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ABSTRACT

Typically, structures such as sand dykes, rock gabions and concrete seawalls are used as coastal
protection structures. One sustainable alternative to conventional coastal protection structures is the use of
geotextile tube bunds, which consists of geotextile tube bunds filled with sand or lightly treated soft soils. In
this application, if there is a layer of seabed soft clay present beneath the bund, ground improvement
treatment of this soft clay layer is a must. Prefabricated Vertical Drains (PVD) is a common and
cost-effective ground improvement method used in this treatment of soft soils. One challenge of installing
PVD through the geotextile tubes bund is the perceived difficulty of penetrating the high strength geotextile
material that makes up the tubes. Hence, this paper focuses on evaluating the ease or difficulty in
penetrating PVD through geotextile. In particular, the force of penetration exerted on the mandrel, which
pushes the anchor plate through the geotextile material is studied in laboratory model testing. In addition,
the geotextile material must also be able to maintain its integrity after being penetrated such that there will
be very limited and localized damage and no unintentional propagation beyond the local area of
penetration. A laboratory test set-up was developed to investigate the resistance of geotextiles to the force
simulating the penetrating action of PVD’s anchor plates through a geotextile sheet. This testing setup was
built within the National University of Singapore (NUS) and the penetration test were conducted with the
full-scale size of the typical anchor plate and PVD mandrel. Three different full-scale anchor plate designs
are tested: the conventional design and two modified designs. In addition, penetration testing was
conducted on one and two layers of geotextiles. Two layers of geotextile is to simulate the location where
there is stacking of geotextile tubes. The differences in penetration force, and variations in tearing behavior
of the geotextile sheet with different anchor plate designs were studied. The disturbance to the geotextile
sheet in the vicinity of the localized penetrating area was also carefully evaluated. Test results show that
the anchor plate design is critical in ensuring effective penetration of the geotextile sheet. However, the
results also reveal that the force needed to penetrate geotextile using any of the tested anchor plate
designs is relatively small compared to typical PVD’s installation force encountered in the field. In addition,
it was observed that the anchor plate design also influences the level of disturbance to surrounding area of
geotextile.
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1 INTRODUCTION construction cheaper and more sustainable than
many conventional structures that require
significant use of cement (Heerten et al., 2000).

In many containment structures, it is common
that there may be a layer of soft clay beneath the
geotextile tube bund. As a result, ground
improvement treatment of the soft clay below is
necessary during the service life of the geotextile
tube bund. This ground improvement treatment
may involve installing Prefabricated Vertical Drains
(PVD) through the geotextile tube bund, resulting
in punctures through the geotextile material at

The use of geotextile tubes as an alternative to
sand dykes in containment applications has
increasingly been explored. This approach is
particularly relevant in regions where sand
resources are limited or where environmental
concerns necessitate the avoidance of sand
mining. There are several advantages to the use of
geotextile tubes over traditional containment
structures. This method of installation can be less
damaging to environments, and the use of natural
sand or clay infill materials also makes
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localized spots. An illustration of a conventional
PVD anchor plate design is shown in Figure 1. The
anchor plate and mandrel forms two key
components of PVD installation operations. It is
often perceived that PVD’s anchor plate may not
be able to puncture the high strength geotextiles
that are increasingly used in the manufacturing of
geotextile tubes. Hence, it is necessary to
investigate the force of penetration of PVD
installation through high strength geotextiles at the
PVD penetration location.

A laboratory set-up was developed to
investigate the force needed to penetrate the
geotextile via PVD anchor plate, simulating the
PVD installation on a geotextile tube body. Series
of tests investigating the design of PVD anchor
plate and single-on-double layer of geotextile were
conducted.

PVD

Mandrel

Anchor Plate

/
100 m 160 mm

Fig. 1. Mandrel and Steel Anchor Plate for PVD installation
(Trong et al., 2020)
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2 METHODOLOGY

2.1 Properties of Geotextile Tested

A high strength polypropylene woven geotextile
commonly used in the construction of geotextile
tubes was tested. Its properties, expressed in
Machine Direction (MD) and Cross Machine
Direction (CD), are listed in Table 1.

Table 1. Key Geotextile Properties

Property Standard Unit Value
Wide Width Tensile
Strength (Mp/cD) | 'SO 10319 | kN/m | 130/130
Strain at Tensile .
Strength (MD/cD) | 'SC 10319 | % | 10710

2.2 Testing Setup

A customized geotextile testing apparatus was
designed and constructed at the National
University of Singapore (NUS) geotechnical
laboratory. The geotextile sample is fixed to a
loading frame using a clamping ring that is kept in
place with nuts and bolts. The effective geotextile
sample tested is a circular area measuring 1 m in
diameter. This is illustrated in Figure 2(a). A
hydraulic actuator is used to push the anchor plate
downwards through the geotextile sheet, which
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was clamped at its circumference until failure. The
3D design of the anchor plate used in this setup is
shown in Figure 2(b).

