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ABSTRACT: A rational development of criteria for geotextile and granular filters is presented. It is shown
that, whereas two criteria are sufficient for granular filters, a permeability criterion and a retention criterion,
four criteria are required for geotextile filters. The four criteria are: permeability criterion, retention criterion,
porosity criterion and thickness criterion. The analysis shows that the permeability criterion includes two re-
quirements, a pore water pressure requirement and a flow rate requirement. It is shown that, in the case of
granular filters, the two requirements generally reduce themselves to the classical Terzaghi’s permeability cri-
terion, whereas, in the case of geotextile filters, the hydraulic gradient in the soil next to the filter determines
which of the two requirements is the most stringent. Regarding the retention criterion, the analysis shows that,
for both geotextile and granular filters, a complete retention criterion should take into account the density of
the soil and the coefficient of uniformity of its particle size distribution curve. This analysis explains the limi-
tations of the classical Terzaghi’s retention criterion. The retention criterion proposed herein provides a means
to overcome these limitations. Then, the need for two additional criteria for geotextile filters is pointed out.
These two criteria are a porosity criterion expressed as a minimum porosity of the filter and a thickness crite-
rion expressed as a minimum thickness of the filter. It is shown that these two criteria are always met by gra-

nular filters and, therefore, are needed only for geotextile filters.

1 INTRODUCTION

1.1 The Terzaghi Lecture

This paper is closely based upon the “Terzaghi Lec-
ture” titled “Criteria for geotextile and granular fil-
ters” delivered by the author of this paper for the
American Society of Civil Engineers (ASCE). This
lecture was first presented at the annual meeting of
the ASCE Geo-Institute in 2008 in New Orleans.
Since then, it has been presented at various locations
and it is scheduled to be presented as a “Prestigious
Lecture” at the 9™ International Conference on Geo-
synthetics in May 2010 in Guaruja, Brazil.

The lecture and this paper summarize research on
filter criteria conducted periodically over thirty years
by the author of this paper. However, this paper does
not include the calculations supporting the demon-
strations presented. Also, no references are provided
at the end of this paper. The calculations and refer-
ences will be presented in a detailed paper to be pub-
lished in the Journal of Geotechnical and Geoenvi-
ronmental Engineering of the ASCE. Essentially,
this paper is intended to be read easily, just as one
listens to a lecture.

1.2 Scope of this paper

While it is recognized that work on filter criteria has
been published by many authors, the scope of this
paper is limited to a presentation of the work done
on this subject by the author of this paper. This work
is essentially theoretical. This does not mean that the
author of this paper ignored experimental work. In
fact, experimental data were used in the develop-
ment of the work presented herein. However, by just
doing rational analyses, it has been possible for the
author of this paper to build a coherent system of fil-
ter criteria. The presentation of the development of
this coherent system provides an opportunity to bet-
ter understand the mechanisms of filtration. Fur-
thermore, the coherent system of filter criteria pre-
sented herein has many practical applications, and it
is beneficial to geotechnical engineers to be aware of
these applications.

This work was undertaken to improve criteria for
geotextile filters, but it is applicable to granular fil-
ters as well. In fact, the first steps of the develop-
ment of criteria for geotextile filters were inspired
by granular filter criteria. As a result, this paper of-
ten refers to Terzaghi’s criteria for granular filters.



1.3 Terzaghi’s filter criteria

The classical Terzaghi’s criteria for granular filters
are expressed by the following two equations:

disp > 4or5dsg

M

disp < 4or 5 dgsg ()
where: disr = ds of the filter; dss = d,s of the soil;
and dgss = dss of the soil. (dy is defined as the par-
ticle size such that the soil contains x% by mass of
particles smaller than d.)

Equation 1 means that the ds of the filter must
not be too small. This is the permeability criterion.
Equation 2 means that the d;s of the filter must not
be too large. This is the retention criterion. The dif-
ference between the factors 4 and 5 used in the equa-
tions is not significant. For convenience and consis-
tency, the factor 5 will be used in all the discussions
presented in this paper.

It should be noted that both of Terzaghi’s criteria
are expressed using the dis of the granular filter.
This is possible because the ds of a granular materi-
al (whether it is a filter or not) is related to the size
of its openings. An approximate relationship is:

Opening size ~ d;5/5 3)
Equation 3 is based on theoretical and experimen-
tal work on arrangements of particles by Silveira,
Wittmann, Witt, Kenney, and others.
The opening size of a filter (any type of filter) is
defined as the diameter of the largest sphere that can
pass through the filter.

1.4 Examples of early geotextile filter criteria

In the 1970s, several different criteria for “filter fa-
brics” were proposed, some of them inspired by Ter-
zaghi’s criteria for granular filters. Here is an exam-
ple of a set of criteria used in the USA in the early
1970s for filter fabrics:

kp > kg )
0.150 mm < O < dgsg (5)
4% < Ay <36% (6)

where: kr = hydraulic conductivity of the filter fa-
bric; ks = hydraulic conductivity of the soil; O = fil-
ter fabric opening size; and 4x = relative open area
of the filter fabric (area of openings/total area of fil-
ter fabric).

Early on, it was explicitly mentioned in some US
filter criteria that nonwoven fabrics should not be
used as filters. In any case, many nonwoven fabrics
were eliminated by the requirement that the opening
size should be greater than 0.150 mm (Equation 5).
(This requirement was even Op > 0.250 mm in an
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early stage of filter fabric criteria development.) Fur-
thermore, all nonwoven fabrics were eliminated by
the requirement that the relative open area (inter-
preted as porosity for nonwoven fabrics) should be
less than 36% (Equation 6).

Progressively, the anti-nonwoven clauses disap-
peared and here is an example of the resulting filter
fabric criteria:

k> ks %)
Of <dgsg ®
Ay > 4% ©)

However, these criteria for filter fabrics were still
unsatisfactory, as will be discussed herein.

The terminology “geotextile” appeared in 1977,
and was universally adopted. It will, therefore, be
used in the rest of this paper.

1.5 Additional criteria

Terzaghi’s criteria for granular filters (Section 1.3)
comprise two criteria, the permeability criterion and
the retention criterion. But, two additional criteria
are needed for geotextile filters.

Indeed, since there are almost unlimited possibili-
ties in geosynthetic manufacturing, it is possible to
imagine geosynthetic materials that would be unlike-
ly to perform properly as filters (as shown in Sec-
tions 4 and 5), such as: geosynthetics with very few
openings, and some extremely thin nonwoven geo-
textiles. Criteria are needed to prevent the use as fil-
ters of such materials.

Therefore, for geotextiles to perform properly as
filters, two additional criteria are needed: a criterion
to ensure that the number of openings is sufficient;
and a criterion to ensure that the filter thickness is
sufficient. It will be seen that the criterion that en-
sures a sufficient number of openings is, in fact, a
porosity criterion. Accordingly, the next four sec-
tions address the permeability criterion, the retention
criterion, the porosity criterion, and the thickness
criterion.

1.6 Applicability and limitations

Terzaghi’s criteria for granular filters are applicable
only to cohesionless soils. Similarly, the analyses
and discussions presented in this paper for geotextile
filters are only applicable to cohesionless soils, as
usually defined in geotechnical engineering.

Filter criteria, as presented in this paper, are li-
mited to the filtration function. These criteria are on-
ly a part of the design and selection of a filter ma-
terial. Accordingly, the reader of this paper should
not expect to find herein any consideration or rec-
ommendation outside the strict domain of filter crite-
ria.



Thus, survivability requirements (including in-
stallation damage resistance requirements and
strength requirements to ensure that the filter resists
various stresses) and durability requirements for fil-
ters are not addressed in this paper because, strictly
speaking, they are not filter criteria, as discussed in
Section 6.1. However, these requirements are impor-
tant and they must be included in filter selection cri-
teria and filter specifications.

It will also be seen in the following section that
there are three types of filter application from the
viewpoint of retention, and that this paper is devoted
to only one of the three types of filter application.

1.7 Retention modes

As suggested by Fry, three types of filter application
can be considered from the viewpoint of retention:

e Filters providing total retention are used in
zoned dams on the downstream side of clay
zones. Their function is to prevent loss of clay
by stopping particles that may migrate as a result
of internal erosion of the clay due to piping,
cracking or dispersion of the clay. These filters
become progressively clogged by the particles
they stop; but, in this case, clogging is not detri-
mental because these filters are part of a system
whose function is to retain water. These filters
should have openings sufficiently small to retain
all particles likely to migrate. As a result, they
have a low permeability and they slow down the
flow if the clay zone becomes too permeable.
Filters providing optimum retention are the typi-
cal filters used in geotechnical structures, such as
drainage trenches and blankets in a variety of
applications, and downstream drains in dams.
These filters must function for the design life of
the structure. Therefore, they must remain per-
meable. Their goal is to retain the soil as a whole
but not necessarily all particles. The design of
these filters involves adequate balance between
permeability and soil retention. Such design is
delicate and this is the subject of this paper.
Filters providing partial retention are used in
bank protection systems where they are sub-
jected to turbulent, intermittent, and multi-
directional flow. Such filters must remain un-
clogged to prevent instability in case of rapid
drawdown. To that end, they typically allow
flushing of some soil particles when they are
washed by the flow. Thus, progressive erosion of
the soil occurs but is slowed down by well de-
signed filters. Bank protection structures may re-
quire periodic maintenance.

