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ABSTRACT

Geotextile tubes have been primarily used for environmentally friendly
embankment protection measures. The stability of these embankment structures
requires critical analysis of these tubes. The current state-of-the-art approaches treat
these as massive gravity structures and mainly focus on global and fabric failure, leaving
a gap in understanding the stress-strain responses of the geotextile tube as a unit. This
study focuses on the response of these tubes when subjected to surcharge loads from
the embankment or structures, termed "Load-bearing Geotextile Tubes" (LGTs). A stress-
state boundary, yield function, and analytical model were developed and verified by half
cross-section tests and small-scale geotextile tube filling/dewatering tests to predict the
internal and external stress-strain response of LGTs during filling, consolidation and
surcharge loading. The introduction of these equations further enhances the designer's
understanding and decision-making regarding the stability of these structures.

1. INTRODUCTION

Geotextile tube structures offer versatile solutions, especially in coastal or
embankment applications. This environmentally friendly technology consists of an
encasing fabric, namely the geotextile fabric, and the infill material, which is taken from
the native surrounding soil. The construction process of a geotextile tube includes: 1) the
filing stage, where the tube is laid flat and hydraulically filled with dredged material
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(surrounding soil mixed with large amounts of water to make a slurry); 2) the dewatering
stage, where the filled tube is left alone to allow the water to drain out and consolidate
the infill material; and 3) the surcharge loading stage, where load from another tube,
embankment fill, or structure is applied to the dewatered geotextile tube. Many
researchers have carried out investigations on the stability of the tube during the filling
stage, where hydrostatic stresses are transferred to the encasing fabric, producing
tensile strains (Leschinsky et al. 1996 and Lui 1981). They have also predicted the
consolidated dimensions of the tube (Kim et al. 2018 and 2021) After the tube has
consolidated and stacked up, it is then treated as a mass gravity structure in
embankments, slopes, groynes, and other coastal structures. These structures are
mainly analyzed for global stability against sliding and slipping (Lawson 2008).
Consequently, limited attention is given to the stress-strain response of the tube when
subjected to loads. In this study, an analytical model is proposed to describe the stress-
strain response of a tube permanently subjected to load (Load-bearing Geotextile Tubes,
LGTs) and formulated functions to predict the initial stresses before and during surcharge
loading. Initial stresses focused in this study vary along the length of the tube and is
heavily influenced by the placement of the filling port.

2. Materials

In the following tests, the materials used are enumerated in Table 1. The sand fill material
is obtained from a local dredging site in Saemageum river estuary while the clay fill
material was obtained near Gunsan Train Station, Gunsan City, South Korea.

Table 1: Material Properties
Material Properties | Quantity/ Units
Geotextile Tensile Strength 115 kKN/m/m
Seam Strength 67 KN/m/m
Small Scale Test Theoretical Diameter x 1m x 4m
Length
Half Cross Section Test Theoretical Diameter x 153m x 1m
Length
Silty Sand Slurry Specific Gravity, Gs 2.705
Water content 300%
Natural State soil
o SM
classification
Percent sieve passing
200% 26.2
Clay Slurry Specific Gravity, Gs 2.637
Water content, 300%
Natural State soil CL
classification
Percent sieve passing 97
200%
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3. Stresses along the length of the Geotextile Tube (Small Scale Test)

Filling and Consolidation Test was conducted in a small scale Geotextile Tube
with the filling port closer to one extremity. Three 3-Axis stress transducer is placed at
1.25m, 2.5m and 3.5m. Since soil particles quickly deposit near a conventional vertical
filling port making a pool shaped indentation, a special T filling port is used. In T shaped
filling port, slurry flow is directed along the length of the tube minimizing the direct
accumulation of sediments near the port. This is effective in getting the soil particles to
the extremities of the tube however, sump/crater like accumulation still exists but minor
compared to the conventional vertical filling port (Kim et al. 2014). Soil slurry is prepared
in an external mixing tank and then pumped into the tube at a constant 30 kPa. Injection
of soil slurry is done in 4 stages to allow for sufficient water drainage. The tube is then
allowed to consolidate for 2 days.

