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ABSTRACT: Prefabricated Vertical Drains (PVD) has become a standard method in soft soil improvements
project to accelerate the soil consolidation time. Due to PVD’s primary function as drainage, it should have
adequate hydraulic properties, i.e., discharge capacity and transmissivity. This paper evaluates the effect of
incremental confining pressure on three types of PVD using an apparatus adopting ASTM D4716, a mechanism
to determine the in-plane flow rate and transmissivity of geosynthetics. The apparatus is originally designed to
observe the discharge capacity of the PVD. Three types of PVVD with different thickness and box channel core
shapes were tested under incremental confining pressure in the range of 50 to 200 kPa and varied hydraulic
gradients. The results indicated that the reduction of discharge capacity under incremental confining pressure
is higher for lower hydraulic gradients, and the reduction of discharge capacity is significant at high confining
pressure. The thickness of PVD held an essential role in transmissivity since PVD with greater thickness
provides higher discharge capacity and transmissivity.
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1. INTRODUCTION and deformation on PVD were comprehensively
conducted [6,7]. Several methods to measure
Prefabricated Vertical Drains (PVD) is a discharge capacity in the laboratory using various
popular method to accelerate consolidation time in apparatus have been introduced [11-14].
soft soil by reducing the length of the drainage path This paper presents the effect of incremental
so that the excess pore water can dissipate in a confining pressure and hydraulic gradients on PVD,
shorter time. This method has popularly worked as in which the data was collected by laboratory
a replacement for the traditional vertical sand drains measurements using a newly designed apparatus.
method. PVD had extensively implemented in soft This apparatus is designed initially to observe the
soil improvement and land reclamation projects [1- discharge capacity of the PVD. ASTM D4716 is
5], also considered as the most cost-effective adopted to design the apparatus. This method can
technique [6]. PVD is often used alone, or in evaluate the effect of confining pressure on the
combination with PHD and surcharge pre-loading drains under a constant head flow and indirectly
[7] to speed up the consolidation time, sometimes it determined the discharge capacity, transmissivity,
is also used in combination with vacuum preloading as well as the in-plane permeability value [17].
[8].
Since the primary function of PVD is for 2. HYDRAULIC PROPERTIES OF PVD
drainage, it must have adequate hydraulic properties
to work efficiently [9]. The most important 2.1 Discharge Capacity
hydraulic properties are discharge capacity (qw) and
transmissivity (6) since they represent the Discharge capacity (qw) is described as the
performance of PVD [10]. Indeed PVD should have volume of water per unit time that can be conducted
sufficient value of discharge capacity to be able to under a unit hydraulic gradient in the drain core in
work effectively. axial directions [18], which is defined as follows :
Discharge capacity and transmissivity are
affected by the following factors: available drainage Q 1
channel area, lateral earth pressure, deformations of Qw = g @)
the drain due to settlement, and infiltration of soft . Ah
soil particles, which can lead to clogging [11]. V=" )

Researches on the influence of confining pressure
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where, Q is the rate of water flow per unit of time
(m?3/s), i is the dimensionless hydraulic gradient, Ah
is the head difference (m), and L is the drainage
flow length (m). In this study, L is defined as the
length of the specimen.

2.2 Transmissivity and In-plane
Permeability

The transmissivity of PVD is determined as the
capability of water to flow in the parallel direction
to the plane of the specimen. Eq. (3) is used to
calculate the value of transmissivity, [17].

QL
0= 3

WAh )
where, w is the specimen width (m). Eq. (4) shows
that transmissivity is subjected to in-plane
permeability and geosynthetic thickness [19].
0=kt (4)
where, k is the in-plane permeability, and t is the
thickness of PVD.

Generally, transmissivity decreases when the
confining pressure and hydraulic gradient increase,
since the thickness of PVD decreases when
subjected to confining pressure. The relationship
between transmissivity and thickness is proposed
by [20], as shown in Eq. (5).
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where, 6 is the transmissivity of PVD when the
thickness is t1, @ is the transmissivity of PVD
when the thickness is tz, ¢ is mass per unit area
(kg/m?), and p is polymer density (kg/m®). The

value of % is constant for the same type of PVD.
P

Thus, it is not affected by thickness reduction.
3. RESEARCH METHODS

3.1 The Structure of PVD

PVD is a geocomposite that consists of two
main components; filter and core. The core has a
function as a drainage channel since the filter is
used to protect and separate the core from the
surrounding  soil.  Generally, PVD was
manufactured from hydrophobic polymers, such as
polypropylene, polyester, polyethylene, etc. [21].
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The structure of the PVD used in this study is
presented in Fig. 1, with the thickness and the width
of PVD, are defined as t and b, respectively. This
research observed three types of PVD, namely,
PVD-T3, PVD-T4, and PVD-T5 for the thickness
of 3, 4, and 5 mm, respectively. All samples have
non-woven and heat-bonded filters, also have box
channel type core.

core
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Fig.1 Cross-section of PVD

The properties of PVD materials are presented
in Table 1. The dimension of the PVD was
determined using ASTM D 5199-99 [22], along
with the mass per unit area and polymer density was
measured following ASTM D 5261-92 [23].

