Ocean Engineering 266 (2022) 113157

ELSEVIER

Contents lists available at ScienceDirect
Ocean Engineering

journal homepage: www.elsevier.com/locate/oceaneng

ENGINEERING

t.)

Check for

Internal strength characterization of geotextile tube using miniature cone  [%&s

Dong-Ju Kim ?, Sang-Chul Kim ", Jong-Sub Lee ®, Yong-Hoon Byun ", Byung-Yoon Kang ©

 School of Civil, Environmental and Architectural Engineering, Korea University, 145, Anam-ro, Seongbuk-gu, Seoul, 02841, South Korea
b School of Agricultural Civil & Bio-Industrial Engineering, Kyungpook National University, 80 Daehak-ro, Buk-gu, Daegu, 41566, South Korea
€ Rural Research Institute, Korea Rural Community Corporation, 870, Haean-ro, Sangnok-gu, Ansan-si, Gyeonggi-do, 15634, South Korea

ARTICLE INFO ABSTRACT

Keywords:

Coastal protection
Cone penetration
Geotextile tube
Miniature cone
Internal strength

Geotextile tubes are widely used in coastal protection and beach restoration. The objective of this study is to
evaluate the internal shear strength of geotextile tubes using a miniature cone in a small-scale model test. Sandy
soils with different particle size distributions are used as fill materials in the geotextile tubes. Each fill material
with high water content is injected into the geotextile tube using a sand pump. After injecting the fill material,
cone penetration tests are conducted using a miniature cone to characterize the internal strength profile of the

geotextile tube. The experimental results indicate that fill materials with fines content have smaller cone tip
resistances than those without. Moreover, the cone tip resistances near the inlet of the geotextile tube are smaller
than those far from the inlet in the longitudinal direction. The strength characterization approach using a
miniature cone may be promising for evaluating the internal stability of geotextile tubes.

1. Introduction

Geotextile tubes, which are tubular containers formed on-site, have
been widely used in many hydraulic and marine applications, such as
coastal protection and beach restoration, as shown in Fig. 1 (Alvarez
et al., 2007; Das Neves et al., 2015; Man et al., 2018; Oh and Shin, 2006;
Shin and Oh, 2007). Geotextile tubes are permeable materials with
apparent opening sizes that can be filled hydraulically or mechanically.
Soils dredged on-site with a high water content are typically used to
hydraulically fill the geotextile tubes. Owing to the permeability of
geotextiles, geotextile tubes can drain the water and retain the soil
particles of the slurry used as the fill material. Geotextile tubes are
constructed with various diameters ranging from one to several meters
and theoretically infinite lengths, depending on the site conditions
(Cantré, 2002). Geotextile tubes are cost-effective and easy to transport
and install in the field (Fowler et al., 1996; Kim and Dinoy, 2021; Pal-
meira et al., 2019).

Laboratory and full-scale tests have been conducted to evaluate the
field performance and behavior of geotextile tubes. Moo-Young and
Tucker (2002) defined filtration and dewatering efficiency according to
geotextile tubes and fill material. Koerner and Koerner (2006) con-
ducted a hanging bag test to evaluate the permeability of geotextile
tubes at various sites. Yee and Lawson (2012) suggested a correlation
among the dewatering process, tube volume, and solid concentration
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based on full-scale field tests. The internal strength of a geotextile tube is
influenced by the type of fill material. As the internal strength of the
geotextile tube increases, it becomes a stable structure (Lawson, 2008).
Especially for stacked geotextile tubes, the structural stability of the
tubes may be affected by the internal shear strength of the geotextile
tube. Shin et al. (2016) investigated the behavior of stacked geotextile
tubes through on-site monitoring, whereas Kim et al. (2022) used digital
image correlation.

To determine the internal strength of the fill material, vane shear and
cone penetration tests have been conducted in previous studies (Shin
and Oh, 2003; Van Steeg and Vastenburg, 2010; Koh et al., 2020; Kar-
adogan et al., 2022). However, the vane shear test is restricted to soft
soils, and it is difficult to continuously measure the soil strength profile
with depth (Hirst et al., 1972). Furthermore, the cone penetration tests
can only provide a low-resolution strength profile because of the large
diameter of the cone (Lee et al., 2009). Thus, high-resolution strength
profile characterization is still required for the filling materials in geo-
textile tubes.

