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ABSTRACT: Hydraulic transmissivity is the most important design parameter of geocomposites used
for in-plane drainage applications. This paper presents an in-depth investigation of the hydraulic
behaviour of drain-tube planar geocomposites (DTPGs) and characterises the locations and causes of
head losses based on a multiscale experimental approach using three different apparatus. In
particular, a transmissivity rig that accommodates specimens up to 1 m?> was developed to define the
minimum representative surface area required to characterise DTPGs. The experimental data acquired
in this study support a theoretical relationship linking head losses that occur within DPTGs to flow
rate. This relationship is used to analyse the results obtained with other transmissivity rigs and to
identify the key locations where head losses develop. In addition, evidence that Colebrook’s equation
can be applied to corrugated tubes is presented. Based on this study, it is concluded that the
measured DTPG transmissivity is significantly affected by specimen length and by the experimental
device used to make the measurement. For example, the DTPG transmissivity measured in
accordance with ASTM D4716-08 was found to be 14% lower than the actual DTPG transmissivity.
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1. INTRODUCTION

Drainage geocomposites are widely used in environmental
applications to collect liquid from facilities such as land-
fills, roadway embankments or earth dams. A geocompo-
site consists of a combination of different types of
geosynthetics (geotextiles, tubes, geonets, geogrids, etc.).
Applications for geocomposites are increasingly numerous
for several reasons, but in particular because combining
the attributes of several different materials leads to higher
performance (Koerner 1997). For example, drainage geo-
composites can collect leachate at the base of landfills or,
by dissipating pore water pressure, they can improve the
bearing capacity of soils (Bordier and Zimmer 2000;
Palmeira and Gardoni 2002). Of all the drainage geocom-
posites, drain-tube planar geocomposites (DTPGs) have
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gained acceptance within the engineering community as
the material of choice for transporting liquids and gases
(Saunier et al. 2010) because of the reliability of the
perforated tubes, which are regularly spaced in a DTPG
and provide high in-plane flow capacity. These tubes are
embedded into two non-woven needle-punched polypropy-
lene geotextiles: one acts as a filter, the other as a
drainage layer, and the two geotextiles together provide a
separation function (Giroud et al 2000). Furthermore,
thick geotextiles can also act as a cushion layer to protect
the underlying geomembrane from puncture (Touze-Foltz
2002).

Drainage geocomposites are typically designed to opti-
mise their in-plane flow capacity and with consideration
for their site-specific design loads and boundary condi-
tions. The design parameter used to quantify this flow
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capacity is either the flow rate per unit width under a
specific hydraulic gradient, or the hydraulic transmissivity
(hereafter simply transmissivity), which is defined as

_o_o

0 i AH

(1
where 0 is the transmissivity, Q is the flow rate per unit
width, 7 is the hydraulic gradient, AH is the head loss, and
L is the length.

From Equation 1, transmissivity is the ratio of flow rate
to hydraulic gradient. Standard calculation techniques
consider that the transmissivity is only valid for laminar-
flow conditions (ISO 12958:2010; ISO 2010), that is,
when Darcy’s law is valid, and the transmissivity is often
presented in geosynthetic design as an intrinsic property
of the product, thus not dependent on external conditions
such as the hydraulic gradient. According to this para-
digm, transmissivity should be constant. However, the
transmissivity of a product is not a true constant but is
always associated not only with the normal load but also
with the hydraulic gradient. In fact, transmissivity de-
creases as the hydraulic gradient increases, because of the
development of turbulence within the water circulation
path. Generally, for hydraulic gradients typically used in
transmissivity tests, the flow is non-laminar for geonets or
geocomposites (Giroud et al. 2012). Therefore, the water
conductivity characteristic of geocomposites can be better
expressed as a discharge (flow rate) for a given hydraulic
loss (van der Sluys and Dierickx 1987) than as a
transmissivity. Accordingly, in the simulations, the ‘trans-
missivity’ value as defined by ASTM D4716-08 or 1SO
12958:2010 was not used; instead, the calculation was
based on the direct expression of the flow rate as a
function of head loss.

The drainage capability of DTPGs comes from corru-
gated tubes regularly spaced along the width of the DTPG
(see Figure 1). The number of tubes per metre (typically 1
to 4) and their diameter (16, 20 or 25 mm) can be
modified depending on the requirements of the project. To
allow fluid to enter the tube from the soil and the
geotextile, the tubes are perforated along four lines
travelling the length of the tube, with the lines spaced 90°
apart around the tube circumference (Bourges-Gastaud et
al. 2012). The majority of DTPG drainage capability is
provided by these corrugated tubes (Faure ef al. 1993).