Soil deposition behavior by the T-inlet has a distinct behavior when near the
extremities as shown in Fig. 1. Since flow is turbulent near the port, the soil particles form
a crater formation shown in Fig. 1(a). Although soil deposit in this extremity is minor
compared that of location 1 and 2 in Fig. 1(b), the observed stress values along the
direction of the flow suggests the presence of pumping induced horizontal consolidation.
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4. Stresses along the transverse direction (Half Cross-Section Test)

Half Cross-section tests was conducted in this study to see the change in
stresses per elevation. A rigid steel enclosure with one transparent side is filled with a
cross-sectional half of a geotextile tube (see Fig. 1). Sensors are placed at the side of
the container where the supposed center is located and top edge of the fabric is fixed to
a point with calibrated gauges to measure the tension force (see Fig. 2(a)). This setup
allows a more precise measurement of tension force rather than placing gauges along
the skin of the encasing fabric, which has variable strain distribution along the
circumference of the tube. Soil slurry is then injected to the tube via gravity loading. One
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test was done for clay and another for sand as the infill material. Fig. 2(b) shows the
normalized elevation and horizontal stress values. In this figure, sand displays a non-
linear distribution of stress mainly due to its granular nature exhibiting arching
characteristics. This arching distribution is discretized in Fig. 2(c).
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Fig. 2 (a) Experimental Set-up (b) normalized Horizontal Stress Distribution and (c)
Discretized Stress Distribution (Sand)

5. Consolidation Boundary

During the consolidation process, there is a decrease in pore pressure over time.
In situations where the material undergoes a transition from a liquid to a solid state, the
stresses exerted on the material can resemble hydrostatic stresses during the liquid state.
As pore pressure dissipates or as the soil approaches a solid state, deviatoric stresses
are subsequently generated.

For soil confined in geotextile fabric, there seems to be a variation of this case. The
effective stress path for clays, starting at the end of the filling stage, starts above the
computed CSL or deviatoric line following a certain stress path downward to a maximum
mean stress value p’o and then upward with a final effective mean stress value of p’1
shown in Fig. 3. In this study, the term “computed critical state line” refers to the induced
consolidation line, which varies by location within the geotextile tube. Since the infill soil
experiences various stresses, including failure stresses, held together by the encasing
fabric (Kim et al., 2015), the induced consolidation line is termed the computed critical
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state line because these values can go up to Kr values. Kr represents the lateral earth
pressure coefficient at the failure state of the Mohr-Coulomb failure envelope and is the
common criterion for determining the maximum shear state of unreinforced soil.

The effective stress path of soil encased in fabric stops at the end of consolidation. As
mean stress decreases, a value of overconsolidation for the infill soil is formed. For sand
on the other hand, the stress path starts below the computed CSL and proceeds to go
above along a curved path as can be seen in Fig. 3. This unique stress path can be
attributed to the effect of the confining fabric. As soil consolidates, the fabric undergoes
a slight relaxation in the vertical axis and slight extension in the horizontal axis, resulting
in a reduction of horizontal pressure. This causes an elevation in the shearing stress
beyond the calculated CSL. This behavior can be described through elliptical functions,
as expressed in Eq. 1. Since different areas in the geotextile tube have different values,
these values can be normalized by dividing them by their maximum values.

In this proposed Stress-State Boundary (SSB) function, the 8 parameter controls the
relative deviatoric curvature. The apparent OCR value describes the maximum mean
stress experienced during filling, relative to the final stress. A value of 2.0 for 8 and 1.15
for apparent OCR was observed for both sand and clay materials. Since different areas
in the tube experience different stresses and may not be loaded until failure, the
mobilized values of friction angle and cohesion are used in the computed CSL, which
can be obtained from measured values of deviatoric stress.

In fig.4, normalized values of effective mean stresses and deviatoric stresses of the
small-scale test and half cross-section test are plotted. Additionally for comparison,
normal consoldation values of Kaolinite clay not encased in geotextile fabric from
Piriyakul and Haegeman (2005) are plotted.

It can be seen that in both clay and sand materials, their stress paths fits that of the curve
and that the stress path of clay deviates from normally consolidated clay that is not
encased in fabric. This suggests that a unique stress path behavior exists for slurry
materials consolidating inside a horizontally oriented encasing fabric.

Bl—1In . p,+ccurr

+ Slurr t
= In EOICR§CO 2 “ulp’ + ccurrcot(Peurr)] (1)

q:



The 2024 World Congress on
Advances in Civil, Environmental, & Materials Research (ACEM24)
19-22, August, 2024, The K hotel, Seoul, Korea

A pparent
OCR

q, kN/m?