Cone penetration tests have been widely performed for in situ sub-
surface characterization. A standard cone penetrometer with a diameter
of 35.7 mm can provide soil strength profiles. To improve the sensitivity
of the cone tip resistance, various types of smaller-diameter cones have
been developed in previous studies (Byun et al., 2013; Kim et al., 2010;
Lee et al., 2009; Tumay and Kurup, 2001; Yoon and Lee, 2012; Yoon
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Fig. 1. Schematic drawing of geotextile tubes for coastal protection: (a) sub-
merged breakwater; (b) revetments.

et al., 2015). To detect the cone penetration resistance, a Wheatstone
bridge circuit configured with four strain gauges is typically used to
amplify the output voltage. Lee et al. (2009) suggested a miniature cone
using a half-bridge circuit. Because the cone resistance based on a
half-bridge circuit can be affected by temperature changes, a miniature
cone configured with a full-bridge circuit was designed to produce more
stable and reliable resistance values (Yoon and Lee, 2012). A miniature
cone based on fiber-optic sensors was developed by Kim et al. (2010).
However, the high cost of the interrogator used for fiber-optic sensors
has led to the limited availability/use of such miniature cones.
Small-sized cone penetrometers are suitable for minimizing soil distur-
bance during penetration and for detecting thin soil layers. Considering
that the fill material in geotextile tubes is only confined by flexible
geotextiles, a miniature cone penetrometer is required to evaluate the
internal shear strength of geotextile tubes and to minimize the boundary
effect on the cone resistance.

The purpose of this study is to evaluate the internal shear strength of
geotextile tubes using a miniature cone in a small-scale model test. This
paper introduces the physical properties of the geotextile tubes and fill
materials used in this study and explains the experimental setup and
procedure for the model tests. Finally, the strength characterization of
the geotextile tubes filled with four different materials is discussed.

2. Materials and methods

Four sandy soils were used to investigate the effect of particle size
distribution of fill materials on the internal strength of geotextile tubes.
The particle size distribution of the sandy soils obtained from a sieve
analysis is shown in Fig. 2(a). The index properties of the soils are
summarized in Table 1. The mean diameters (Dsg) of the four sandy soils
were 0.25, 2.92, 0.57, and 0.31 mm, which were classified based on the
Unified Soil Classification System (USCS), as SP, SW, SP-SM, and SM,
respectively. The sandy soils with a water content of 300% were pre-
pared for injection into a geotextile tube.

The geotextile tube used in this study, with a theoretical diameter of
153 mm, was composed of woven geotextiles fabricated using a poly-
ester fabric. The tensile strengths of the woven geotextile were 208 kN/
m and 252 kN/m in the machine and cross-machine directions,
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Fig. 2. Geotextile tube with fill material: (a) particle size distribution of sandy
soils; (b) one-half geotextile tube in plan view; (c) filling and mixing apparatus.
The numbers are in the unit of mm.

respectively. The strains at the maximum load of the geotextile were
9.3% and 11.2% in the machine and cross-machine directions, respec-
tively. According to ISO 12956 (1999), the characteristic opening size
(Ogs) of the geotextile is 219 pm. For the model test, the cylindrical
geotextile tubes were sewn with a seam strength of 150 kN/m. Fig. 2(b)
shows one-half of the geotextile tubes with a length of 1100 mm and a
width of 350 mm. The geotextile tube includes flat ends owing to the
sewing at the top and bottom. To inject the fill material, the geotextile
tube had an inlet hole with a diameter of 50 mm in the middle. The
measurement points for the height of the geotextile tube were located
300 mm and 150 mm from the inlet of the geotextile tube and named L1
and L2, respectively. Measurement lines L1 and L2 were selected to
minimize the boundary effect on the shape of the geotextile tube because
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Table 1

Index properties of fill material used in this study.
Fill material Dio [mm] D3o [mm] Dso [mm] Dgo [mm] Cu Ce #200 [%] PI [%] LL [%] PL [%] G USCS
M1 0.14 0.19 0.25 0.28 2.1 0.96 0 16.7 19.5 2.8 2.67 SP
M2 0.42 1.42 2.92 3.83 9.11 1.25 0 14.7 18.3 3.6 2.65 SW
M3 0.091 0.22 0.57 0.84 9.23 0.63 5 11.5 17 5.5 2.88 SP-SM
M4 0.063 0.13 0.31 0.42 6.67 0.64 12 11.5 21.8 10.3 2.88 SM

D; = 10% cumulative passing, D3o = 30% cumulative passing, Dsg = 50% cumulative passing, Dgo = 60% cumulative passing, C, = coefficient of uniformity, C. =
coefficient of curvature, #200 = percent passing No.200 sieve, PI = plasticity index, LL = liquid limit, PL = plastic limit, Gy = specific gravity.