A major difference between DTPGs and other geocom-
posites is that the DTPG structure leads to a large
difference between the hydraulic conductivity of the
geotextile and that of the tubes. Shortly after DTPGs were
invented, Faure et al. (1993) warned engineers that the
non-homogeneous drainage structure of DTPGs means
that they cannot be designed using the rules that apply to
other planar-drainage geosynthetics, such as those with a
geonet core. Therefore, to treat the flow within DTPGs, a
theory was developed that considers both the transmissiv-
ity of the geotextile and the discharge capacity of the
tubes. The transmissivity and the discharge must be
dissociated because Darcy’s law cannot be used in tubes,
in contrast to geotextiles where the flow can be considered
to be laminar. Unfortunately, in spite of these twenty-year-
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Figure 1. (a) Schematic diagram of DTPG; (b) cross-section
of corrugated tube (ND is nominal diameter, ID is inner
diameter)

old recommendations, transmissivity from standard tests is
still being used to design DTPGs and to characterise and
specify their hydraulic performance. In this paper, it is
demonstrated that this approach is erroneous by compar-
ing the tube discharge capacity with the transmissivity of
the whole product. This analysis is based on data gathered
from three experimental devices and on a numerical
analysis that reveals a relationship between head loss and
flow rate. An in-depth investigation of the hydraulic
behaviour of DTPGs is presented in which the head-loss
locations and causes are identified based on a multiscale
experimental approach employing three different appara-
tuses. Well-known hydraulic equations and concepts are
also applied to analyse the results theoretically. The
resulting model of head loss as a function of flow rate
precisely describes the hydraulic behaviour of both the
tube and the entire DTPG.

2. MEASUREMENT OF
TRANSMISSIVITY OF DRAIN-TUBE
PLANAR GEOCOMPOSITES:
MULTISCALE APPARATUS

An experimental procedure was designed to analyse
hydraulic properties on three successive scales spanning
from a single tube to a representative DTPG surface area
of 1 m2. A typical ASTM transmissivimeter (StdT) was
used in addition to two new apparatuses, which were
designed to improve the understanding of the in-plane
discharge capacity. Each apparatus analyses the DTPG
from a different point of view: (i) pressure taps directly
plugged into the tube allow characterisation the DTPG
base element (i.e., the tubes), and (ii) a large-scale
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transmissivimeter (LST) allows testing of the representa-
tive surface area of the DTPG (a 1 m square).

2.1. Tube discharge capacity

A classic device was used to measure the discharge
capacity of the DTPG base elements (i.e., the tubes).
Water was directly injected from a smooth-walled tube
into a 0.7 m-long corrugated tube of identical diameter —
that is, no change in hydraulic section — so fluid velocity
remained constant. To avoid singular head loss at both the
inlet and outlet, the tube outlet evacuated the water
directly into the atmosphere. One wall pressure tap was
plugged directly into the tube near the inlet to measure the
upstream hydraulic head. The downstream hydraulic head
corresponds to the water height at mid-diameter of the
corrugated tube. By taking the difference between the
upstream and downstream heads, the head loss for a
known flow rate is obtained. These tests were conducted
in the testing laboratory of Irstea (Antony, France) with
two different tubes (nominal diameter D20 and D25; see
Figure 1b) traditionally used in DTPGs.

2.2. Standard transmissivimeter

The standard transmissivimeter (StdT, from Geopro, PA,
USA) could test specimens 0.305 m wide by 0.355 m long
(see Figure 2). This test was conducted in the Geosyn-
thetics Technology Centre at Sageos (Saint-Hyacinthe,
QC, Canada) according to ASTM D4716-08 and ISO
12958:2010 with the following modifications.

e  The DTPG was installed on a bedding of 25 mm of
fine sand.

e  The DTPG was covered by 75 mm of fine sand.

° One test specimen was used instead of two (three)
for ASTM D4716-08 (ISO 2010).

