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ABSTRACT: Geotextiles are widely used in filtration applications. For continued
growth in this area, it is critical that geotextiles be properly designed for these applica-
tions to prevent failures. The geotextile property that is most directly related to the de-
sign of a geotextile as a filter is the pore-size distribution of the geotextile. The main
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test methods to evaluate the pore-size distribution of geotextiles: dry sieving, hydrody-
namic sieving, wet sieving, bubble point method, mercury intrusion porosimetry, and
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1 INTRODUCTION

Geotextiles are widely used in filtration applications. For continued growth in this
area, it is critical that geotextiles be properly designed for these applications to prevent
failures. The geotextile property that is used in the design of a geotextile as a filter is
its pore-size distribution; however, the design and selection of geotextile filters is not
simple and designers are faced with many challenges. There are many similar geotex-
tiles, however, they have completely different pore structures, as shown in Part I (Bhatia
and Smith 1996a). There are also many different techniques for determining the pore-
size distribution of geotextiles, and each technique may give different results for the
same geotextile, as shown in Part II (Bhatia and Smith 1996b). Furthermore, there is
a variety of filter criteria to select from, and different criteria can pass or fail a geotextile
as a filter based on differences in the criteria and the use of pore openings measured
using different techniques. A designer should select a filter criteria that takes into ac-
count the type of geotextile being used, that is based on a pore-size distribution method
for which data is available, and that meets the anticipated application.

This paper is Part III of a three-paper series describing pore-size distribution charac-
teristics of different types of geotextiles, methods for determining pore-size distribu-
tion, and the application of the pore-size distribution to the design of a geotextile as a
filter. In this paper, the pore-size distribution results obtained by six different methods
(dry sieving, hydrodynamic sieving, wet sieving, bubble point method, mercury intru-
sion porosimetry, and image analysis) are compared for a variety of geotextiles. The
differences in pore opening results obtained by the six methods are discussed and illus-
trated with the help of a design example. For the design example, which only empha-
sizes pore-size characteristics of geotextiles in isolation, four different design criteria
are used to further illustrate the differences between design criteria.

2 MATERIALS AND TEST METHODS

Twenty-eight geotextiles from five different manufacturers were selected for this
study. Of the geotextiles selected, six are woven and twenty-two are nonwoven. The
important physical properties of the geotextiles, such as, mass per unit area, thickness,
apparent opening size (AOS), porosity, and fiber diameter are given in Table 1. The se-
lected geotextiles are distinct in pore structure due to differences in manufacturing pro-
cesses, as discussed in Part I (Bhatia and Smith 1996a).

The six test methods selected for this study are commonly used techniques for eva-
luating the pore-size distribution of geotextiles world-wide. These methods include dry
sieving, hydrodynamic sieving, wet sieving, bubble point method, mercury intrusion
porosimetry, and image analysis. A detailed discussion of these methods along with
pore-size distribution results obtained by each method for the geotextiles selected are
presented in Part II (Bhatia and Smith 1996b). As discussed in Part II, the six methods
fall into four different categories and the results are not interchangeable (Bhatia et al.
1994; Fischer et al. 1996). A summary of differences between the six test methods is
given in Table 2.
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Table 1. The important physical properties of the geotextiles used in this study as
determined by the authors (average values are given).

Geotextile
Mass/Area(1)

(g/m2)
Thickness(2)

(mm)
AOS (O95)(3)

(mm)
Porosity(4)

(%)
Fiber diameter(5)

(mm)