This paper is exclusively devoted to filters providing
optimum retention. These filters are assumed to be
subjected to non-turbulent flow in one direction and
they are intended to function permanently. Total and
partial retention are not considered herein.
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2 PERMEABILITY CRITERION

2.1 The two requirements

The presence of a filter disturbs the flow of water in
the soil upstream of the filter. The selected filter
must be such that the disturbance is small and ac-
ceptable. The disturbance can affect the pore pres-
sure and the flow rate. Therefore, the permeability
criterion includes two requirements: a pore pressure
requirement and a flow rate requirement. These two
requirements are discussed below.

2.2 The pore pressure requirement

As shown in Figures 1 to 3, the presence of a filter
potentially increases the pore water pressure in the
soil upstream of the filter. A high pore water pres-
sure can have detrimental effects. The selected filter
should be such that the pore pressure increase is as
small as possible, ideally zero.

Figure 1 shows the steady-state curve of water
pressure as a function of depth for the case of water
flowing vertically through soil without a filter.

Water pressure

Figure 1. Pore water pressure as a function of depth for the
case without a filter.

Figure 2 shows the curve of water pressure as a
function of depth for the case where there is a filter.
It appears in Figure 2 that there is an excess pore
water pressure with respect to the case where there is
no filter. This is the general case. However, increas-
ing values of the hydraulic conductivity of the filter,
kr , result in decreasing values of the excess pore
water pressure, until an ideal situation is reached
where there is no excess pore water pressure, as
shown in Figure 3.

An analysis of the pore water pressure curve
shown in Figure 3 shows that the presence of the fil-
ter causes no pore water pressure increase if the fol-

lowing condition is met:
kp 2 igkg

(10)

where: is = hydraulic gradient in the soil next to the
filter
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Figure 2. Pore water pressure as a function of depth for the
case with a filter. (Note: filter thickness is exaggerated for clar-

ity.)

Water pressure

No excess
pore
pressure

Figure 3. Pore water pressure as a function of depth for the
special case with no excess pressure.

Table 1 shows some typical values of the hydrau-
lic gradient in soil next to filters. The values are typ-
ically less than 2, except in the case of filters adja-
cent to clay layers; and they rarely exceed 20. (The
high values of the hydraulic gradient in clay do not
have an impact on the filter criteria discussed herein,
because the applicability of these criteria is limited
to cohesionless soils, as indicated in Section 1.6).

Table 1. Typical values of the hydraulic gradient in soil next to
filters (values from various sources).

L Hydraulic
Application gradient
Dewatering trench <1.0
Vertical wall drainage 1.5
Road edge drain <1.0
Inland waterway protection <1.0
Landfill drainage layer 1.5
Dam toe drain 2.0
Drain behind dam clay core 3to>10
Liquid reservoir with clay liner > 10

2.3 The flow rate requirement

The presence of a filter, even one that is very perme-
able, decreases the liquid flow rate compared with
the case without a filter. Calculations done with
Darcy’s equation show that the reduction in flow
rate is less than 10% of the flow rate without a filter
if the following conditions are met:

kp = kg for filter thickness 1 to 10mm  (11)

kp 2 25 kg for filter thickness 250 to 2500 mm (12)

The 1 to 10 mm thickness condition applies to
geotextile filters. Therefore, Equation 11 becomes:

kp > kg for geotextile filters 13)
The 250 to 2500 mm thickness condition applies
to granular filters. Therefore, Equation 12 becomes:

kp = 25 kg for granular filters (14)

2.4 Comparison of the two requirements

The two requirements, the pore water pressure re-
quirement and the flow rate requirement, can be
grouped as follows for geotextile filters:

ky > max(igk, k) (15)
and for granular filters:
ke > max (ig kg, 25 ky) (16)

In the case of geotextile filters, the flow rate re-
quirement (kr > ks) may be more stringent or less
stringent than the pore pressure requirement (kr > is
ks) depending on the hydraulic gradient, is, in the
soil next to the filter.

In the case of granular filters, the flow rate re-
quirement (kr > 25 ks) is generally more stringent
than the pore pressure requirement (kr > is ks) be-
cause the hydraulic gradient, is , is generally less
than 25.

It is important to note that the flow rate require-
ment for granular filters (kr > 25 ks) can be ex-
pressed in terms of particle size. Indeed, it is well
known that the permeability of a granular material is
approximately proportional to the square of a small
particle size such as djp or ds:

k z’Cdlst a7

ks ~ K dfsg (18)

where xis a factor of proportionality.

Equations 17 and 18 are adapted from the classic-
al Hazen’s equation, which is a special case of the
classical Kozeny-Carman equation.



The value of the factor x can be assumed to be
approximately the same for the soil and the granular
filter if it is assumed that the soil and the granular
filter have similar particle size distribution curves,
which is a typical assumption in granular filter de-
sign. At least, the soil and the granular filter should
have similar particle size distribution curves over the
lower part of the curve, e.g. between ds and di
(which is the part of the particle size distribution
curve that governs permeability).

Eliminating x between Equations 14, 17 and 18
shows that Equation 14 is equivalent to:

disp 2 5dsg 19)

Equation 19 is the classical Terzaghi’s permeabil-
ity criterion for granular filters (see Equation 1).

The above discussion shows that the classical
permeability criterion for granular filters is based
only upon the flow rate requirement. In other words,
it does not include the pore pressure requirement
(but it is generally more stringent).

Therefore, there is a difference between geotex-
tile filters and granular filters regarding the permea-
bility criterion: in the case of geotextile filters, either
the pore pressure requirement governs or the flow
rate requirement governs (depending on the hydrau-
lic gradient); whereas in the case of granular filters,
the flow rate requirement (i.e. Terzaghi’s permeabil-
ity criterion) generally governs.

2.5 Conclusion on permeability criteria

The foregoing discussions show that, to develop an
appropriate permeability criterion for geotextile fil-
ters, it would have been incorrect to simply imitate
Terzaghi’s permeability criterion for granular filters.

It is true that Terzaghi’s permeability criterion
provided a starting point for the derivation of a per-
meability criterion for geotextile filters. However, to
extend to geotextile filters the work of Terzaghi on
granular filters, it was necessary to thoroughly un-
derstand the requirements related to water flow
through a filter and the adjacent soil.

3 RETENTION CRITERION

3.1

The development of a retention criterion is the most
complex part of the development of filter criteria. In
fact, it can be argued that retention is the most im-
portant aspect of the filtration function. Therefore, it
is not surprising that filters can be classified based
on the mode of retention (see Section 1.7).

Prior to presenting the development of the pro-
posed retention criterion, it is necessary to present
some definitions. It will be shown that the proposed
retention criterion depends on the soil density and

Introduction to retention and definitions
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the soil particle size distribution curve coefficient of
uniformity.

The soil density will be expressed herein using
the density index, Ip , traditionally called “relative
density”, defined as follows:

(20)

where: e = void ratio of the soil; ey, = minimum
void ratio of the soil; and e;,,x = maximum void ratio
of the soil. Both epin and emax are measured using a
conventional procedure. The minimum void ratio
corresponds to the maximum density of the soil (/p =
1). The maximum void ratio corresponds to the min-
imum density of the soil (/p = 0).

The definition of the coefficient of uniformity is
well known:

S

" (2]
le
In the analyses performed for the development of
equations for the proposed retention criterion, a /i-
near coefficient of uniformity is used rather than the
coefficient of uniformity in order to obtain simple
equations. The linear coefficient of uniformity is
based on a straight line that closely follows the cen-
tral part of the actual particle size distribution curve
(Figure 4).
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Figure 4. Linear coefficient of uniformity. The straight line fol-
lows the central part of the particle size distribution curve.

The linear coefficient of uniformity is defined as:

’ ’
=—% which is equal to , | 1%
10 0

o

(22)

where d is the “linear particle size” derived from
the straight line in Figure 4 (where the subscript x is
defined after Equation 2). Obviously, the straight
line approximation presented in Figure 4 is possible
only if the particle size distribution curve of the soil
is continuous, which excludes gap-graded soils.