Table 1 Physical properties of PVD

Properties PVD-T3 PVD-T4 PVD-T5
Thickness, t 3 4 5
(mm)

Width, w (mm) 100 100 100
Core material PP PP PP

Filter thickness 0.24-0.25 0.24-0.25 0.24-0.25
(mm)

Filter material PET PET PET
Mass per unit 0.48 0.52 0.62
area, u (kg/m?)

Polymer 898.54  898.54 898.54
density, p

(kg/m?)

Note: PP = Polypropylene
PET = Polyethylene terephthalate

3.2 Test Apparatus and Methods

All of the hydraulic properties observed in this
study were tested by following ASTM D4716
method [17]. ASTM D4716 is a method to measure
the in-plane flow rate and transmissivity of
geosynthetics. The test apparatus aimed to measure
the discharge capacity of the PVD-PHD connection
system, which primarily consists of two main parts;
the cylinder compression chamber and the upper
compression chamber.

The cylinder compression chamber was
designed to test the hydraulic properties of PVD. It
consists of an acrylic cylinder with a diameter of
200 mm and a height of 500 mm, and two PVD
holders made from aluminum, which can
accommodate a 100 mm width specimens, with a 5
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mm maximum thickness and a 500 mm maximum
length. The cell pressure in this chamber was
applied using a constant pressure device.

The upper compression chamber was originally
designed to test the PVD-PHD connection system,
but this study only considering the hydraulic
properties of PVD, so the upper compression
chamber used as an outflow tank to accommodate
the water discharge of PVD. This chamber was
made from 10 mm thick steel plates with 500 x 500
x 700 mm dimension. The confining pressure for
this chamber was designed to use a CBR test device
completed with a proving ring. As this study only
discusses PVD, the confining pressure did not apply
in the upper chamber. The head difference was
determined by adjusting the inlet tank. The
schematic layout of the apparatus is shown in Fig.
2, and the detail of the PVD holder is shown in Fig.
3.

Inflow tank |_
T 4
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Qutflow

tank
(','ylindcr a PVD
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chamber 1
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Fig.2 Schematic layout of the apparatus
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Fig.3 Detail of PVD holder

All tests were conducted on 500 mm length
specimens. In order to separate the specimens from
confining water, all specimens were wrapped with
a latex membrane. As reported by [24], the
discharge capacity of PVD is affected by more than
150 kPa soil lateral pressure. This study used 50 to
200 kPa incremental confining pressure, with a 50
kPa pressure addition for each stage, the confining
pressure value was chosen to represent the lateral
earth pressure at a depth of 5 to 30 m, assuming the
lateral earth pressure coefficient value is 0.5.
Previously the specimens were subjected to a 20
kPa confining pressure to evaluate the PVD initial
rate of water flow, assuming that the thickness of
PVD had not been affected at the stage.

Based on earlier researches, laboratory
measurements of hydraulic properties should be
carried out with the value of the hydraulic gradients
close to field conditions [15]. In order to maintain
the laminar flow within the PVD, hydraulic
gradients value between 0.1 and 0.3 s
recommended [25]. On the other hand, [10] stated
that the hydraulic gradient of 0.5 was advised to be
used in laboratory measurement of discharge
capacity. This study applied the head difference of
0.2, 0.4, 0.5, and 1 m to observe the effect of
hydraulic gradients on discharge capacity
thoroughly. The average water flow rate was
determined by measuring the water discharge
through the drains under incremental vertical
pressure with constant hydraulic gradients under 15
minutes seating period.

Calibration is required to measure the head loss
within the apparatus [26]. The calibration was
conducted by allowing the water to flow through a
hollow column under varied head difference. The
relationship between flow rates (Q) and calibrated
head difference (Ahca) for the test is plotted in Fig.4.
The curve is used to determine the corrected
hydraulic gradients (icorr). The headloss within the
apparatus is calculated by subtracting the head
difference used in the test (Ah) with Ahca, which
obtained from Fig.4. The corrected hydraulic
gradients (icorr) from all specimens were determined
by Eq. (6) proposed by [26].