All values were corrected for water temperature and,
when the water head exceeded 0.1 m, the normal stress
was corrected for the excess. The effect of leaking on
transmissivity has been demonstrated many times, and
both ASTM and ISO standards recommend that leakage
not exceed 10% for low flow rates. However, leaks are
intrinsically hard to quantify and may lead to misleading
performance predictions or excessively conservative de-
sign. To limit leaks both in StdT and in LST, stress was
applied on the DTPG by fine sand; this deformable

Hydraulic jack

/Rigid steel plate

Reservoir box Sand

Head loss /

Outflow weir:
Flow-rate
measurement

Pressure taps

Figure 2. Schematic of a standard transmissivimeter
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material limits leaks. Using Darcy’s law, all values of flow
rate are corrected by the amount of water flowing in the
sand (the coefficient of permeability of sand,
ks =5 X 107> m/s, is taken from the product datasheet).

2.3. Large-scale transmissivimeter

Zimmel et al. (2011) showed that specimen size can
significantly affect standard transmissivity tests. Using
either ASTM D4716-08 or ISO 12958:2010, transmissivity
measurements were performed with a small-scale appara-
tus (at most 0.305 m wide). This size is insufficient to
evaluate DTPGs with tube spacing greater than 0.305 m,
so the transmissivity of these specimens must be estimated
by making assumptions that may be controversial. For
example, how is the result of a measurement made on a
0.2 m-wide specimen extrapolated to a specimen with a
representative width of 1 m when the water is mainly
conducted by the central tube? Part of the solution to this
problem of upscaling is provided by a specially designed
LST, which is unique in that it satisfies the representative
elementary surface area criterion for DTPGs. In other
words, this LST makes it possible to test a 1 m? specimen,
which is the smallest size representative of the whole
product when tube spacing reaches 1 m. The LST is based
on the same model as the StdT (see Figure 3).

The LST maintains constant head loss for hydraulic
gradients ranging from 0.005 to 1. The geocomposite is
sandwiched between a lower layer of fine sand 25 mm
thick and an upper layer of fine sand 75 mm thick. The
load, which can reach up to 200 kPa, is applied by a
hydraulic ram pressing on a 1m? metallic frame. The
precision of the loading mechanism is estimated to be in
the range of 5—10%, although the precision is not consid-
ered to be a critical issue since Bourges-Gastaud et al.
(2012) showed that compressive stress up to 2 MPa
(~200 t/m?) does not affect the transmissivity of DTPG
sandwiched by layers of sand.

Thus, these tests were conducted in general accordance
with both ASTM D4716-08 and ISO 12958:2010.

Table 1 presents a summary of the experiment para-
meters. Each row in the table is considered to be equiva-
lent in terms of hydraulic behaviour.

3. SIMULATION OF TRANSMISSIVITY
OF DRAIN-TUBE PLANAR
GEOCOMPOSITES: NUMERICAL
METHOD

Head loss is the reduction in the total head of the fluid as
it moves through a fluid system. Head loss is unavoidable
in real fluids and is usually classified into two categories
as

linear head loss due to friction against the tube wall
e  singular head loss due to the singularities such as
tees, widenings, or valves.

Experimental results from the three apparatuses ensured
a reliable base from which the numerical calculation of
the head loss through a DTPG can be calibrated. Hydrau-
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Figure 3. Photograph and schematic of the LST

Table 1. Summary of experiment parameters

Device Length Stress (kPa) Number | Number
(m) of tubes | of data
D20 | Tube only 0.7 - 1 20
StdT 0.305 20, 100, 200 1 12
LST 0.25 100 4 3
0.5 100 4 4
1 20, 100, 200 4 12
D25 | Tube only 0.7 - 1 33
StdT 0.305 20, 100, 200 1 12
LST 0.25 100 1, 2, 4 9
0.5 100 1,2, 4 12
1 20, 100, 200 1, 2, 4 48

lic concepts and laws are used to describe the transmissiv-
ity and to thoroughly analyse DTPG discharge capacity.

3.1. Linear head loss

Linear head loss occurs throughout the length of the tube
because of the friction experienced by a Newtonian liquid
flowing in the tube. The following empirical Darcy—
Weisbach equation relates head loss due to friction along
a given length of tube to average fluid-flow velocity
(Romeo et al. 2002)

t

AH lin — A D2g (2)
where AH;, is the linear head loss, A is the dimensionless
friction factor, L is the tube length, D is the tube diameter,
g is the standard acceleration due to gravity, and V; is the
average fluid velocity in the tubes.