of the sewn sections at the edge that resulted in the flat ends of the
geotextile tube. The measurement points were placed at 70 mm intervals
along the measurement lines. To transfer the fill material, an injection
pipe connected to the pump outlet was extended to the inlet hole of the
geotextile tube, as shown in Fig. 2(c). A Y-shaped pipe splitter was
installed in the inlet hole to fill the geotextile tube uniformly. The sandy
soils were injected into the geotextile tubes using a sand pump. During
the injection, the fill material was continuously mixed using an agitator
to prevent sinkage and flocculation of soil particles over time. Using the
sand pump, the geotextile tube was filled at a flow rate of 200 L/min.
The filling process was completed when the geotextile tube was filled
with fill materials. As the geotextile tube dewatered over time, its height
decreased, and its shape changed. Consequently, the heights of the
geotextile tubes at the two lines were measured every 4 min. The time
required to dewater the geotextile tube after injecting the fill material
was measured at several filling stages. The filling and dewatering of the
geotextile tube were repeated.

The measured dewatering time for the entire filling stage is shown in
Fig. 3(a). M2 had the shortest dewatering time, whereas M4 had the
longest dewatering time. Considering the effective sizes (D) of the four
soils, the dewatering time increased with smaller effective sizes.
Notably, M2 and M4 exhibited the largest and smallest effective sizes,
respectively. Previous studies have reported that a fill material with
fines content forms a filter cake inside the geotextile tube, which leads to
a low shear strength (Khachan and Bhatia, 2016; McCafferty and Hsuan,
2020). Considering the dewatering time for each fill material, the filter
cakes could have formed in M3 and M4. Fig. 3(b) shows that the heights
of the geotextile tubes measured at four different locations in L1 varied
with the horizontal location and sandy soil type. Regardless of the
horizontal location, M2 and M4 exhibited the highest and lowest height,
respectively. These results are consistent with those of previous studies
(Cho et al., 2008; Shin and Oh, 2003), which demonstrated that dredged
sand with lower fines content showed higher geotextile tube heights
than silty sand. For the geotextile tubes filled with the four soils, the
average heights at L1 were greater than those at L2 because of the
Y-shaped pipe splitter. Previous studies have reported that the height
increases with increasing distance from the inlet. (Kim et al., 2016a).
After filling and dewatering of the geotextile tube, cone penetration tests
were conducted in the middle of each measurement line using a mini-
ature cone to evaluate the strength profile of the fill material.

The weight of the geotextile tube was measured after the completion
of the cone penetration test. In this study, the volumes of the geotextile
tubes were estimated using the equation proposed by Leshchinsky et al.
(1996). The unit weights estimated for the four fill materials are pre-
sented in Table 2. The unit weight values estimated in this study are
similar to those of the fill materials reported by Kim et al. (2016b). The
fill material used by Kim et al. (2016b) was a silty sand with 150%—
170% water content.

3. Results and discussion

A miniature cone penetrometer system was used to evaluate the in-
ternal strength profile of the geotextile tube filled with sandy soils, as
shown in Fig. 4. The miniature cone had a tip diameter of 10 mm, apex
angle of 60°, and cross-sectional area of 78 mm?2. A full-bridge circuit
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Fig. 3. Behavior of geotextile tubes with different fill materials: (a) dewatering
time; (b) heights of half cross-section along horizontal location.

configured with four strain gauges was used to measure and amplify the
change in electrical resistance induced by the axial load and tempera-
ture. Two active strain gauges were attached above the cone tip,
whereas the other two gauges were installed as dummies above the rod
connection. Owing to the selected gauge arrangement and circuit, the
effects of bending and temperature on the estimated cone tip resistance
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Table 2
Moist unit weights of geotextile tubes in this study.

Fill material Moist unit weight [kN/m?]