Type A - Woven, slit-film, plain weave, PP

A1 177 0.64 0.380 N/A 700-2500

A2 134 0.56 0.400 N/A 700-2500

A3 240 0.81 0.494 N/A 700-2500

A4 392 1.20 0.321 N/A 700-2500

Type A - Woven, multifilament, PET

A5 360 0.73 0.346 N/A 20-29

A6 600 1.08 0.200 N/A 20-29

Type B - Nonwoven, needle-punched, staple fiber, PP

B1 116 0.90 0.196 85.8 30-55

B2 159 1.06 0.142 83.4 30-55

B3 306 2.08 0.132 83.7 30-55

B4 377 3.13 0.139 86.6 30-55

B5 670 4.54 0.104 83.6 30-55

Type C - Nonwoven, needle-punched, continuous filament, PP

C1 130 1.32 0.260 89.0 40-65

C2 220 2.04 0.162 88.0 40-65

C3 311 2.55 0.170 86.5 40-65

C4 444 3.50 0.150 85.9 40-65

C5 563 4.44 0.208 86.0 40-65

C6 431 3.46 0.217 86.2 40-65

Type D - Nonwoven, needle-punched, staple fiber, PET/PP

D1 257 2.41 0.106 90.3 30

D2 322 2.72 0.102 89.2 30

D3 525 3.72 0.067 87.2 30

D4 185 1.57 0.143 89.3 30

D5 199 1.17 0.102 87.0 30

Type E - Nonwoven, heat-bonded, continuous filament, PP

E1 58 0.34 0.571 81.2 30-70

E2 68 0.32 0.488 76.3 30-70

E3 106 0.39 0.193 69.9 30-70

E4 144 0.49 0.164 67.4 30-70

E5 215 0.61 0.097 60.8 30-70

E6 271 0.63 0.063 52.3 30-70

Notes: (1) Average mass per unit area measured in accordance with ASTM D 3776. (2) Average thickness
measured in accordance with ASTM D 1777. (3) Average AOS measured in accordance with ASTM D 4751.
(4) Average porosity calculated based on specific gravity of PP = 0.9, PET = 1.3, and PET/PP = 1.1. (5) Average
fiber diameter measured from photomicrographs of geotextiles taken with a scanning electron microscope.
Unit conversions: 1 g/m2 = 0.029 oz/yd2; 1 mm = 0.001 mm; 1 mm = 39.37 mil = 0.039 inches. PP =
polypropylene; PET = polyester.
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Table 2. Comparison of pore-size distribution test methods.

Test method Test mechanism Test material Data evaluation

Dry sieving Sieving-dry Glass bead fractions Mass of glass beads
passing

Hydrodynamic
sieving

Alternating water flow Glass bead
mixtures/fractions

Wet sieve analysis

Wet sieving Sieving-wet Glass bead
mixtures/fractions

Wet sieve analysis

Bubble point Comparison of air flow dry
versus saturated

Porewick Calculated pore size
versus filter flow

Mercury intrusion
porosimetry

Intrusion of mercury into a pore Mercury Calculated pore size
versus pore volume

Image analysis Direct measurement of pores in
a two dimensional plane

Not applicable Projection into third
dimension

3 COMPARISON OF RESULTS

In Part II (Bhatia and Smith 1996b), it was shown that pore-size distribution results
for the selected geotextiles could be obtained by any of the six test methods included
in this study. However, the results were not always a complete pore-size distribution,
yet in most cases the O95 and O50 pore openings could be evaluated. The exceptions to
thiswere the hydrodynamic and wet sieving tests using glass bead mixtures, which were
only useful to evaluate O95 , and dry sieving results, which were only useful to the point
where electrostatic effects were encountered.

In this paper, the pore-size distribution for the following four different types of geo-
textiles were obtained using each method and are compared:

S Slit-film, plain weave, woven geotextile A3.
S Staple fiber, needle-punched, nonwoven geotextile D1.
S Continuous filament, needle-punched, nonwoven geotextile C3.
S Continuous filament, heat-bonded, nonwoven geotextile E5.

3.1 Slit-Film, Plain Weave, Woven Geotextile A3

The slit-film, plain weave, woven geotextile, A3, showed a wide range in O95 , O50 ,
and O15 results, as shown in Figure 1 and Table 3. The hydrodynamic sieving and dry
sieving methods gave the largest O95 pore openings, while the bubble point and mercury
intrusion porosimetry methods gave the smallest.

The O50 and O15 pore openings of the woven geotextiles could not be measured using
the dry or hydrodynamic sieving methods. It is believed that the dry sieving results be-
yond the range of O95 were inaccurate due to electrostatic effects and possible filament
rotation and/or displacement of the woven geotextile during testing. In addition, the hy-
drodynamic sieving and wet sieving tests were developed primarily to provide informa-
tion on the largest pore openings passing through the entire thickness of the geotextile.
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Figure 1. The complete pore-size distribution curves evaluated using each test method for
slit-film, plain weave, woven geotextile A3.
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Table 3. Average pore opening results using different test methods for the slit-film, plain
weave, woven geotextile A3.

