior of clean Monterey sands, using the simplified relationship: 
 

𝑅𝑅𝑢𝑢 =
2
𝜋𝜋 sin−1

𝑁𝑁
𝑁𝑁𝑙𝑙𝑙𝑙𝑙𝑙

1
2𝜃𝜃

 

 
where θ = 0.7 and 1.2 were used to define the upper and lower bounds of behavior based 
on range from Monterey Sands. 
 

  
(a) (b) 

Fig. 4(a) Cyclic resistance curve and (b) normalized pore pressure trend. 
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The encased specimen trends fall outside and above these bounds, indicating a 
delayed rate of pore pressure accumulation and extended resistance. This deviation from 
the Monterey sand baseline highlights the beneficial effect of encasement under 
undrained cyclic loading and supports the notion of apparent reinforcement and delayed 
softening. The trend also reflects the complex interaction between fabric confinement 
and evolving soil structure under repeated loading. 
 
Principal Stress Rotation and Particle Rearrangement: 
 

During cyclic loading, the PET-encased specimens exhibited a markedly different 
deformation behavior compared to un-encased soil. As shown in Fig. 5(a), axial strain 
accumulation progressed more gradually in encased specimens across all cyclic stress 
ratios (CSR). The double amplitude axial strain (DA) for PET-encased specimens (DAPET) 
remained substantially lower than that of ordinary soil (DAOS) at corresponding load 
levels. For example, at CSR = 0.25, DAPET was limited to 1.45%, compared to 4.48% in 
the un-encased sample. Similar trends were observed at CSR = 0.20 (DAPET = 0.54%, 
DAOS = 3.56%) and CSR = 0.15 (DAPET = 0.02%, DAOS = 1.84%). This reduction confirms 
the role of geotextile encasement in restricting axial deformation by providing effective 
lateral confinement. 
 

The evolution of normalized shear modulus (G/Gmax) with respect to the number of 
cycles is shown in Fig. 5(b). PET-encased specimens retained a larger portion of their 
initial stiffness over extended cyclic loading, in contrast to ordinary soil, which exhibited 
more rapid stiffness degradation. Notably, the effect of relative density is clearly observed: 
at the same CSR, denser encased specimens (e.g., DR = 60%) preserved stiffness over 
more cycles than looser specimens (e.g., DR = 35%). This suggests that the beneficial 
impact of geotextile confinement becomes more amplified with increasing soil density, 
likely due to improved fabric-soil interlocking and reduced initial void ratio. 
 

The improved modulus retention across densities indicates that the fabric mitigates 
particle rearrangement and delays the softening of the soil matrix. While direct stress 
path visualization (e.g., from advanced imaging or multiaxial loading) was not used, 
stress rotation was inferred from changes in deviator and confining stresses during cyclic 
loading. These inferred rotations, combined with the trends in strain suppression and 
stiffness preservation, point to a favorable redistribution of internal stresses within the 
encased specimens.  
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(a) (b) 
Fig. 5(a) Axial strain vs number of cycles and (b) G/Gmax vs number of cycles. 

 
 
 
Post Cyclic Behavior: 
 

Following cyclic loading and full reconsolidation under drained conditions, PET-
encased specimens were subjected to monotonic shearing to evaluate their residual 
strength and deformation characteristics. The results provide insights into how 
confinement influences recovery of mechanical performance after liquefaction-induced 
weakening. Fig. 6 illustrates the stress–strain response of a reconsolidated PET-encased 
specimen initially prepared at 50% relative density. Despite undergoing significant cyclic 
degradation, the specimen retained a stable and moderately stiff response during 
drained shearing. This suggests that the encasing fabric continued to provide structural 
confinement, even after cyclic strain softening and pore pressure dissipation.  
 
The recovered strength behavior indicates two important phenomena: 

• Preserved confinement function: Even after cyclic-induced rearrangement and 
stress reversal, the PET fabric maintained enough integrity that it still reinforces 
the fabric during monotonic shearing.  

• Reconsolidated relative densities matches those reported by Green (2001) and 
Gohl et al. (2000). 

Overall, the reconsolidated behavior reaffirms that geotextile confinement not only delays 
failure during cyclic loading but also supports partial recovery of strength by preserving 
internal structure during post-cyclic densification. 
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Fig. 6 Drained monotonic loading of reconsolidated encased specimens. 

 
 
4. CONCLUSION 
 
This study investigated the cyclic and post-cyclic behavior of PET-encased sand 
specimens under undrained triaxial loading conditions. The experimental results 
confirmed the beneficial role of geotextile confinement in enhancing liquefaction 
resistance and post-cyclic recovery. 

• At a cyclic stress ratio (CSR) of 0.15, un-encased specimens typically failed within 
20–50 cycles, while PET-encased specimens did not reach failure even after 200 
cycles. At CSR = 0.20, PET encasement improved cyclic resistance by 
approximately 1.7–4.3 times, depending on the relative density. Double amplitude 
axial strains (DA) were also substantially reduced. For instance, at CSR = 0.25, 
the strain in PET-encased loose specimens was only 32.18% of that observed in 
un-encased counterparts, while in dense specimens the ratio was 18.95%. 

• Normalized shear modulus trends (G/Gₘₐₓ) showed that PET encasement 
significantly delayed stiffness degradation across the number of cycles. After 
cyclic loading, reconsolidated specimens retained mechanical integrity and 
exhibited stable drained stress–strain responses. A PET-encased specimen 
initially prepared at 50% relative density reconsolidated at field values reported by 
Green (2001) and Gohl et al. (2000). 

• These findings confirm that PET geotextile encasement improves both the cyclic 
stability and residual strength recovery of liquefiable soils. The improvements in 
cyclic resistance, strain suppression, and reconsolidated shearing response make 
geotextile encasement a reliable strategy for reinforcing soils in seismic and 
cyclically loaded environments. 
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