M1 13.4
M2 13.0
M3 13.8
M4 16.1

can be minimized. The miniature cone was connected to a data logger,
and the cone tip resistance was recorded automatically. Cone penetra-
tion tests using the miniature cone were conducted on the filled geo-
textile tube to determine the profiles of the cone tip resistance in the
middle of L1 and L2. In this study, the ratio of the distance at the
penetration point from the nearest geotextile tube boundary to the cone
diameter was 17.5, which is greater than the required ratio of the
container side boundary to the cone diameter reported by Bolton et al.
(1999). Yang (2006) reported that the influence zone below the cone tip
in silty sand corresponds to 1.5 to 3 times the cone tip diameter.
Considering the influence zone below the cone tip, a final penetration
depth of 80 mm was set for all fill materials. Therefore, the side
boundary effect in the geotextile tube was disregarded in the cone
penetration tests using the miniature cone. The miniature cone was
pushed down at a penetration rate of 1 mm/s using an electric motor.
The cone tip resistances for the four different fill materials were
obtained using a miniature cone in the cone penetration tests. Fig. 5
shows the variance in the cone tip resistances for the four fill materials
with penetration depth. The cone tip resistances increased with pene-
tration depth, and the cone tip resistances at L1 were greater than those
at L2. Previous studies have shown that cone tip resistance increases
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with penetration depth, regardless of the fill material (Van Steeg and
Vastenburg, 2010; Koh et al., 2020). As the penetration depth increases,
the cone tip resistance reaches the critical pressure, which is a
quasi-stationary value that depends on the density of the sand (Puech
and Foray, 2002). The cone-tip resistance profile of M1 shows the crit-
ical pressure. The equivalent cone tip resistance was determined as the
average of values from 1.5 times the pile diameter above and below the
pile tip, as suggested by Bustmante and Gianeselli (1982). Accordingly,
the equivalent cone tip resistances of the fill materials in the geotextile
tubes were selected at two different depth ranges: 5-35 mm and 50-80
mm. Fig. 6 shows the average cone tip resistance in the geotextile tubes
within two different depth ranges. The average cone tip resistances of
M3 and M4 containing fine material were smaller than those of M1 and
M2 without fine material. Previous studies have shown that the internal
strength of a geotextile tube filled without fine material is immediately
mobilized, whereas that of a tube filled with fine material gradually
increases with elapsed time (Shin and Oh, 2002; Lawson, 2008). Kim
et al. (2020) also reported that the unit weight of a geotextile tube filled
with fine materials increased over time. The average cone tip resistance
of M2 was smaller than that of M1. Notably, M1 had a smaller mean
diameter of soil particles but higher unit weight than M2. The results are
in good agreement with the findings that cone tip resistance is affected
not only by a specific particle size but also by various other factors, such
as the coefficient of uniformity and bulk density (Wang et al., 2013; Kim
et al., 2019). Regardless of the penetration depth, the average cone tip
resistance was greater at L1 than that at L2. The difference in the average
cone tip resistances between the locations was owing to the relatively
large capacity of the pump for the geotextile tube volume, considering
that the ratio of the pump capacity to the volume of the geotextile tube
in this study was larger than that reported by Oh and Shin (2006). Shin
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Fig. 4. Miniature cone penetrometer system for internal strength characterization of geotextile tube. The numbers are in the unit of mm.
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Fig. 5. Profiles of cone tip resistance for geotextile tubes with two different fill materials: (a) M1; (b) M2; (c) M3; (d) M4.

and Oh (2002) reported that the undrained shear strengths in the vi-
cinity of the inlet of the geotextile tube were smaller than those farther
from the inlet in the longitudinal direction. Considering that the height
of L1 was larger than that of L2 because of the y-shaped pipe splitter, it is
likely that the coarser particles of the fill material accumulated first
around L1 rather than around L2. Accordingly, for depths of 50-80 mm,
the difference in the cone tip resistances between L1 and L2 was
significantly greater than that at depths of 5-35 mm. Thus, the strength
characterization approach using a miniature cone may be useful for
assessing the internal stability of geotextile tubes filled with sandy soils
with various particle size distributions.

4. Conclusions

Geotextile tubes have been applied in the coastal engineering field
with little consideration for how different materials affect their internal
stability. This study investigated the internal shear strength of geotextile
tubes using a miniature cone considering the effect of the particle size of
the fill material. Four fill materials with different particle size distri-
butions were prepared, and geotextile tubes were filled using a pump.
The dewatering time and the height of the geotextile tubes were
measured. Cone penetration tests were conducted at the center of the
measurement lines using a miniature cone.

The cone tip resistance profiles of the geotextile tubes depended on
the particle size distribution of the fill materials and the longitudinal
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location. The poorly graded sand showed the critical pressure in the
cone tip resistance profile, while the other materials continued to show
some variation in the cone tip resistance profile. Additional cone
penetration tests with larger geotextile tubes and extended penetration
depth are needed in further studies to investigate the critical pressure for
each fill material type. The cone tip resistances of the fill materials with
fines content were smaller than those of the fill materials without fine
content. The cone tip resistances near the inlet of the geotextile tube
were smaller than those far from the inlet in the longitudinal direction.
Furthermore, the relationship between the internal strength and mate-
rial density at each location should be investigated in the near future by
measuring the localized volume and weight of the fill material at each
location in the geotextile tube. In summary, the strength characteriza-
tion approach using a miniature cone suggested in this study can be an
effective method for assessing the internal stability of geotextile tubes
filled with various sandy soils.
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