3.2 Adaptation of Terzaghi’s retention criterion

How should we select the maximum allowable open-
ing size of a geotextile filter to retain a soil? A sim-
ple answer consists in adapting to geotextiles Ter-
zaghi’s retention criterion for granular filters (i.e.
Equation 2 written with the factor 5):

disp < 5 dysg (23)
Combining Equations 3 and 22 gives:
O < dgsg (24)

where Or (introduced in Section 1.4 as filter fabric
opening size) is more generally defined herein as fil-
ter opening size, regardless of the type of filter. It
should be noted that various symbols (e.g. Oys and
AOS) are used for the opening size of geotextile fil-
ters. Such symbols are often linked to a given me-
thod of physical measurement of the geotextile filter
opening size. A discussion of methods of opening
size measurement is beyond the scope of this paper.
It is assumed herein that Or designates the opening
size measured using an appropriate method.

Equation 24 means that a filter should only retain
large soil particles. Retaining only large soil par-
ticles works if the large particles retain smaller par-
ticles: in other words, if the soil is internally stable.
Therefore, an ideal retention criterion should take in-
to account not only the opening size of the filter, but
also the internal stability of the soil.

Thus, Terzaghi’s retention criterion is incomplete
because it does not take into account the internal
stability of the soil retained by the filter. However,
Terzaghi’s retention criterion has been successfully
used for decades to design granular filters.

There are two reasons for the success of Terzag-
hi’s retention criterion in granular filter design.

The first reason is that, to a certain degree, granu-
lar filters work, even if the soil lacks internal stabili-
ty, because they are thick. The mechanism is the fol-
lowing: particles that are not retained may
accumulate in the filter, thereby decreasing the filter
opening size, until the filter functions. In other
words, a granular filter may adapt itself to the soil
(to a certain degree).

However, filter thickness alone does not explain
the adequacy of Terzaghi’s retention criterion for
granular filters.

The second, and most important, reason for the
success of Terzaghi’s retention criterion for granular
filters is that its use has been limited to the most sta-
ble soils, i.e. soils with a maximum particle size less
than a certain value, typically 4.75 mm (i.e. the
opening size of the US sieve No. 4); hence, the prac-
tice of truncation of the particle size distribution
curve, which will be discussed later (see Section 3.8
and the Appendix at the end of this paper).

50

3.3 Development of a criterion for geotextile filters

While granular filters benefit (fo a certain degree)
from their thickness, geotextile filters are thin, which
has created an incentive for developing a more accu-
rate retention criterion, a criterion that takes into ac-
count the internal stability of the soil.

In internally stable soils, there are particles of a
certain size that form a continuous skeleton. This
continuous skeleton entraps particles that are a little
smaller than the skeleton particles. In turn, these par-
ticles entrap particles that are a little smaller, and so
on. Therefore, if a filter has openings such that the
soil skeleton is retained, then all particles smaller
than the skeleton particles are retained (with the ex-
ception of a few small particles located between the
skeleton and the filter; this is why there are some
fine particles in suspension in the water during the
first phase of functioning of a filter).

Also, particles larger than the skeleton particles
will be retained because, if a filter retains certain
particles, it will retain coarser particles. But, if a fil-
ter has openings too large to retain the skeleton, the
soil is not retained because the particles retained in
this case do not form a continuous skeleton.

In conclusion, a filter must have openings such
that the skeleton is retained. This leads to two ques-
tions: What is the size of the skeleton particles? And
what is the maximum opening size for a filter to re-
tain a skeleton composed of particles of a given
size? (In other words, what is the maximum allowa-
ble filter opening size?) These two questions are ad-
dressed in the next two sections.

3.4 Size of the skeleton particles

As mentioned in Section 3.3, retention of the skele-
ton is essential for the retention of an internally sta-
ble soil. Internal stability depends on the particle
size distribution of the soil, which is characterized
by the coefficient of uniformity.

Geometric considerations show that, in a soil with
a coefficient of uniformity of approximately 3, par-
ticles are tightly interlocked. In other words, such a
soil has maximum internal stability. This is illu-
strated in Figures 5, 6 and 7.

As illustrated in Figure 5, when a soil has a coef-
ficient of uniformity equal to or less than 3, the
coarsest particles form a continuous skeleton that en-
traps all other particles.

Figure 5. Schematic representation of a soil with a coefficient
of uniformity equal to or less than 3.



As illustrated in Figure 6, when a soil has a coef-
ficient of uniformity greater than 3, the coarsest par-
ticles are generally not in contact with each other.
As a result, they do not form a continuous skeleton
that entraps other particles. In other words, when a
soil has a coefficient of uniformity greater than 3,
the coarsest particles “float” in the matrix formed by
the other particles. In this case, the coarsest particles
do not contribute to internal stability.

Og ),
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Figure 6. Schematic representation of a soil with a coefficient
of uniformity greater than 3.

In the case of a soil having a coefficient of un-
iformity greater than 3, only the fine fraction of this
soil that has a coefficient of uniformity equal to 3
will be taken into account in the development of the
retention criterion. In other words, the coarse frac-
tion will be ignored, as illustrated in Figure 7.
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Figure 7. Elimination of the coarsest particles of a soil with a
coefficient of uniformity greater than 3, in order to use, in the
retention criterion, only the fine fraction with a coefficient of
uniformity of 3.
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Figure 8. Automatic truncation of the particle size distribution
curve of a soil with a coefficient of uniformity greater than 3.
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The approach presented in Figure 7 means that, in
the development of the proposed retention criterion,
the particle size distribution curve is truncated and
only the particles smaller than di.x are considered
(Figure 8). However, as explained below, the trunca-
tion is only virtual.

The user of the proposed retention criterion does
not have to do the truncation. The truncation is done
automatically (i.e. it is included in the equations,
given in Section 3.6, that express the retention crite-
rion). As shown in Figure 8, only the fraction of the
curve with a coefficient of uniformity of 3 is used in
developing the criterion.

3.5 Maximum allowable filter opening size

As indicated at the end of Section 3.3, the following
question needs to be addressed in developing the re-
tention criterion: What is the maximum opening size
for a filter to retain a skeleton composed of particles
of a given size? (In other words, what is the maxi-
mum allowable filter opening size?) It will be shown
that the answer to this question depends on the soil
density.

If the soil is in a loose state (represented by a cu-
bic arrangement), all particles pass through the filter
if the opening size is larger than the particle size
(Figure 9).

o QOO
009
o OO
09

Figure 9. Schematic representation of a loose soil by a cubic ar-
rangement: (a) cubic arrangement on a filter with openings as
large as particles; (b) most or all particles pass through the fil-
ter.

If the soil is in a dense state (represented by a
hexagonal arrangement), particles do not pass
through the filter if the opening size is as large as the
particle size (Figure 10) because a stable bridge
forms as soon as the first particle passes. If the soil
is in a dense state, particles pass if the opening size
is twice as large as the particle size (Figure 11).

Based on this demonstration, the internal stability
of a soil depends not only on its coefficient of un-
iformity, but also on its density.



(@

’ %
I I

Figure 10. Schematic representation of a dense soil by a hex-
agonal arrangement: (a) hexagonal arrangement on a filter with
openings as large as particles; (b) formation of a stable bridge
after one particle has passed through the filter.
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Figure 11. Dense soil represented by a hexagonal arrangement
in contact with a filter having openings twice as large as the
particles: most or all particles pass.

3.6  Equations for the proposed retention criterion

In the preceding sections, the discussion of the reten-
tion criterion has been mostly qualitative, but a
quantitative analysis of the role of the coefficient of
uniformity and the density of soil has been done. A
mathematical analysis, not presented herein, leads to
the following equations for C; <3:

0p <(C.)* djsg  for aloose soil (25)

Op < 15(C, )O'Sdéss for a medium dense soil (26)

Op < 2(C,)" djsg foradensesoil  (27)
and the following equations for C,, >3:
Op < o d85157 for a loose soil (28)
()
13.5 dy . .
e <———855 for a medium dense soil  (29)

()"
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18 d
< 858
G

where C, is the linear coefficient of uniformity de-
fined by Equation 22 and Figure 4; and dgsg is the
“linear particle size” of the soil that corresponds to
85% by mass, defined in Section 3.1 after Equation
22. The soil density is evaluated using the density
index defined by Equation 20; and the three density
categories are as follows: Ip > 65% (dense), 35% <
Ip < 65% (medium dense), and Ip < 35% (loose).

It should be noted that Equations 25 to 30 depend
on the soil density and the soil linear coefficient of
uniformity, which is consistent with the discussions
presented in Sections 3.3 to 3.5. However, in the
discussions presented in Section 3.3 to 3.5, the coef-
ficient of uniformity is used whereas, in the above
equations, the linear coefficient of uniformity is
used. This is because the mathematical analysis is
simpler and leads to simpler equations when per-
formed with the /inear coefficient of uniformity than
the coefficient of uniformity.

for a dense soil (30)

3.7 Graphical representation of the proposed
retention criterion

The equations for the proposed retention criterion
are represented graphically in Figure 12 along with
Terzaghi’s retention criterion, expressed in terms of
opening size (Equation 24). All curves have a peak
for the most stable soil, i.e. for a soil having a linear
coefficient of uniformity of 3.

DENSE SOIL
MEDIUM DENSE SOIL
LOOSE SOIL

>

C.