Ah—Ahg

icorr = L ©

The values of icorr fOr each specimen with L=500
mm are presented in Table 2. Table 2 shows that the
The values of Ahcq are particularly small, indicated
that the apparatus has a very small effect on the
water flow inside the specimens. It can be
confirmed that the apparatus is reliable as a test
device.
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Fig.4 Relationship between the rate of water flow
and head difference within the apparatus

4. RESULTS AND DISCUSSIONS

Table 2 Values of corrected hydraulic gradient, icorr
(@) PVD-T3

4.1 Influence of Incremental Confining

Pressure on Discharge Capacity

Fig. 5 shows the decrease in the discharge
capacity of PVD with incremental confining
pressure. The value of discharge capacity was
obtained by using Eq. (1). Based on the test results,
an identical patterns were found for all of the PVD
specimens, as the confining pressure gradually
increased from 20 to 200 kPa, the discharge
capacity decreased linearly. The reduction of
discharge capacity under incremental confining
pressure is more significant for lower hydraulic
gradients. This result is in line with the theory
proposed by [13].

All of the specimens have the highest value of
discharge capacity reduction that occurred under i =
0.2, which is the lowest hydraulic gradient used in
this study. The values of the highest discharge
capacity reduction for the PVD-T3, PVD-T4, and
PVD-T5 under the confining pressure applied from
20 to 200 kPa are 75.71%, 56.93%, and 45.25%,
respectively.

Confining pressure, o (kPa)

(f:) 50 100 150 200

Ahcg (M) icorr Ahca (M) icorr Ahca (M) icorr Ahcg (M) icorr
0.50 5.78x1010 1.00 2.02x10%°  1.00 1.90x1010 1.00 1.02x1010 1.00
0.25 2.75x1010 0.50 1.08x10%° 0.50 5.94x101* 0.50 3.60x101* 0.50
0.20 2.38x101°  0.40 7.65x10  0.40 4.16x10! 0.40 2.58x101! 0.40
0.10 9.70x10*  0.20 2.60x10*  0.20 1.59x101! 0.20 8.88x101? 0.20
(b) PVD-T4
Ah Confining pressure, o (kPa)
(m) 50 100 150 200

Ahcai (M) icorr ANcal (M) icorr ANcal (M) icorr Ahcai (M) icorr
0.50 3.64x1010 1.00 3.29x10%0 1.00 2.74x1010 1.00 2.26x1010 1.00
0.25 1.52x101° 0,50 1.38x10°  0.50 1.13x1010 0.50 9.85x101! 0.50
0.20 1.20x10°%0 0.40  1.03x10% 0.40 8.19x101* 0.40 6.97x101* 0.40
0.10 4.38x10% 020 3.62x10  0.20 2.84x101 0.20 2.30x101! 0.20
(c) PVD-T5
Ah Confining pressure, o (kPa)
(m) 50 100 150 200

Ahcal (m) icorr Ahcal (m) icorr Ahcal (m) icorr Ahcal (m) icorr
0.50 5.78x1010 1.00 5.41x10% 1.00 5.18x101° 1.00 4.48x1010 1.00
0.25 2.75x10° 050 2.58x10%  0.50 2.36x1010 0.50 1.99x1010 0.50
0.20 2.38x1010 0.40 2.35x10°% 0.40 2.08x1010 0.40 1.74x10%0 0.40
0.10 9.70x10  0.20 8.69x10™  0.20 7.67x101 0.20 6.59x101! 0.20
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Fig.5 Decrease in discharge capacity with
confining pressure

It can be concluded that at the confining
pressure of 200 kPa or approximately equal to the
lateral earth pressure at 30 m depth, the PVD was
still capable of maintaining the flow inside the
drains. However, the performance decreased
significantly since the value of discharge capacity
reduction is considerable. The test results show that
PVD with greater thickness has a lower reduction,
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which indicates that thicker PVD has better
resistance to confining pressure.

However, this study had not considered the
effect of PVD deformation, surrounding soil
condition, and clogging, which mentioned as the
factors affecting discharge capacity by [11,12],
hence the reduction occurred in the field might be
more extensive. The reduction of discharge capacity
under incremental confining pressure is due to the
reduction of PVD thickness, which discussed in the
next chapter of this paper.