To use Equation 2, a theoretical approach to calculating
the friction factor A is required that agrees with experi-
mental results. Colebrook’s equation (Colebrook 1939) is

e
2 — _‘_‘—\—_____
i —
Qf’ — —
——Downstream compartment

- Sand 25 mm

uneeam comperiment

Flow-rate
measurement

used for this purpose, based on Moody’s demonstration of
its applicability over a very wide range of Reynolds
number and relative roughness (Moody 1944). In fact, the
well-known Moody chart is a plot of solutions of Coleb-
rook’s equation. This equation, which is now the accepted
standard of accuracy for calculated friction factors (Brkic
2011), is

1 e 2.51
—==-2log (== +—Fx 3
Ji 8 (3.71) Reﬂ) @)

where ¢ is the absolute roughness and Re is the dimen-
sionless Reynolds number that characterises the capacity
of a fluid to develop turbulence (Reynolds 1883).

Because it is implicit, Colebrook’s equation cannot be
rearranged to obtain the friction factor directly. To bypass
this difficulty, several authors have proposed the more
convenient approach of explicit approximations (Sonnad
and Goudar 2006). In the present work, the solution
developed by Serghides (1984) is employed.

Although Colebrook’s equation is widely used to esti-
mate the friction factor for turbulent fluid flow in rough
tubes, to the best of the authors’ knowledge, no proof is
available that it applies to corrugated tubes. This geometry
not only implies two different internal diameters (IDpi,
and IDy,.x; see Figure 1), but also two types of roughness.

e  C(lassic roughness described in the pioneering work
of Nikuradse (1933) with sand-coated tubes. This
roughness corresponds to the average diameter of
sand grains and causes increased turbulence — that
is, an increase of frictional loss. Commonly, the
roughness of industrial tubes is in the range of a few
micrometres. For DTPG tubes this roughness is due
to the perforations of the wall and results in an
average roughness of 100 pum.

Geosynthetics International, 2013, 20, No. 3
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e  The depth of the waves along the corrugated tube.
This roughness is the difference between IDy,x and
IDpin. The impact of the corrugated geometry on
turbulence is unknown.

The aim of Section 4.1 is to determine the impact of
these two types of roughness and evaluate which one
prevails. Moreover, Colebrook’s equation is traditionally
used with fully turbulent flow (Re > 3000). For the
experiments described in this paper, a low Reynolds
number of ~1900 was obtained for the lowest flow rate.
However, Kandlikar er al. (2005) proved that, with an
increase in roughness, the laminar-to-turbulent transition
occurs at lower Reynolds numbers. Thus, the corrugation
waves can enlarge the domain of validity of Colebrook’s
equation. To ensure that Colebrook’s equation is applic-
able to corrugated tubes, the tubes were tested to deter-
mine the effect of both the corrugated geometry and a low
Reynolds number.

3.2. Singular head loss

The second category of head loss occurs when flow is
perturbed, such as at a tee, a widening, or a bend. The
perturbing singularity encountered by the fluid consists of
sudden or gradual changes in the boundaries and results in
a change in magnitude, direction, or distribution of the
flow velocity. This singular head loss is determined by
using Equation 4 (Fester et al. 2007)
2
AH, = kL )
28

where AH; is the singular head loss and & is the singular
head loss factor, which is a property of each singularity.

The head losses arising from singularities are often
referred to as ‘minor’ losses and are normally neglected
when they represent less than 5% of the total linear head
losses (Edwards et al. 1985). However, for short tubes,
these ‘minor’ singular head losses can easily add up to
exceed the linear head losses (Fester et al. 2007). Of all
the singularities, the head loss due to narrowing is
assumed to be negligible, whereas head loss due to
widening is not. In fact, the latter can cause a large

Upstream compartment: H,
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singular head loss due to the change in fluid velocity (see
Figure 4). By using a global momentum budget (Euler
theorem), the singular head loss was estimated over a
domain that includes the singularity (Thual 2010) as
follows

pVﬁpAup + HupAdO = pVﬁoAdo + H goAdo (5)

where H,, is the upstream head, Hy, is the downstream
head, A4y, is the upstream area, 4, is the downstream area,
and p is the fluid density.

From Equation 5, the singular head loss along the
widening is deduced

(Vo — Vip)?

AHy = Hy, —Hgo = 22

(6)

3.3. Which head losses occur in a transmissivimeter?

When a DTPG is tested in a transmissivimeter, the
drainage capacity of the DTPG is determined by its tubes.
Neither the sand under load nor the nonwoven geotextile
under load can conduct a significant amount of water.
With these assumptions, a DTPG in a transmissivimeter
can be represented by two compartments linked by one,
two, or four tubes. The distribution of head loss along the
DTPG is shown in Figure 5.