0 234 6 8

10

12 16

Linear coefficient of uniformity of soil

Figure 12. Graphical representation of retention criteria for
geotextile filters. The three curves represent the proposed re-
tention criterion (Equations 25 to 30). The horizontal line
represents Terzaghi’s retention criterion adapted to geotextile
filters (Equation 24).

There is a significant difference between the two
retention criteria, Terzaghi’s criterion and the pro-
posed criterion. In the case of small coefficients of
uniformity, the proposed retention criterion allows
opening sizes larger than Terzaghi’s retention crite-
rion. This is in agreement with experimental data, as
mentioned in Section 3.8: therefore, the difference
between the proposed criterion and Terzaghi’s crite-



rion for small coefficients of uniformity does not
mean that the proposed retention criterion is uncon-
servative, and it may mean that there is a risk of
clogging if Terzaghi’s retention criterion is used for
small coefficients of uniformity. For soils having a
high coefficient of uniformity, Figure 12 shows that
using Opmax = dsss (the horizontal line, i.e. Terzag-
hi’s criterion) allows filter openings that are too
large, hence a risk of piping.

Therefore, a geotextile filter is safer if it is de-
signed with a retention criterion that takes into ac-
count the internal stability of the soil.

3.8 Retention criterion for granular filters

The approach used for geotextile filters in the pre-
ceding sections can be used for granular filters. This
approach leads to the graph shown in Figure 13 for
the proposed retention criterion for granular filters in
the case of a dense soil.
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Figure 13. Retention criterion for granular filters in the case of
a dense soil. The horizontal line represents Terzaghi’s retention
criterion for granular filters.

In Figure 13, the vertical axis is djsp / dsss to be
consistent with the design practice for granular fil-
ters. As a result, Terzaghi’s retention criterion is
represented by the horizontal line d\sr / dgss =5 (Eq-
uation 2).

In Figure 13, the values of d;sr / dgss greater than
5 for uniform soils are consistent with experimental
data presented by Bertram, Sherard and others. Fig-
ure 13 also shows that, for large coefficients of un-
iformity, Terzaghi’s retention criterion is unconser-
vative. It is for this reason that truncation of the
particle size distribution curve is traditionally em-
ployed in the design of granular filters. Truncation
artificially decreases the coefficient of uniformity of
the soil to compensate for the fact that Terzaghi’s re-
tention criterion is unconservative in the case of high
coefficients of uniformity.

The retention criterion for granular filters shown
in Figure 13 is applicable regardless of the maxi-
mum particle size. In other words, it is not limited to
particles smaller than 4.75 mm. Therefore, the need
for the potentially inaccurate operation of truncating
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the particle size distribution curve of the soil at 4.75
mm is eliminated.

In fact, with the proposed retention criterion,
truncation is done automatically (i.e. it is included in
the equations). More importantly, the automatic
truncation takes place at the appropriate location,
which is generally not 4.75 mm.

Therefore, by extending to granular filters the re-
tention criterion developed for geotextile filters, a
new criterion for designing granular filters has been
obtained. This criterion is simpler and safer than the
traditional criterion in the case of soils having a
large coefficient of uniformity.

3.9 Limitation related to particle size distribution

The analyses presented in Section 3 and the pro-
posed retention criterion are only applicable to the
case where the particle size distribution curve is con-
tinuous (as pointed out at the end of Section 3.1).
The case of discontinuous (e.g. gap-graded) particle
size distribution curves is beyond the scope of this
paper. In fact, the same limitation applies to Terzag-
hi’s retention criterion.

4 POROSITY CRITERION

4.1

As indicated in Section 1.5, it is necessary in the
case of geotextile filters to have a criterion that en-
sures that the number of filter openings is sufficient.
It will be seen in this section that the criterion that
ensures that “the number of filter openings is suffi-
cient” results in a porosity criterion.

It should be noted that many geotextiles are so
permeable that, even if a geotextile has a small
number of openings per unit area, it may still meet
the permeability criterion. Clearly, the permeability
criterion is not sufficient to eliminate geotextile fil-
ters that do not have enough openings. Therefore, a
criterion specific to the number of openings per unit
area is needed.

The need for an additional criterion

4.2 Disturbance of flow

Flow of liquids through porous media, such as soils
and granular or fibrous filters, takes place in tortuous
channels. These channels are called flow channels.

It is possible to demonstrate that the number of
flow channels per unit area is greater in the soil than
in a filter that meets the retention criterion for that
soil. As a result, the flow of liquid is disturbed at the
soil-filter interface due to flow concentration into a
smaller number of flow channels.

Disturbance of the flow at the soil-filter interface
could cause displacement of fine soil particles in the
vicinity of the filter, which could result in accumula-
tion of fine soil particles at the surface of the filter or



inside the filter. This accumulation of fine particles
could cause clogging of the soil-filter system. There-
fore, the number of flow channels in the filter per
unit area should be as large as possible in order to
minimize disturbance of the flow of liquid from the
soil (retained by the filter) to the filter.

There is an additional reason for the number of
flow channels in the filter per unit area to be as large
as possible. In spite of the presence of a properly de-
signed filter, there is always the possibility that some
fine soil particles will move, in particular during the
first phase of functioning of a filter. If such fine par-
ticles clog some flow channels in the filter, their im-
pact on flow rate will be reduced if the number of
flow channels in the filter per unit area is larger.

4.3 Determination of the number of openings

Depending on the filter structure, the number of flow
channels is either equal or proportional to the num-
ber of filter openings. Therefore, a filter should have
as many openings as possible per unit area.

To the best knowledge of the author of this paper,
no rational analysis of the required number of filter
openings is available and none was developed by the
author. The only relevant guidance is that it is
known that granular filters work.

Thus, it may be assumed that, if the number of
filter openings in a geotextile filter is equal to, or
greater than, the number of filter openings in a typi-
cal granular filter, then the geotextile filter should
work, i.e. should have a sufficient number of open-
ings.

Therefore, the first step of the development of a
porosity criterion consists in determining the number
of openings in a granular filter. The number of open-
ings depends on the geometric characteristics of the
granular filter.

Herein, the number of openings will be expressed
as a function of one of the geometric characteristics
of the granular filter: the filter opening size. This
will make it possible to objectively compare geotex-
tile filters and granular filters having the same open-
ing size.

Calculations (not presented herein) show that the
number of openings per unit area in a typical granu-
lar filter is approximately given by the following eq-
uation:

N =2 a1
OF

This number of openings per unit area will be
used as a minimum value for the number of open-
ings per unit area for geotextile filters.

Calculations (not presented herein) show that the
number of openings per unit area for woven geotex-
tiles is given by the following equation:

N, =22 (32)
F

where: Ar = relative open area (open area/total area)
of a woven geotextile (as defined after Equation 6).

Comparing Equations 31 and 32 gives the follow-
ing required value for the relative open area of a
woven geotextile filter:

Ap 2 0.1 33)

Equation 33 means that the relative open area of a
woven geotextile filter should be equal to or greater
than 0.1 to ensure that the number of openings in the
woven geotextile filter is at least equal to the number
of openings in a granular filter with the same open-
ing size.

In the case of nonwoven geotextile filters, the de-
termination of the number of openings per unit area
is difficult. Only an approximate calculation has
been done, and only lower and upper boundaries
were obtained. Here are the lower and upper boun-
daries for the number of openings per unit area in
nonwoven geotextile filters, N,:

(kﬂ)z 4(1+0.4nﬂ/ﬂ)2
0; 30}

where: n = porosity of the nonwoven geotextile.
Comparing Equations 31 and 34 and performing
calculations for a wide range of values of the porosi-
ty, n, give a conservative criterion, which ensures
that the number of openings in the nonwoven geo-
textile is at least equal to the number of openings in
a granular filter having the same opening size. The
conservative criterion is that the porosity of a non-
woven geotextile filter should be equal to or greater
than 0.55.
In conclusion, the two criteria are:
for woven geotextiles Az 2 0.1 (i.e. 10%)
and
for nonwoven geotextiles n > 0.55 (i.e. 55%)

<N, <

(34

4.4  Discussion

The relative open area of a woven geotextile (4g) is
the two-dimensional equivalent of porosity (n).
Therefore, the two criteria can be grouped under the
terminology “porosity criteria”. Since the criteria
for the two types of geotextile filters are of the same
nature, one may wonder why the numerical values
are so different: 0.10 for woven geotextile filters and
0.55 for nonwoven geotextile filters.

The reason is that, in woven geotextile filters,
most of the pore space is used for flow, whereas, in
nonwoven geotextile filters, a significant fraction of
the pore space is not used for flow. The case of gra-
nular filters is intermediate, because particles occupy
a larger fraction of the pore space than fibers of a



nonwoven geotextile. As a result, there is less space
that is not used for flow in a granular filter than in a
nonwoven geotextile filter.