N
o u
2 G
o T
o™

c cot(®) p, KN/m? P po

[ End of Filing [> Endof Consolidation - - - Clay === Effective Stress Path
(Start of Stress Path) (End of Stress Path) — Sand wmm Total Stress Path

Fig. 3: Stress Paths Behavior of Soils Confined in Geotextile Fabric during
Consolidation

25 2.5
Vv SP5 Normalized Values o SP2 A TST2
- %  SP4 Normalized Values o SP3 A TST3
General Consolidated 4 SP3 Normalized Values i
" SP4 Normalized SSB
2k ?"’:sT ?‘tIT‘e of Geotextile » SP2 Normalized Values 2 A TST1
ubetmi®® | | Stress State Boundary
@ Kaolinite Clay Normalized Values
\)J%»a
15 1.5 =)
£ 3
o !:!'E ——
| oy 5 1 2t S ‘:ﬁtsn
1 AN '@'erw . = “r Y S
A K3 W N
3 7 58 o0 N
* \
000 %V
L 000000°® R 0.5 o9,
05 _o000%® S ®
”‘903 |
- 2 (1 \
@ 4 ! a®
s | 0 ]
Livonsect®BEE S ‘ ‘ ‘ , , ,
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0 0.2 0.4 0.6 0.8 1 1.2
pl/plmax +CCDl(d)curr ) ) L} L ) ’ ’
PP’ o FCCO )

Fig. 4 Normalized Stress values in p’q plane for (a) Clay and (b) Sand.

6. Compression Tests, Proposed Yield Function and Analytical model

After the process of filling and dewatering (Fig. 5a) has completed (majority after
2 days), the tube is then subjected to surcharge loading or applying load on top of in the
inclined direction of the tube as such in the configuration shown in Fig. 5b geotextile
embankment in North-South 2 Axis Road, Saemangeum South Korea. As load in applied
a corresponding reaction from the soil and encasing fabric reacts. Fig. 5c illustrates the
forces acting on a geotextile tube. In this formulation, stress reaction by the soil and
stress reaction by the fabric is treated as separate and are related to each other by strains.
Soil stress and fabric reinforcement are then superimposed per value of axial strains.
The same concept of adding soil reaction and soil reinforcement is present in literatures
of Kim et al. (2024) and Matsuoka et al. (2003) and is illustrated in Fig. 5d. The working
equation for stress-strain response of a load-bearing geotextile tube is expressed in Eq.

(2).
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Fig. 5 North-South 2 Axis Road, Saemageum, South Korea (a) Filling and dewatering
stage (b) Completed Geotextile Tube Embankment, (c) Stresses acting on a single
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In Eq. (2), o1eT is the stress in the major principal axis that the LGT can handle. csoi and
¢ are the friction angle and cohesion intercept of infill soil. Taiow is the allowable tension
force decreased by the filling and dewatering stage forces. n is the ratio of consolidated
width to height of the section and & slope of the major principal axis when subjected to
inclined loading or inclined stacking.

Correspondingly, since the stress-state of soil inside the geotextile fabric increases due
to the reinforcement, expressing it in p’q space can be done using Eq. (1). From this, the
proposed SSB can also be used as a viable Yield Function. Fig. 6a shows results from
biaxial compression tests (plane strain condition) from Matsuoka et al. (2003) and
predictions using this study. The stress-strain response simulation fits the measured data
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well. The corresponding stress values and failure surface expansion in p’q space are
plotted in Fig. 6b.
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Fig. 6(a) compression test results and (b) Stresses expressed in p’q plane
8. CONCLUSIONS

Soils encased in geotextile exhibit increased strength due to the confining effect
of the fabric. As the shear strength increases, the normal yield surface of the soil expands
until the failure of the soil-geotextile structure. The interaction between the soil and fabric
exhibits complex behavior. From these characteristics, a proposed Stress-State
boundary function is introduced to predict the initial stress conditions of the load-bearing
geotextile tube. The soil height distribution along the length of the tube influences its
relative utility, which is reflected in the maximum bearing stress the section can endure.
The stress-strain response of the tube is represented in the analytical model. The
interaction between the soil and the fabric in this stress-strain response is governed by
the yield boundary function, which quantifies the stress interaction between the soil and
the encasing fabric.

This set of equations provides a better understanding of geotextile tube strength
design beyond the widely-used filling stage. When the geotextile tube is designed to carry
surcharge loads, this study can be particularly beneficial.
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