Three different PVD anchor plate designs will
be used, Design A, B and C (shown in Figure 3).
Design A is similar to conventional PVD anchor
plate designs, measuring 160x100mm and 1 mm
thickness. A “modelled” mandrel with base
dimensions of 120x60 mm is attached to this
anchor plate. Design B is a modified anchor plate,
with a sharpened pin measuring 10 mm in
diameter and 70mm long protruding out from the
bottom of the conventional anchor plate. Design C
is similar to Design B, but with four additional
stiffening plates installed around the protruding pin
at 90 degrees interval.

IMD — Machine Direction
D ~ Cross Machine Direction &4
DD — Diagonal Direction
MD .-
5 .,DD % s==2 )
MD! =%

A
Geotextile
Clamping Ring

@

Loading Rod
(Extendable)

(c) Design C
(Pin+Stiffener)

Fig. 3. Dimensions of Anchor Plate Designs A, B and C.
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2.3 Instrumentation Setup

The geotextile samples were extensively
instrumented in the Machine Direction (MD), Cross
Machine Direction (CD) and Diagonal Direction
(DD). A total of 9 strain gauges were installed, 3 in
each direction. Figure 4 shows the completed
setup with strain gauge positions. A load cell was
also used to monitor the load acting on the
geotextile sample during the penetration test.
During the test, the length of the anchor plate was
positioned along the Machine Direction of the
geotextile.

In Soh et al. (2023), tests using anchor plate
Design A (Conventional Flat Plate) and Design C
(Pin + Stiffener) were conducted on a single layer
of geotextile, and it was found that the test using
Design C anchor plate was able to penetrate
geotextile at a lower penetration force, and with
less disturbance to the surrounding geotextile
compared to Design A.

Table 2. Laboratory PVD Penetration Tests
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Further tests on single layers with anchor plate
Design B (Pin) and double layers of geotextile with
anchor plate Design A & C will be reported in this
paper, with the double layer tests representing the
field scenario where the PVD is required to
penetrate through stacked geotextile tubes. The
tests conducted and discussed in this paper are
summarized in Table 2.

Test ID No. of Geotextile Anchor Plate _ Mef_:lsured Computed Vertical Pushing
(Layers_- Layers Design Vertical Pushing Force_(kN) at Pressure” (MPa) at Complete
Plate Design) Complete Penetration Penetration

1-A* 1 A 32.0 2.00

1-B 1 B Tested in this paper and reported

1-C* 1 C 7.5 0.47

2-A 2 A Tested in this paper and reported

2-C 2 C Tested in this paper and reported

* Reported in Soh et al. (2023)

3 RESULTS AND ANALYSIS

Figure 5(a) shows the load cell and geotextile
strain gauge readings from the penetration test
with conventional Design A anchor plate on double
layer geotextiles. As the hydraulic actuator had an
extension limit of 300 mm, the actuator had to be
stopped and retracted when the limit was reached.
The loading rod was then extended, and a second
push was then conducted until the geotextile
sample was fully penetrated. Key strain readings
were labelled. The readings from the strain gauges
were converted to load using the load-strain
relationship of the geotextile that was calibrated
prior to this test.

The results showed that the readings
from the load cell and strain gauges follow a similar
trend. When increasing load was applied to the
geotextile, there was a corresponding increase in
the strain readings, suggesting that the vertical
loading from the anchor plate was causing the
stretching of the geotextile at both top and bottom
layers. At the loading of 56 kN, the anchor plate
penetrated fully through both geotextile layers and
resulted in a “through-hole” at the localised point.
From the strain readings, it was observed that the
largest tension on the geotextile was developed in

the MD direction, at approximately 122 kN/m,
which is close to the ultimate tensile strength of the
geotextile (130 kN/m). This is because the anchor
plate is a “flat” piece of steel plate, thus the
complete failure of the geotextile occurred when
the geotextile yarns along the perimeter of the
plate were “cut’ at the same time. This situation is
very similar to a wide width tensile test condition. It
is noted that the increase of strain, tension and the
load were all smooth and gentle throughout the
test, until the complete penetration of the
geotextile.

Figure 5(b) shows the penetration test results
with Design B anchor plate on a single layer of
geotextile. The modified anchor plate Design B
features an additional sharpened pin without any
stiffeners. It was observed that the failure pattern is
similar to Design A, where the majority of yarns fail
at the point of full puncture by the PVD anchor
plate. The anchor plate fully punctures through the
single layer of geotextile at a pushing force of
~32kN. From the strain readings, it was observed
that the largest tension on the geotextile was
developed in the MD and CD direction, at
approximately 123 kN/m, which is close to the
ultimate tensile strength of the geotextile (130
kN/m). The final pushing force of 32kN, which is
the same as Design A anchor plate tested on
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single layer of geotextile, suggests that Design A
and Design B anchor plates have similar failure
patterns. This will be discussed later in Section 3.4
of the paper.