The total head loss AH,, in a transmissivimeter is the
sum of the linear head loss AH}, and the singular head
loss AHj that occurs at the outlet (the widening). The total
head loss in the transmissivimeter is given by combining
Equations 2 and 4, which gives

—
/" Pup oy
Aup — Ado
Pup Vip vy, Pdo
P

Figure 4. Sudden widening and pressure distribution

N
e

Hi

Hydraulic head

H,

Downstream compartment: +;
=
- —_—
—_—

AHy = Hy — H,

Figure 5. Schematic of a transmissivimeter and associated spatial distribution of head loss
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Standard transmissivimeters (ASTM D4716-08 or ISO
12958:2010) are small-scale apparatuses at most 0.355 m
long. Consequently, the linear head loss due to friction
between the fluid and the tube wall is very limited by the
length of the apparatus. This situation is not representative
of field conditions where tube lengths significantly greater
than 10 m are often encountered. Singular head losses in a
transmissivimeter (other than those due to friction) are
localised at the tube outlet. The water path from tube to
full downstream tank can be treated as a sudden widening
(see Section 3.2). Hydraulic sections are 0.1 m”> for LST
and 0.02 m? for StdT, whereas tube cross-sections are
0.00016 m? for D20 and 0.00028 m? for D25. Thus, the
fluid velocities in the tube and in the apparatus are very
different, which suggests that singular head losses are
non-negligible in the transmissivimeter. However, in the
field, singular head losses are actually different from those
in the laboratory: (i) water percolates through the wall
instead of entering through the entire cross section of the
tube, and (ii) water drains in a large unsaturated collector
instead of draining into a large saturated tank (the down-
stream compartment of the transmissivimeter presents a
resistance to flow and the concomitant inevitable increase
of singular head loss). Therefore, the singular head losses
that occur in transmissivimeter tests were evaluated.
Because these singular losses do not exist in the field, a
better understanding of the various types of head losses
can help designers evaluate the accuracy of transmissivity
tests.

In Section 5 the two types of losses are compared: the
linear losses that are due to friction and therefore
dependent on tube length, and the singular losses that
depend on the measuring apparatus. The analysis pre-
sented is based on a theoretical approach applied to
hydraulic data. Finally, the accuracy of the StdT test
against the LST test and discharge capacity are discussed.

4. COMPARING EXPERIMENT WITH
THEORY

In this section, experimental results are compared with the
different calculations in order to confirm the theoretical
approach. To evaluate the accuracy of the simulations, the
parameter R is used, which is defined as the ratio of the
calculated value to the measured value for each datum.

Bourges-Gastaud, Blond and Touze-Foltz

Each data set is then judged by the mean R (see Table 1).
A value of R closer to unity indicates that the theory
closely matches experiment.

4.1. Testing Colebrook’s equation for corrugated
tubes

With the experimental results from the wall pressure tap
directly plugged into the tube, Colebrook’s equation can
be tested. To control the accuracy of Serghides’ approx-
imate solution to Colebrook’s equation, the following
equation based on Equation 3 was used

1 € 2.51

2==(3) -2 (55 o) ®

The accuracy of Serghides’ solution is confirmed for
values of Z close to zero. For all 165 simulations
performed for this research, the mean value Z was very
acceptable (Z =4 X 107%). The maximal value was
Zmax = 1.54 X 107, This means that, for the range of
roughness, diameter and fluid velocities used, Serghides’
solution to Colebrook’s equation is accurate and precise.

The tube geometry is now discussed. As mentioned
earlier, Colebrook’s equation is not expected to be fully
applicable to corrugated tubes because they have two
different inner diameters and two different types of rough-
ness. To check that Colebrook’s equation is valid for
corrugated tubes, the head loss was simulated numerically
for the different diameters and roughness values and the
results were compared with experimental data acquired
from a pressure tap directly plugged into the tube. The
results of the comparison are presented in Table 2, which
gives the mean R. Recall that the calculated values
approach the experimental values as R approaches unity.