In summary, among filters having the same open-
ing size, the same number of openings per unit area
is achieved by:

e woven geotextile filters with a relative open area
(i.e. two-dimensional porosity) of 10%,

granular filters with a porosity of 20-30%, and
nonwoven geotextile filters with a porosity of
55%.

The porosity criterion has never been formulated for
granular filters because all granular filters have ap-
proximately the same porosity (20-30%). In contrast,
the porosity criterion is important for geotextile fil-
ters, because there is a wide range of porosities,
from 0.01 for some woven geotextiles to 0.92 for
some nonwoven geotextiles.

Woven geotextiles with a relative open area less
than 0.1 should not be used as filters, as shown
above. However, many of the available woven geo-
textiles have a relative open area less than 0.1 and
some of them are used as filters. These filters have a
high risk of clogging, as discussed in Section 4.2.

All nonwoven geotextiles (even when subjected
to compressive stresses, which decrease their porosi-
ty) meet the porosity criterion (n > 0.55), because
their porosity is typically 0.7-0.9 (uncompressed)
and 0.6-0.8 (compressed). In fact, in the case of
nonwoven geotextile filters, the porosity criterion
should be applied to uncompressed geotextiles. This
is because a compressive stress normal to the plane
of a nonwoven geotextile does not change the num-
ber of its openings, and the calculations mentioned
in Section 4.3 were performed for a quasi-isotropic
geotextile, which is representative of the uncom-
pressed state of a nonwoven geotextile. However,
one may consider it more conservative to use the po-
rosity criterion with the porosity of the geotextile fil-
ter in a compressed state in the field.

5 THICKNESS CRITERION

5.1

As indicated in Section 1.5, it is necessary, in the
case of nonwoven geotextile filters, to have a crite-
rion that ensures that the thickness of the filter is
sufficient. The discussion of filter thickness will ad-
dress both nonwoven geotextile filters and granular
filters. Woven geotextile filters will not be consi-
dered because thickness is not relevant in their case
(as explained at the end of Section 5.2).

The need for an additional criterion

5.2 Filtration paths and constrictions

To understand the role of filter thickness, it is neces-
sary to understand how a soil particle travels through
a filter. A soil particle that travels through a filter
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(any filter, granular or geotextile) must go through
passages called constrictions (a terminology pro-
posed by Kenney.)

In the case of a geotextile filter, a constriction is a
passage between fibers. The size of a constriction
can be defined as the diameter of the largest sphere
that passes through the constriction (Figure 14).

Figure 14. Constriction (i.e. passage between fibers) in a geo-
textile filter and spherical particle just passing through the con-
striction, which defines the constriction size.

A soil particle that travels through a filter moves
from one constriction to another, thereby following a
filtration path, which is identical to a flow channel
(see Section 4.2). The particle will be stopped or will
pass depending on the size of constrictions along the
filtration path. As shown in Figure 15, a particle can
be stopped on top of the filter or inside the filter, or
can pass through the filter.

Particle
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Figure 15 Schematic cross section of a nonwoven geotextile
filter showing one particle stopped on top of the geotextile, two
particles stopped inside the geotextile, and one particle passing
through the geotextile filter.
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It will be shown in Section 5.5 that the reliability
of a filter is a function of the number of constrictions
in any given filtration path. In the case of woven
geotextile filters, there is only one constriction in
each filtration path. Therefore, changing the thick-
ness of a woven geotextile filter does not affect its
reliability. This is why it was stated in Section 5.1
that thickness is not relevant in the case of woven
geotextile filters,

5.3 Definitions of two curves

Consider the nonwoven material used to make a
nonwoven geotextile. This material is characterized
by a constriction size distribution curve (Figure 16).



An important point on the curve is the smallest con-
striction size.
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Smallest
constriction
% size
0

Constriction size
Figure 16. Constriction size distribution curve.

The constriction size distribution curve is a cha-
racteristic of the material from which the geotextile
is made. The constriction size distribution curve is
not a characteristic of the geotextile. A nonwoven
geotextile, i.e. a nonwoven material with a given
thickness, is characterized by another curve: the
opening size distribution curve (Figure 17).

100

%

Opening size
Figure 17. Opening size distribution curve.

One may ask the following question: Why is
there a curve and not a single value of the opening
size (as for granular filters)? This is a legitimate
question because, so far in this paper, each geotex-
tile filter has been characterized by a unique opening
size. To answer this question, a demonstration is
needed.

Each filtration path contains a number of con-
strictions. A soil particle can go through the filter if
it is smaller than the smallest constriction in a path.
Therefore, each filtration path is characterized by the
smallest constriction that exists in that path. This is
why the lowest point of the curve of Figure 16 is an
important point.

Thus, the smallest constriction in a given filtra-
tion path is the opening size of that filtration path. In
general, the smallest constriction is different in each
filtration path. Therefore, each filtration path has a
different opening size. As a result, a filter is charac-
terized by an opening size distribution curve.

Knowing that the opening size of a filter is de-
fined as the diameter of the largest sphere that can
pass through the filter, it is possible to visualize the
opening size of the filter on the opening size distri-
bution curve. The opening size of the filter is natu-
rally the largest opening size of the filtration paths.
In other words, the opening size of a filter is the top
of the opening size distribution curve (Figure 18).
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Thus, a filter is characterized by an opening size dis-
tribution curve of which the top is the filter opening
size.

100 \
% Filter opening size
0

Opening size

Figure 18. Opening size distribution curve and filter opening
size.

5.4 Relationship between the two curves

The relationship between the opening size distribu-
tion curve (which characterizes a filter with a given
thickness) and the constriction size distribution
curve (which characterizes the filter material) will be
established in this section. To establish this relation-
ship, geometric considerations must be made:

e In a filter (granular or geotextile), there is a very
large number of filtration paths (millions per
m°).

In a nonwoven geotextile filter, due to the li-
mited thickness, there are not many constrictions
in each filtration path (10 to 100).

Statistically, the conclusion of the two preceding
geometric considerations is that:

e The smallest filtration path opening size is the
smallest constriction size.

The largest filtration path opening size is not the
largest constriction size.

Accordingly, the two curves have the same origin,
but not the same top (Figure 19).
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Figure 19. Relationship between constriction size distribution
curve and opening size distribution curve.

The analysis that led to Figure 19 may be difficult
to understand. It is easier to understand the relation-
ship between the two curves by using limit cases.

The first limit case is the following. If a nonwo-
ven geotextile filter had a quasi-zero thickness, there
would be only one constriction per filtration path.
Therefore, in this case, the opening size distribution
curve would be the same as the constriction size dis-
tribution curve (Figure 20).
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Figure 20. Opening size distribution curve for an infinitely thin
geotextile: it is identical to the constriction size distribution
curve.

The second limit case is the following. If a filter
has an infinite thickness, the probability for having
the smallest constriction in every filtration path is
100%. As a result, in that case, all the filtration paths
have the same opening size, which is the smallest
constriction size. Therefore, in this case, the opening
size distribution curve is a vertical line (Figure 21).
This vertical line is at the location of the smallest
constriction size shown in Figure 16.
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Figure 21. Opening size distribution curve for an infinitely
thick geotextile: it is a vertical line passing through the location
of the smallest constriction size (see Figure 16).

Typical nonwoven geotextile filters made of the
same nonwoven material (i.e. nonwoven geotextiles
that differ only by thickness) are between the two
limit cases (Figure 22). In addition, since the open-
ing of a filter is the top of the opening size distribu-
tion curve, it appears on Figure 22 that, for filters
made of the same material, the filter opening size in-
creases with decreasing thickness.
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Figure 22. Opening size distribution curve for typical nonwo-
ven geotextiles made from the same nonwoven material cha-
racterized by a constriction size distribution curve that is iden-
tical to the opening size distribution curve for a nonwoven
geotextile with zero thickness.

An important conclusion can be drawn from Fig-
ure 22: For a given filter material (characterized by a

unique constriction size distribution curve), the
opening size of a filter depends on its thickness. In
fact, the opening size decreases for increasing values
of the thickness of the filter. This is true for all types
of filters. However, from a practical standpoint,
there is a major difference between nonwoven geo-
textile filters and granular filters: due to construction
reasons, granular filters have a thickness that can be
considered quasi-infinite compared to inter-
constriction distance. In other words, contrary to
geotextile filters, granular filters have a very large
number of constrictions in their filtration paths.
Therefore granular filters made of the same granular
material have an opening size that does not depend
on thickness (whereas nonwoven geotextile filters
have an opening size that depends on thickness).

5.5 Quantitative analysis

In the preceding section, the impact of geotextile
thickness on filter opening size has been discussed
qualitatively. However, this impact can be evaluated
quantitatively. A mathematical analysis has been
made, and a relationship has been developed be-
tween nonwoven geotextile opening size and non-
woven geotextile thickness:
Op 1 10n

~1+ (35)
d, i=n  (-n)tg/d,

where: Or = nonwoven geotextile filter opening
size; tgr = nonwoven geotextile thickness; and dy =
fiber diameter.