4.2 Influence of Incremental Confining
Pressure on Transmissivity
Fig. 6 shows the relationship between

transmissivity and hydraulic gradient. Equation (2)
is used to determine the value of PVD’s
transmissivity. As the hydraulic gradient increases,
the transmissivity of PVD decreases. For PVD-T3
and PVD-T4 at high confining pressure, the
decrease of transmissivity is slightly developed,
confirmed by the curve, which nearly flat. This is
not likely to occur for PVD-T5 that all of the
decreases are appeared more critical. It can be seen
from the experimental results that the transmissivity
reduced significantly at the early stage of loading.
The test results show that transmissivity
decreases with increasing hydraulic gradients in a
similar reduction pattern, which indicated a linear
function. The highest value of transmissivity
occurred at the lowest hydraulic gradients. This
study considers the decrease of PVD thickness as
the main factor of transmissivity reduction since the
thickness reduced when PVD is subjected to

confining pressure. The ratio of aican be obtained
0
from the experimental results, where & is the
transmissivity of PVD when it is subjected to the
lowest confining pressure (in this study the lowest
confining pressure is 20 kPa), and & is the
transmissivity of PVD when it is subjected to
incremental confining pressure. Then using Eq. (5),
the thickness of PVD at each stage can be calculated.
The value of mass per unit area («) and polymer
density (p) of the drains are obtained from Table 1.
Hence the value of u/ p for PVD-T3, PVD-T4,

and PVD-T5 are 0.53, 0.58, and 0.69 mm,

respectively. The values of Hiratio and thickness
0

due to confining pressure are presented in Table 3.
For a given i = 1 (the value of i = 1 is commonly
used in vertical drain design), the reductions of
PVD thickness are presented in Fig. 7. The value
of thickness reduction of PVD-T3, PVD-T4, and
PVD-T5 at the confining pressure of 200 kPa are
28.76%, 20.12%, and 11.21%, respectively.
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Fig.6 Variation of transmissivity with hydraulic
gradients

It can be concluded that thicker PVD gives more
resistance when subjected to confining pressure,
which means PVD thickness should be taken as a
consideration in vertical drain design. Hansbo
stated that the resistance of the PVD core has a
critical influence on the effectiveness of PVD in
accelerating the consolidation process [18].

Table 3 Values of Hi ratio

0

o PVD-T3 PVD-T4 PVD-T5

(kPa) t 9 t 9 t
g, (mm) 5o (mm) p- (mm)

20 1.00 3.00 100 4.00 1.00 5.00
50 055 261 071 360 0.79 4.67
100 0.53 258 0.67 354 076 4.63
150 0.51 256 0.60 343 0.74 459
200 0.35 233 053 333 0.68 4.48

46

[y Lo =
) =] >

Thickness reduction (%)
=

50 100 150 200
Confining pressure, &

<
o 4

250
——PVD-T3 —=PVD-T4 —+—PVD-T5

Fig.7 Decrease of PVD thickness with confining
pressure ati=1

S. CONCLUSIONS

Prefabricated vertical drain (PVD) is working as
drainage in a soil improvement project, which
accelerates consolidation time. Hydraulic properties,
i.e., discharge capacity and transmissivity, are the
most critical parameter which controls the
performance of PVD. This study conducted a test
using a newly designed apparatus adopting ASTM
D4716 to measure the discharge capacity and
transmissivity. A calibration test was conducted to
prove that the apparatus is reliable to be used as a
test device.

The test result showed that the reduction of
discharge capacity under incremental confining
pressure is greater for lower hydraulic gradients,
which agreeable with [13]. For PVD-T3, PVD-T4,
and PVD-T5, the maximum values of discharge
capacity reduction under incremental confining
pressure from 20 to 200 kPa are 75.71%, 56.93%,
and 45.25%, respectively. It can be assumed that
PVD at a lateral earth pressure more than 200 kPa
is still working, although the performance is
decreased significantly. It is also found that PVD
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with a greater thickness has a higher value of
discharge capacity, which means thicker PVD gives
more resistance to the confining pressure.

Based on the test result, the transmissivity
decreased when hydraulic gradient increased. The
transmissivity reduced significantly in the early
stage of loading, then slightly reduced in the next
step of loading in the linear pattern. At the lowest
hydraulic gradient, the maximum value of
transmissivity occurred. PVD thickness holds an
important role in transmissivity, as it controls the
drainage area of PVD. Under a hydraulic gradient
of 1, the value of thickness reduction of PVD-T3,
PVD-T4, and PVD-T5 at the confining pressure of
200 kPa are 28.76%, 20.12%, and 11.21%,
respectively.
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