Table 2 is unequivocal: the calculations significantly
underestimate the head loss by a factor 3 to 12 except
when using IDp,;, as the hydraulic diameter and the
corrugation depth (i.e., IDyax — [Dpin) as the roughness,
in which case the calculations agree very closely with the
experimental results for both the D20 and D25 tubes (R is
respectively 1.03 and 0.98). Thus, as expected, the mini-
mal ID value must be used as the hydraulic diameter. This
result validates the assumption that the roughness due to
corrugation depth (2.1 and 2.7 mm for tubes D20 and
D25, respectively) prevails over conventional surface
roughness (100 um). Thus, using the conventional surface
roughness in calculations leads to a significant under-
estimation of head loss. This result seems reasonable

Table 2. Experimental head loss compared with theory for different corrugated-tube
geometries. Theory agrees with experiment for R = 1 and departs from experiment for

R#1
D20 Conventional roughness: 100 um | Corrugation depth roughness: 2.1 mm
IDpin = 14.13 mm R=032 R=1.03
IDpax = 18.33 mm R =0.09 R=024
D25 Conventional roughness: 100 um | Corrugation depth roughness: 2.7 mm
IDpin = 18.76 mm R=0.29 R=0098
IDax = 24.16 mm R=10.08 R=0.10

Geosynthetics International, 2013, 20, No. 3
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because, with such a large difference in scale, the greater
roughness would be expected to prevail.

Although R ~ 1 is obtained when using the corrugation
depth for roughness, the average is over the entire range
of flow rates. Thus, from these results alone it is not clear
that such agreement would occur at every value of flow
rate throughout the entire range. To demonstrate that this
is indeed the case, Figure 6 shows the calculated head-loss
curves plotted with the measured head-loss data. With no
adjustable parameters, the calculated curve correctly
matches the data over the entire flow rate range.

These results demonstrate that, when using the minimal
ID value as the hydraulic diameter and the difference
between the maximal ID and the minimal ID as the rough-
ness, Colebrook’s equation provides a very accurate descrip-
tion of the discharge capacity of corrugated DTPG tubes.

4.2. Simulation of head loss obtained in StdT and
LST

After analysing the discharge capacity of corrugated tubes,
the second stage of this work involves describing the
hydraulic behaviour of an entire DTPG in a transmissivi-
meter. Recall that, in addition to the frictional linear head
loss that occurs in the tube, a singular head loss occurs in
a transmissivimeter at the tube outlet. Figure 7 summarises
experimental results acquired with the LST and the StdT
grouped by tube diameter and length. For each series of
experiments, the curve generated by Equation 7 (AH)
and implemented by Equation 3 (Colebrook’s equation)
and Equation 6 (singular loss at widening) is presented.

The curves match most data points rather well, which
indicates that the calculations can be used to predict head
loss with reasonable accuracy. The scatter of the data
around the curves is attributed partly to measurement
uncertainties but predominantly to the composite aspect of
some of the series. For example, the series ‘L = 100 cm,
D25’ groups 48 tests conducted with one, two and four
tubes. Despite using the number of tubes to correct both
the flow-rate and the difference in fluid velocity between
transmissivimeter and tubes, some differences remain and
explain the slight scatter. To evaluate the results of the
calculation for the various series of measurements, Table 3
uses R to compare the calculated head losses with meas-
urement series.

1.00 — e
/{,0—"« . }-_g ;__-Jl--
* e
E f‘/ a5 " ,
T / e Experimental values
5 & g7 " :D20 =D25
4 0.10 - - <
8 e
B i u/
o ! s
I | LYy
T
¢ D25
:/D20
0.01 ! L " . ;
0 0.0001 0.0002 0.0003 0.0004 0.0005

Flow rate (m3/s)

Figure 6. Discharge capacity of tubes. Solid lines are
calculated head-loss curves. The slight scatter in the
experimental values is due to measurement uncertainty

125
LST
1.000 _A -
- ot =\ 5m
£ p25 L S = 05
= 02° - .
X 0.100 | e Experimental values:
<1_ - o D20L=1m
@ o
= | ). : =05m
g ooty o D25L =0.25m
L =
0001 1 1 1 1 ]
0 0.0001 0.0002 0.0003 0.0004 0.0005
Flow rate (m3/s)
1.000 StdT
E D20 " " pgs
I 0.100 | -
< Experimental values:
uwa“ - = «D20 -D25
ke]
© 0.010 |
3 r
T
0.001 == ' . ' ' ;
0 0.0001 0.0002 0.0003 0.0004 0.0005