Equation 35 was developed theoretically with the
exception of the factor 10, which was obtained
through calibration using a large number of experi-
mental data. Equation 35 is represented by a family
of curves (Figure 23) that give the ratio of Opening
size/Fiber diameter as a function of the ratio of Geo-
textile thickness/Fiber diameter. This graph is only
for nonwoven geotextiles.

n=0.70
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Figure 23. Ratio of Opening size/Fiber diameter as a function
of the ratio of Geotextile thickness/Fiber diameter for nonwo-
ven geotextile filters (Equation 35).



It can be seen on Figure 23 that, for a given po-
rosity (i.e. for a given nonwoven material under a
given normal stress), the geotextile filter opening
size decreases for increasing values of the geotextile
thickness. This is consistent with the discussions
presented in Section 5.3.

The porosity of a nonwoven geotextile can be
calculated using the following equation:

Har
Prlcr

n=1- (36)

where: yer = mass per unit area of the geotextile;
and pr= density of fiber material.
Combining Equations 35 and 36 gives:

&~ 1 14 10n
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Equation 37 can be used rather than Equation 35
when the thickness of the geotextile is not known
and the mass per unit area is known.

Based on the same analysis, the number of con-
strictions through a nonwoven geotextile filter is
given by the following approximate equation:

Har
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A parametric study of the curves of Figure 23 (us-
ing Equations 35 and 38) has shown that, beyond a
geotextile thickness containing approximately 25
constrictions, the opening size is not significantly af-
fected by changes in geotextile thickness. In other
words, a geotextile thickness that contains more than
25 constrictions is approximately an infinite thick-
ness from the viewpoint of opening size. The zone
of the graph with more than 25 constrictions is li-
mited by a quasi-straight line (Figure 24). In this
zone, the curves are relatively flat because they are
close to the asymptote, which indicates that varia-
tions in geotextile filter thickness do not have a sig-
nificant impact on filter opening size.

N,

constrictions

(38)
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Figure 24. Zone of the graph of Figure 23 with more than 25
constrictions.

Opening size / Fiber diameter
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Therefore, to be reliable, a nonwoven geotextile
filter should have a thickness that corresponds to at
least 25 constrictions. This is the thickness criterion.
It is convenient to express the thickness criterion in
terms of numbers of constrictions, so the criterion is
expressed in a way that is independent of the geotex-
tile porosity and the fiber diameter. The ASTM
standard D 7178 on filters uses this work.

5.6 Quantification of the opening size distribution
curve

In conclusion, a nonwoven geotextile filter can be
characterized by a unique opening size, the filter
opening size. However, only a certain number of fil-
tration paths have this opening size. Other filtration
paths have a smaller opening size, as indicated by
the opening size distribution curve (Figure 18). Each
filtration path in a nonwoven geotextile filter has an
opening size that is between the smallest constriction
size and the filter opening size, as shown in Figure
25.

100
% O¢ (Equation 35 or 37)
/OFsmaHes( = Cmatiest (Equation 39)
0
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Figure 25. Opening size distribution curve showing the theoret-
ical values of the two extreme points.

Therefore, it is important to quantify the smallest
constriction size and the filter opening size. The fil-
ter opening size is given by Equation 35 (or 37) and
the smallest constriction size, which is also the smal-
lest opening size (according to Figure 19), is given
by Equation 35 for infinite thickness (according to
Figure 21), hence the following equation derived
from Equation 35 with #7 = co:

Oromall 1

1-n

-1 (39)

where: Cynaess = smallest constriction size; and
OFsmaliess = Smallest opening size.

The quantified opening size distribution curve is
represented in Figure 25.

5.7 Potential limitation of the analysis

Equation 35 was obtained assuming that a nonwoven
geotextile is a slice of homogeneous and isotropic
nonwoven material. It may be argued (as pointed out
by Palmeira) that a needle-punched nonwoven geo-
textile may not be considered a homogeneous and
isotropic material because of the presence of holes
punched by the needles during the manufacturing



process. On the other hand, it is possible that, to a
certain degree, the factor 10 (which was obtained
experimentally, as indicated in Section 5.5) takes in-
to account the presence of the needle holes. Clearly,
this is an area where more research work is needed.
In the meantime, Equation 35 (and the derived equa-
tion, Equation 37) are powerful tools that make it
possible to calculate the opening size of a nonwoven
geotextile filter and predict changes in opening size
caused by changes in porosity, which happens when
a geotextile filter is subjected to compressive
stresses (see the section titled “Influence of compres-
sive stress on opening size” in the Appendix at the
end of this paper).

6 CONCLUSION ON CRITERIA

6.1 Criteria for geotextile filters

Four filter criteria have been established for geotex-
tile filters: permeability criterion, retention criterion,
porosity criterion, and thickness criterion. One may
wonder if these four criteria form a complete set of
filter criteria.

Filtration is governed by filter openings. The cha-
racteristics of filter openings are the size, shape,
density (number per unit area) and distribution. The
four criteria address three of these four characteris-
tics: the size, density and distribution.

The shape of filter openings is not addressed in
the four criteria. The shape of filter openings is like-
ly to be a minor consideration in the case of filters
with a quasi-random structure such as granular fil-
ters and nonwoven geotextile filters. In contrast, the
shape of openings may be a relevant issue in the
case of some woven geotextiles and some other
types of man-made filters (such as perforated
plates).

Clearly, more work is needed on the impact of the
shape of filter openings on the performance of fil-
ters. In the meantime, the set of four criteria dis-
cussed in this paper can be considered complete, at
least for granular and nonwoven filters.

Furthermore, the set of four criteria presented in
this paper is a coherent set of criteria, because it ad-
dresses only parameters that are relevant to the fil-
tration function. Other types of requirements, such
as survivability requirements (including installation
damage resistance requirements and strength re-
quirements) and durability requirements, which are
sometimes presented as part of geotextile filter crite-
ria, are not filter criteria because they are not intrin-
sic to the filtration function. (In other words, they
can be used for geotextiles performing other func-
tions.) It is not because they are not important that
these requirements are not considered herein, but
because they do not belong to the subject of this pa-
per, the filter criteria.
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6.2 Comparison with criteria for granular filters

Regarding the permeability criterion, the following

have been shown:

e A complete permeability criterion should include

two requirements, a pore water pressure re-

quirement and a flow rate requirement.

The pore water pressure requirement depends on

the hydraulic gradient in the soil next to the fil-

ter.

In each specific case, one of these two require-

ments is more stringent than the other and is,

consequently, the governing requirement.

In the case of geotextile filters, either the pore

water pressure requirement governs or the flow

rate requirement governs, depending on the hy-

draulic gradient in the soil next to the filter.

In the case of granular filters, the flow rate re-

quirement generally governs.

In the case of granular filters, the flow rate re-

quirement is identical to the classical Terzaghi’s

permeability criterion.

Regarding the retention criterion, the following have

been shown:

e A complete retention criterion should take into

account the internal stability of the soil.

The internal stability of the soil depends on its

coefficient of uniformity and its density.

A retention criterion that depends on the coeffi-

cient of uniformity and the density of the soil has

been developed.

This retention criterion developed for geotextile

filters has been extended to granular filters.

In the case of granular filters, this retention crite-

rion is applicable regardless of the coefficient of

uniformity of the soil.

Therefore, unlike the classical Terzaghi’s reten-

tion criterion (the use of which is limited to soils

having a relatively small coefficient of uniformi-

ty), the proposed retention criterion can be used

regardless of the coefficient of uniformity of the

soil.

As a result, the potentially inaccurate practice of

truncating the particle size distribution curve of

the soil (which has been used in geotechnical

engineering since the 1950s to make it possible

to use Terzaghi’s retention criterion with soils

having a large coefficient of uniformity) is not

needed with the proposed retention criterion.

It has also been shown that, in addition to the two

classical filter criteria, the permeability criterion and

the retention criterion, two other criteria are needed,

the porosity criterion and the thickness criterion.
Regarding the porosity criterion, the following

have been shown:

e All filters must have a sufficient number of
openings per unit area, to minimize flow concen-
trations at the soil-filter interface, which could



cause soil particle displacement and, potentially,
clogging of the soil-filter system.

This requirement can be expressed in the form of
a porosity criterion.

The porosity criterion is expressed as a minimum
porosity for nonwoven geotextile filters and a
minimum relative open area for woven geotex-
tile filters (the relative open area of a woven geo-
textile being the two-dimensional equivalent of
porosity).

The porosity criterion is not needed for granular
filters because they have sufficient porosity to
ensure a sufficient number of openings per unit
area to minimize flow concentration.

Regarding the thickness criterion, the following have
been shown:

7

7.1

A soil particle that travels through a filter fol-
lows a filtration path and passes through passag-
es called constrictions.

Two nonwoven geotextile filters made of the
same nonwoven material and having different
thicknesses have different opening sizes, the
greater thicknesses being associated with smaller
opening sizes.