The modified anchor plate Design C features an
additional sharpened pin supported by 4 stiffening
plates. The results of the Ilaboratory PVD
penetration test is shown in Figure 5(c). Similar to
the tests using Design A and B anchor plates, the
strain gauge readings showed similar trends with
load cell readings. However, the geotextile failure
pattern in Design C anchor plate is different from
the conventional anchor plate. The pattern of strain
and load increase were not as smooth as that of
the PVD penetration test done using conventional

1% Push
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anchor plate. Due to the presence of the pin and
stiffening plates, the geotextile yarns were
gradually torn during penetration instead of all
failing at once. This can be seen from the load cell
and strain gauge data, which does not increase in
a smooth manner.

The observation that the yarn was torn one at a
time in Design C anchor plate also influences the
vertical load required to penetrate the geotextile
material. Design C anchor plate penetrated
through the geotextile at a peak vertical load of
12.7 kN. This is significantly lower than the vertical
load of 56 kN observed using the conventional
anchor plate Design A.
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Fig. 5. Results of PVD Penetration Test on (a) Test 2-A (b) Test 1-B; (c) Test 2-C.
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A summary of tests conducted is shown in
Table 3. For discussion, the test results of anchor
plate design A as presented in Soh et al. (2023)
are shown in Figure 6. Figure 7 shows the state of
the geotextile and anchor plate immediately before
full penetration.

Comparing the single-layer test results between
Design A (Figure 6) and B (Figure 5(b)), it was
observed that the failure pattern of both anchor
plates is similar. Results of both anchor plates
have a smooth increase in strain and load, and the
same final pushing force of 32kN at complete
penetration. This suggests that the addition of a
sharpened pin (without stiffeners) does not have
any effect on the failure pattern of geotextile.

This similar pattern of failure is likely due to both
anchor plate designs having the same area of
contact with the geotextile during the penetration
test. During test 1-B, it was observed that the
sharpened pin penetrates through the geotextile
immediately upon application of a vertical load,
and vertical force applied onto the geotextile

Preference for oral or poster: Oral

through the hydraulic actuator is only through the
“flat” part of the anchor plate. This is the same area
of contact between the geotextile and the anchor
plate Design A, as can be seen in Figure 7(a) and
7(b). Thus, for anchor plates Design A and B,
complete penetration only occurs when all yarns
along the perimeter of the anchor plate are “cut’,
and thus they have a similar failure pattern.

On the other hand, in both the single and
double layered test, anchor plate Design C could
penetrate the geotextile material with a smaller
vertical force than anchor plates A and B. This is
due to the modified anchor plate design resulting in
a different failure mechanism - the modified anchor
plate Design C, using the thin edges of its angled
stiffening plates (seen in Figure 7(c)), penetrates
the geotextile material through the gradual tearing
of the individual yarns. Anchor plates with Designs
A and B, with its larger “flat” surface, has to tear a
large number of yarns at the same time to achieve
full penetration.

Table 3. Results of PVD Penetration Test with Single-Layer Geotextile using anchor plate Design A (Soh et al., 2023).

No. of Geotextile | Anchor Plate Measured Computed Vertical Pushing Pressure
Test ID ’ Lavers Desian Vertical Pushing Force (kN) acting on the anchor plate* (MPa) at
Y 9 at Complete Penetration Complete Penetration
1-A* 1 A 32.0 2.00
1-B 1 B 32.0 2.00
1-C* 1 C 7.5 0.47
2-A 2 A 56.0 3.50
2-B 2 C 12.7 0.79
* Reported in Soh et al. (2023)
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Fig. 6. Results of PVD Penetration Test with Single-Layer Geotextile using anchor plate Design A (Soh et al., 2023).
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Fig. 7. Deformation of geotextile sheet immediately before
failure. (a) Anchor Plate Design A; (b) Anchor Plate Design
B; (c) Anchor Plate Design C.

4 CONCLUSION

In this paper, laboratory testing on a single layer
of geotextile with a new modified anchor plate
Design B (only pin), and double layers of geotextile
with conventional anchor plate Design A and
modified anchor plate Design C (pin + stiffener)
was conducted.

It was observed that the addition of a single pin
without stiffeners in anchor plate Design B does

not result in a lower vertical force at full penetration.

This is because both Design A and B anchor plates
have the same area of contact with the geotextile
during the PVD penetration test (“flat” section),
whereas for Design C anchor plates the area of
contact is much smaller (edges of the angled
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stiffening plates).

It was found that anchor plate with Design C
could penetrate the geotextile material with a
smaller vertical load as compared to the anchor
plates with Design A and Design B. The
combination of the sharpened pin and stiffening
plates of Design C allows the anchor plate to
penetrate the geotextile material through gradual
tearing of individual yarns, while Design A and B
anchor plates have to tear a large number of yarns
at the same time. As a result, a significantly larger
amount of pushing force was required to fully
penetrate the geotextile sample when conventional
anchor plate designs were used.

The results also indicate that a higher vertical
pushing force was required in the case of double
layered geotextile compared to single layer for
anchor plate Designs A and C.

Based on the results of the laboratory study,
modified anchor plate Design C is the preferred
choice when penetrating through geotextile tubes.
A field trial where PVD anchor plates will be
penetrated through full-scale, filled geotextile tubes
will be conducted in the near future.
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