Flow rate (m3/s)
Figure 7. Head loss as a function of flow rate. Points are

experimental data and solid lines are calculated curves

Table 3. Statistics to evaluate the accuracy of the
calculation

Configuration R Number of experiments
D 20 0.96 30
D 25 1.02 82
StdT 1.00 24
LST 1.01 88
LST L=25cm 0.83 12
LST L =50cm 0.92 16
LST L =100 cm 1.07 60
Total 1.00 112

The worst value of R (0.83) is for a short specimen
(0.25 m long), which corresponds to an underestimation of
head loss by 17%. Nonetheless, this result is still accep-
table because the LST was designed to test large speci-
mens and is not optimised for testing short DTPGs. For
appropriate specimen length (>0.5 m), the simulation
precisely describes the experimental results with a mean R
close to unity.

Thus, to calculate the total head loss in a transmissivi-
meter, Colebrook’s equation and the equation for loss in a
sudden widening are appropriate and give satisfactory
results. The tube geometry (diameter, roughness, length)
determines the intensity of the linear head loss, and the
difference in fluid velocity at the outlet determines the
singular head loss. Having established a sound theoretical
basis to calculate linear and singular head losses, these
two types of losses can be compared to determine the
relative contribution of each.

5. DISCUSSION

Multiscale results from three apparatus reveal the contribu-
tion of linear head loss due to the hydraulic property of the
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DTPG and of singular head loss inherent to the method-
ology of the test. The results are reported in Table 4.

In a StdT the singular head loss reaches 28% of the
total head loss, whereas in a LST the contribution of
singular head loss is contained at around 10%. The longer
is the DTPG specimen, the lower is the contribution of
singular loss. In other words, in a StdT about 25% of the
head loss measured is due to the apparatus and so does
not exist in real conditions. Although this singular loss is
restricted to the space just around the outlet, it cannot be
neglected in a StdT apparatus. With linear head losses
contributing less than 75% of the total head loss, the
results of StdT apparatus are questionable.

For the sake of simplicity and as a tentative conclusion,
the results in terms of transmissivity are discussed first.
The transmissivity, albeit controversial if not correlated to
one specific hydraulic gradient, is commonly used to as a
guide in designing geocomposites. The results presented
herein can help designers understand the impact of
transmissivimeters on the transmissivity. Here, transmis-
sivity is defined as the ratio of the flow capacity of a
single tube to the hydraulic gradient and so depends on
the hydraulic gradient because of non-laminar conditions.
Figure 8 and Table 5 summarise the calculated transmis-
sivity of a DTPG as a function of hydraulic gradient and
for the different experimental apparatus used to make the
measurements. The transmissivity of the DTPG as meas-
ured by the LST is equivalent to the intrinsic tube
transmissivity. Nonetheless, the transmissivities obtained
by the StdT are clearly lower. When measured with the
StdT, the DTPG transmissivity is about 15% lower than
the real discharge capacity of the tube.

Table 4. Contribution of singular head loss for different
apparatuses

ND Device Length (m) Contribution of
singular head loss
(%)
D20 Tube only 0.7 0
LST 0.305 9
StdT 1 23
D25 Tube only 0.7 0
LST 0.305 11
StdT 1 28
D25 Tube only
LST
StdT
0.005 D206 onty Increasing impact ¢
0 ", AN of singular head
a2 0.004 | T loss 6
é StdT ) AN
< 0.003F NN NN
% 0.002 | - I
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2
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Figure 8. Transmissivity as a function of hydraulic gradient
for three different apparatuses

Bourges-Gastaud, Blond and Touze-Foltz

Table 5. Transmissivity for the three different apparatus

i=0.1 i=0.01 Decrease of
transmissivity
(%)
D20 | Tube only 6.73 X 10™* | 2.10 X 1073
LST 6.55 X 107* | 2.04 x 1073 2.5
StdT 585X 107* | 1.82 X 1073 13.0
D25 | Tube only 135X 1073 | 424 X 1073
LST 133 X 1073 | 417 x 1073 1.6
StdT 1.16 X 1073 | 3.64 X 1073 14.1

Normally, standardised tests should ensure an accurate
and reliable comparison between the different products
because many engineers use the transmissivity for design
purposes. Thus, the transmissivity measured via standar-
dised tests should be representative of in-situ conditions
(Giroud et al. 2000). However, because of the difference
in transmissivity obtained with different apparatuses, the
comparison of different geocomposites seems to be com-
promised. Indeed, other drainage geocomposites exhibit
different behaviour from that of DTPGs because the
hydraulic capacity is homogeneous across the entire width.
For example, geonets have a higher hydraulic section than
DTPGs for equivalent transmissivity. The singular head
loss at the outlet of a geonet is lower than for a DTPG
because of a smaller difference in hydraulic section within
the apparatus. Thus, the standard transmissivity test is
more representative for geonets than for DTPGs. This
study shows the importance of singular head losses in the
ASTM test and highlights the drawback of using this test
for DTPGs: an accurate comparison between products is
impossible.