In other words, the opening size of a nonwoven
geotextile filter depends on its thickness.

If a nonwoven geotextile filter is sufficiently
thick to contain more than 25 constrictions in its
filtration paths, its opening size does not depend
significantly on thickness variations. In other
words, nonwoven geotextile filters need to be
sufficiently thick to be reliable.

No thickness requirement is needed for granular
filters because, due to construction constraints,
granular filters are thick and the number of con-
strictions in a granular filter is very large; there-
fore, if there was a thickness criterion for granu-
lar filters, it would always be met.

CASE HISTORY

Presentation of the case history

The case history discussed in this section has been
cited in several publications by various authors. This
is the case of the first geotextile filter used in a dam,
Valcros Dam, constructed in 1970 in France. A geo-
textile filter was used under the rip-rap protecting
the upstream slope of the dam and, more important-
ly, a geotextile filter was used in the downstream
drain of the dam.

Valcros Dam is a 17 m high homogeneous dam

constructed with silty sand including 30% by mass
of particles smaller than 0.075 mm. The author of
this paper was the design engineer for the dam and
he could not get adequate sand for the filter of the
downstream drain. Therefore, he elected to use a
nonwoven geotextile that had never been used be-

60

fore as a filter. In fact, it is possible that this was the
first use of a nonwoven geotextile as a filter in civil
engineering.

The construction of the downstream drain of the

dam with a geotextile filter is shown in Figure 26.
The geotextile used in the downstream drain is a
needle-punched nonwoven geotextile, with a porosi-
ty of 0.92 and a mass per unit area of 300 g/m’,
made of continuous polyester filaments having a di-
ameter of 27 um.

Limit of the downstream zone of the dam [l
(before construction of the embankment)

Downstream drain
_|with geotextile filter

Figure 26. Construction of Valcros Dam downstream drain.

The performance of the drain has been satisfacto-

ry since the first filling of the reservoir, which has
remained full since then. In particular:

A constant trickle of clean water has been ob-
served at the drain outlet. There were particles in
suspension in the water only for a few days after
the filling of the reservoir, which is consistent
with the fact that the fine soil particles located
between the soil skeleton and the filter must pass
through the filter, as pointed out in Section 3.3.
The flow rate at the drain outlet has been consis-
tent with the hydraulic conductivity of the em-
bankment soil (k; = 1 x 107 m/s).

No seepage of water has ever been observed
through the downstream slope.

Tests performed on samples of geotextile removed
from the actual filter 6 years and 22 years after con-
struction gave the following results:

The geotextile filter was in good mechanical
condition. The loss in tensile strength was 10 to
20% between year zero and year 6 and was neg-
ligible between years 6 and 22. Based on micro-
scopic observation of the fibers, this loss may be
attributed to construction damage.

The hydraulic conductivity of the geotextile was
practically unaffected by soils particles en-
trapped: the measured hydraulic conductivity
was 1 x 107 m/s for samples taken from the dam
and 1.5 x 107 m/s for the same samples after
careful washing.

Clogging of the geotextile has been negligible
(0.2% of the pore volume of the geotextile),
which confirms the hydraulic conductivity mea-
surements mentioned above.



The outstanding performance of the geotextile filter
can be explained. First, it should be noted that, for-
tunately, the Valcros Dam filter was not designed
using criteria derived directly from the classical Ter-
zaghi’s filter criteria. In reality, the author of this
paper did not use filter criteria to select the geotex-
tile filter for Valcros Dam. The geotextile filter was
selected on the basis of limited experimental data
available at that time (1970) from the use of this
geotextile under an experimental embankment con-
structed on saturated soft soil. Therefore, some de-
gree of luck was involved in the success of the Val-
cros Dam filter. This encouraged the author of this
paper to work on filter criteria. As a result, geotex-
tile filter criteria can now be used for Valcros Dam.

7.2 Use of filter criteria for Valcros Dam

The permeability criterion (Equation 15) is met with
a very large factor of safety by the geotextile filter
used in Valcros Dam because the ratio between the
geotextile filter hydraulic conductivity and the em-
bankment soil hydraulic conductivity is 10,000,
based on the values given in Section 7.1: ky = 1 x
107 Vs and kr =1 x 10~ m/s (for the sample con-
taining soil particles).

The porosity criterion (n > 0.55, as indicated in
Section 4.3) is easily met by the geotextile filter
used in Valcros Dam because its porosity is 0.92 as
indicated in Section 7.1.

The thickness criterion is expressed in terms of
number of constrictions. As indicated in Section 5.4,
the number of constrictions should be greater than
25. The number of constrictions in the geotextile fil-
ter used in Valcros Dam can be calculated using Eq-
uation 38 as follows gknowing that the density of po-
lyester is 1,380 kg/m”):

0.3
1,380x0.0000271-0.92
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constrictions =

This calculated number of constrictions is larger
than 25, but barely. While this is acceptable, it
would have been better to use a heavier geotextile of
the same type. In fact, the same type of geotextile,
but with a mass per unit area of 400 g/mz, was used
under rip-rap for the upstream slope protection of
Valcros Dam. If that geotextile had been used as a
filter for the downstream drain, the number of con-
strictions would have been 38.

The retention criterion requires a long discussion.
It is addressed in the next two sections.

7.3 Use of retention criteria for Valcros Dam

The particle size distribution curve of the Valcros
Dam embankment material is shown in Figure 27. It
can be derived from the figure that the coefficient of
uniformity is 90 (as calculated using Equation 21)
and the linear coefficient of uniformity is 53 (as cal-
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culated using Equation 22) with the values of d and
diy, found in Figure 27: dj; =0.0075 mm and
djpps =21 mm.

dio0s =21 mm

—
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dys =0.0075 mm
Particle size (mm)

0.1 1.0 T 10 0

dgss = 6.4 mm

Figure 27. Valcros Dam particle size distribution curve. The
dashed straight line that closely follows the central part of the
particle size distribution curve is used to determine the linear
coefficient of uniformity (see Figure 4 and Equation 22).

First, Terzaghi’s retention criterion directly
adapted to geotextile filters is used (Equation 24).
An allowable opening size of 6.4 mm is obtained
(Figure 28). This opening size is very large. Such an
opening size does not seem adequate to retain a silty
sand. The problem is caused by the large coefficient
of uniformity of the silty sand. The problem that
results from a large coefficient of uniformity is
known by geotechnical engineers. Their traditional
solution consists in truncating the particle size dis-
tribution curve. The truncated particle size distribu-
tion curve is shown in Figure 29.
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Figure 28. Use of Terzaghi’s retention criterion adapted to geo-
textile filters with Valcros Dam particle size distribution curve.
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Figure 29. Use of Terzaghi’s retention criterion adapted to geo-
textiles with Valcros Dam truncated particle size distribution
curve.



Using Terzaghi’s retention criterion adapted to
geotextile filters with the truncated particle size dis-
tribution curve gives an allowable opening size of
1.8 mm (see the new dgss in Figure 29). This is still
very large and does not seem adequate to retain a sil-
ty sand.

It should be noted that the retention criterion used
above, i.e. Terzaghi’s retention criterion, is a crite-
rion for cohesionless soils. This is justified because
the soil in Valcros Dam embankment has negligible
cohesion. However, since this soil contains 30% par-
ticles smaller than 0.075 mm, which may generate
some cohesion, it is possible to use a criterion pro-
posed by Sherard. This criterion, intended for cohe-
sive soils, depends on the percentage of particles
smaller than 0.075 mm.

Using Sherard’s criterion for the soil in Valcros
Dam embankment gives an allowable opening size
of 2.7 mm. This is very large. Then, Sherard’s crite-
rion was used with the truncated particle size distri-
bution curve, and an allowable opening size of 0.8
mm was obtained. This is still very large.

The soil in Valcros Dam embankment seems to
defy all retention criteria.

7.4  Use of the proposed retention criterion

Finally, the proposed retention criterion is used.
From the six equations (Equations 25 to 30) pre-
sented in Section 3.6, the equation for dense soil
and a coefficient of uniformity greater than 3, i.e.
Equation 30, should be used since the soil in the em-
bankment can be assumed to be dense and the linear
coefficient of uniformity (C, =53) is larger than 3.

With d¢sg =6.4 mm and C,, =53, Equation 30
gives:

Swzﬁlﬁ mm
(53)1.7

This value seems reasonable for a silty sand; and
it seems more reasonable for a silty sand than the
values obtained above: 6.4 mm with Terzaghi’s re-
tention criterion; 1.8 mm with Terzaghi’s retention
criterion applied to the truncated particle size distri-
bution curve; 2.7 mm with Sherard’s retention crite-
rion; and 0.8 mm with Sherard’s retention criterion
applied to the truncated particle size distribution
curve.

It is interesting to use the proposed retention cri-
terion with the truncated particle size distribution
curve of the soil in the Valcros Dam (even though it
can be predicted that this exercise is useless because
the truncation is already included in the equation, as
indicated in Section 3.4). In this case, the linear
coefficient of uniformity is 25 (calculated from Fig-
ure 29 using Equation 22) and the dgs¢ is 1.8 mm
(see Figure 29). Equation 30 gives:
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Oy sw:o.ms mm
(25)°

Comparing the last two calculations, it appears
that the same result is obtained with or without trun-
cation of the particle size distribution curve. This
remarkable result confirms the validity of the pro-
posed retention criterion.

Clearly, the potentially inaccurate operation of
truncation of the particle size distribution curve is
not needed with the proposed retention criterion.
This has just been shown in the case of a geotextile
filter; it could be shown in the case of a granular fil-
ter.

In conclusion, the required value of the Valcros
Dam geotextile filter opening size is 0.135 mm. This
seems more reasonable, for a silty sand, than the
values obtained using other criteria: 6.4 mm, 2.7
mm, 1.8 mm and 0.8 mm.

The opening size of the geotextile filter measured
on samples taken from the dam is 0.1 mm. The
opening size of the Valcros Dam geotextile filter can
also be calculated knowing the physical characteris-
tics measured on geotextile samples taken from the
dam (fiber diameter = 0.027 mm; and mass per unit
area = 0.300 kg/m?) and knowing the fiber density,
1380 kg/m’® (density of polyester). Using Equation
37 gives:

O 1

10x0.92
~ -1
0.027 +1-0.92

0.3 /(1380x0.000027)

hence: Or=0.099 mm

This is in good agreement with the measured val-
ue of 0.1 mm. Therefore, the retention criterion (Of
< 0.135 mm) is met. (If the same ty})e of geotextile
with a mass per unit area of 400 g/m” had been used,
as suggested in Section 7.2, an opening size of 0.092
mm would have been calculated using the above eq-
uation.)

7.5 Conclusion of the case history

The geotextile filter has performed well since 1970.
The four filter criteria are met, which is consistent
with the good performance.

8 SUMMARY AND CONCLUSION

8.1

This paper started with a review of the two classical
filter criteria, the permeability criterion and the re-
tention criterion, for both granular and geotextile fil-
ters. Then, two criteria were added for geotextile fil-
ters: the porosity criterion and the thickness
criterion.

Summary



Original analyses led to analytical expressions
and/or graphical representations for the four criteria.
These expressions are simple and readily usable by
engineers designing filters.

8.2 Conclusion for filters

The conclusion for geotextile filters is that the four
proposed criteria for geotextile filters form a cohe-
rent set of criteria that allow safe design of geotex-
tile filters.

The conclusion for granular filters is that the re-
tention criterion for granular filters can be improved
based on developments made for the retention crite-
rion of geotextile filters.

8.3  General conclusion

What started as technology transfer from geotech-
nical engineering to geosynthetics engineering has
resulted in technology transfer from geosynthetics
engineering to geotechnical engineering.

Terzaghi would have certainly agreed that his
famous filter criteria were not frozen forever, but,
rather, could lead to new developments. And Ter-
zaghi would have certainly agreed that, with a new
filter material, the geotextile, it was not sufficient to
simply adapt his criteria, but it was necessary to re-
view the fundamentals of filtration, and develop new
criteria.

Just imitating the great masters is not the best ap-
proach to solving modern problems. We do not have
to do today what Terzaghi would have done 50 years
ago. We need to do today what Terzaghi would do
today.
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10 NOTATIONS

Ag = relative open area (area of
openings/total area of filter);

Cimallest smallest constriction size;

Cy = coefficient of uniformity;

C = = linear coefficient of uniformity;

d151: = d15 of the ﬁlter;

diss = ds of the soil;

dsss = dgs of the soil;

dy = fiber diameter;

dy = particle size such that the soil
contains x% by mass of particles
smaller than dy ;

d, = “linear particle size”, i.e. dx
measured on the straight line that
runs along the central portion of
the particle size distribution curve;

Ip = density index (also called relative
density);

is = hydraulic gradient in the soil next
to the filter;

kr = hydraulic conductivity of the filter;

ks = hydraulic conductivity of the soil;

N, = number of openings per unit area
of filter;

Neonstrictions number of constrictions along a
filtration path;

n = porosity of filter

Or = filter opening size;

OFgmaliest = smallest opening size;

tor = nonwoven geotextile thickness;

Her = mass per unit area of the geotextile;
and

Or = density of fiber material.

Basic SI units are:  Comairesr (m), d (m), d’ (m),
ke (m s™), N, (M%), O (m), tgr (m), gor (kg m™),
and pr (kg m ). Other symbols are dimensionless.

APPENDIX

Discussion of truncation

As indicated in Section 3.8, the practice of trunca-
tion of the particle size distribution curve of the soil
is intended to make it possible to use Terzaghi’s re-
tention criterion (Equation 2) with soils having a
large coefficient of uniformity. Traditionally, trunca-
tion takes place at 4.75 mm. Thus, geotechnical en-
gineers ignore soil particles larger than 4.75 mm
when they design filters using Equation 2.



The value of 4.75 mm is arbitrary: it corresponds
to the US Standard Sieve No. 4, which is often used
as the upper limit for sand particles. One may won-
der how such an arbitrary practice has been success-
ful. As explained below, the truncation at 4.75 mm
may work when the soil to be retained does not con-
tain a large amount of fines (i.e. particles smaller
than 0.075 mm).

As shown in Figure 30, a particle size distribution
curve with a maximum particle size of 4.75 mm has
a coefficient of uniformity of approximately 5 if the
percentage of fines is zero (according to Equation 21
with deos = 0.7 mm and dos = 0.14 mm) and has a
coefficient of uniformity of approximately 10 if the
soil contains 10% fines after truncation (according to
Equation 21 with dgs = 0.7 mm and djos = 0.075
mm). As seen in Figure 13, in the 5-10 range for the
linear coefficient of uniformity (assumed to be close
to the coefficient of uniformity), Terzaghi’s reten-
tion criterion is below the proposed retention crite-
rion. Therefore, in this range, Terzaghi’s retention
criterion can be used with no risk of piping. In other
words, for a soil containing less than 10% fines after
the particle size distribution curve has been trun-
cated at 4.75 mm, it is approximately safe to use Eq-
uation 2 (i.e. Terzaghi’s retention criterion).

The explanation presented above should not be
construed as a general justification of the truncation
method. In the case of soils containing more than
10% fines, the truncation method leads to excessive-
ly large values of the filter opening size. This was il-
lustrated in Section 7.3 for the case of Valcros Dam,
where the soil contained 29% fines before truncation
and 36% after truncation (see Figure 29): Equation
24 (which is derived from Equation 2) gave a filter
opening size of 1.8 mm after truncation, whereas the
correct filter opening size was 0.135 mm.
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Figure 30. Range of particle size distributions of soil with zero
to 10% fines and a maximum particle size of 4.75 mm.

Influence of compressive stress on opening size

Needle-punched nonwoven geotextiles are compres-
sible. The porosity of a needle-punched nonwoven
geotextile, which is linked to the thickness through
Equation 36, decreases as the thickness decreases
under compressive stress. Approximate relation-
ships, based on some experimental data, between po-
rosity and compressive stress for typical needle-
punched nonwoven geotextiles are presented in Fig-
ure 31.
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Figure 31. Relationship between porosity of typical needle-
punched nonwoven geotextiles and compressive stress for ini-
tial porosities of 0.90, 0.92 and 0.94.

Equations 35 and 37 make it possible to calculate
the opening size of a needle-punched nonwoven
geotextile filter under compressive stress. For exam-
ple, in Valcros Dam (see Section 7), the overburden
stress on the downstream drain is of the order of 0.1-
0.15 MPa. Under this stress, the geotextile porosity
is about 0.85, as seen in Figure 31 on the curve for a
geotextile having an initial porosity of 0.92 (the ini-
tial porosity of the geotextile used at Valcros Dam,
as indicated in Section 7.1). Using Equation 37 with
n=0.85, yer= 0.3 kg/n’, pr=1380 kg/m® and dr=
0.000027 mm gives 0.071 mm. Comparing this re-
sult with the value of 0.099 mm obtained under no
stress (see Section 7.4), it appears that the opening
size reduction under a relatively small compressive
stress is significant.

It is useful to be able to calculate the opening size
of a needle-punched nonwoven geotextile filter, be-
cause the results of tests conducted to measure open-
ing sizes are often inaccurate. The calculation is reli-
able because the equations have been calibrated
experimentally, and because the parameters of the
equations (geotextile thickness, geotextile mass per
unit area, fiber density, and fiber diameter) are de-
termined using reliable physical tests and the porosi-
ty is calculated from three of these parameters using
a straightforward equation (Equation 36).

It is useful to be able to calculate the opening size
of a needle-punched nonwoven geotextile under
stress, because compressive stresses have a signifi-
cant impact on the opening size, as shown above,
and because there is no test to do this measurement.
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