The standard ISO 12958:2010 states ‘the test is in-
tended primarily as an index test but can be used also as a
performance test when the hydraulic gradients and speci-
men contact surfaces are selected by the user to model
anticipated field conditions.” The results of the present
study indicate that this statement does not apply for
DTPGs. From the understanding gained in this study of
the variable ratio between the different head losses and the
result that transmissivity depends on the apparatus used
for measurement, some recommendations for measuring
transmissivity can be formulated. First, as mentioned by
Faure et al. (1993), a better way to evaluate the in-plane
capacity of DTPGs is to directly test the tubes. The
discharge capacity may be easily evaluated using the cost-
effective technique of plugging pressure taps into the
tubes. Furthermore, the specimen must be as long as
possible. Typical transmissivity measurements made fol-
lowing the standard tests introduce a bias because roughly
25% of the head loss thus measured is non-existent under
field conditions.

6. CONCLUSION

An experimental procedure was designed to analyse the
hydraulic properties of a DTPG on three successive scales,
from a single tube to a representative DTPG surface.
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Three different apparatuses were used to make these
measurements: (i) a standard ASTM transmissivimeter
(StdT), (ii) a new apparatus in which pressure taps are
plugged directly into tubes to find their intrinsic drainage
capacity (because the tubes make the major contribution
to the overall discharge capacity), and (iii) a large-scale
transmissivimeter (LST) used to test a surface representa-
tive of a DTPG (i.e., 1 m square).

Next, the experimental data were used to calibrate a
theoretical approach based on well-known hydraulic equa-
tions. The relationship between hydraulic conductivity and
hydraulic gradient expressed by the model agrees well
with the results of hydraulic conductivity tests. This
numerical simulation of head loss compares three measur-
ing apparatuses and reveals the differing contributions of
linear and singular head losses. The results show that the
standard ASTM test underestimates the transmissivity of
DTPGs. The difference between the discharge capacity of
a tube alone and the results of standard measurements
attains 14% because a significant fraction of head loss is
introduced by the StdT. This head loss is singular
(localised at the tube outlet) and reaches 28% of the total
head loss for the D25 specimen. Thus, the results indicate
that the protocol and the measuring apparatus dictated by
the standard ASTM test have an unacceptable impact on
the measurement results.

This study shows the importance of singular head losses
in the ASTM test and demonstrates the problem of testing
DTPGs with this standard: the criterion that the StdT
results be representative is not satisfied for DTPGs.
Although results obtained with the LST show that this
apparatus is better suited to obtain the real transmissivity
of DTPGs because it uses a specimen length of 1 m, some
singular head loss also occurs in the LST apparatus. Thus,
to correctly characterise DTPGs, the geotextile and the
tubes (the base elements of DTPGs that provide most of
the discharge capacity) must be evaluated separately. To
ensure that the results are representative of real conditions,
tubes should be directly tested by plugging pressure taps
through the tube wall. This simple and cost-effective
technique makes it possible to accurately quantify the
discharge capacity of DTPGs.

NOTATION

Basic SI units are given in parentheses.

Ago downstream hydraulic section (m?)

Ay upstream hydraulic section (m?)
diameter (m)

head (m)

hydraulic gradient (dimensionless)
singular head loss factor (dimensionless)
saturated permeability coefficient (m/s)
length (m)

flow rate (m3/s)

ratio of the calculated flow-rate value to the
measured flow-rate value (dimensionless)
mean R (dimensionless)

Re Reynolds number (dimensionless)

=1l
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average fluid velocity (m/s)
head loss (m)

absolute roughness (m)
hydraulic transmissivity (m?/s)
friction factor (dimensionless)
density (kg/m?)

b»mmgw

Abbreviations
ASTM  American Society for Testing and Materials
DTPG drain-tube planar geocomposite
ID inner diameter

ISO International Organization for Standardization

LST large-scale transmissivimeter

ND nominal diameter

StdT standard ASTM transmissivimeter
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