Pore
opening

Dry sieving
(mm)

Hydrodynamic
sieving
(mm)

Bubble point
method
(mm)

Mercury intrusion
porosimetry

(mm)

Microscope
(mm)

O95 0.494 0.511 0.263 0.285 0.560

O50 N/A N/A 0.170 0.194 0.270

O15 N/A N/A 0.0510 0.0810 0.150

Note: N/A = not applicable.

Therefore, glass bead mixtures were specified to better simulate soil particle interaction
in the field and to also reduce the duration of the test. The results obtained by these
methods, when glass bead mixtures are used, provide useful information on the larger
pore openings of a geotextile, such as the O95 . However, since the remaining portion
of the curve (O50 , O15) is only a reflection of the gradation of the original glass bead
mixture, the results beyond O95 are meaningless.

Since it waspossible to directly measure the pore openings of geotextile A3 , the pores
were directly measured with a light microscope. The length and width of fifty pores in
two different specimens were measured with a light microscope at×20 magnification.
An effective circular diameter was calculated for each opening based on the smallest
of the two measurements taken. The frequency of occurrence was used to evaluate the
pore-size distribution of the geotextile. Microscope results for geotextile A3 are also
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shown in Figure 1. The O95 values for the two specimens were in agreement; however,
the O50 and O15 values were different. It is believed that the differences in O50 and O15

pore openings between the specimens are due to the variability in fine pore openings,
and judgement and accuracy when measuring fine pores. Average O95 microscope mea-
surements for this geotextile were approximately 0.56 mm.

Based on the ability to directly measure the pore openings of the geotextiles using a
microscope, results obtained using the other methods are compared to the microscope
results. The hydrodynamic sieving and dry sieving O95 values were approximately 10%
lower than the microscope O95 results, and the bubble point and mercury intrusion O95

values were approximately 50% lower. The O50 mercury intrusion and bubble point val-
ues were approximately 30% lower than microscope results. In the range of O15 values,
the mercury and bubble point results were approximately 55% lower than the micro-
scope results. For the bubble point method, it is believed that these discrepancies were
due to the low pressure required for fluid penetration. Improvement in the bubble point
results may be realized by using a more viscous fluid other than porewick. Also, the
direct measurement results may not be accurate in the smaller size range due to errors
in judgement.

In the range of O95 values, the dry sieving and hydrodynamic sieving methods are be-
lieved to be more accurate for slit-film, plain weave, woven geotextiles than the other
methods based on the closeness in O95 results to the microscope values. The wet sieving
method wasnot performed with this geotextile; however, it is believed that it would pro-
vide similar results to hydrodynamic sieving. The overall shapes of the pore-size dis-
tribution curves given by the microscope were, however, more similar to those given
by the bubble point and mercury intrusion methods. These trends were also exhibited
for two other slit-film, plain weave geotextiles.

Both the mercury intrusion and bubble point methods were designed for fine pore size
materials, yet, woven geotextiles have very large pore openings. In the mercury intru-
sion method, very little pressure is required to intrude the pores of a woven geotextile,
and thus, at these low pressures, measurements may be inaccurate. In the bubble point
method, very high flow rates are required for woven geotextiles. Measurements are not
as accurate at high flow rates as compared to low flow rates; therefore, mercury intru-
sion and bubble point measurements of larger pore openings of woven geotextiles are
questionable. However, it is important to note that modified bubble point equipment
designed for highly permeable materials has accurately measured O95 values of woven
polyester meshes in the range of 600 to 700 mm (Bhatia 1996).

3.2 Staple Fiber, Needle-Punched, Nonwoven Geotextile D1

The staple fiber, needle-punched, nonwoven geotextile, D1, also showed a wide
range in O95 , O50 , and O15 values, as shown in Figure 2 and Table 4. However, the shapes
of the pore-size distribution curves were much different from those for the slit-film, wo-
ven geotextile, A3. The mercury intrusion and image analysis methods gave the largest
O95 values, while the bubble point method gave the smallest. The O95 results obtained
using the sieving techniques fell between these two ranges. The shapes of the bubble
point and mercury intrusion pore-size distribution curves were similar in that a fairly
uniform pore-size distribution was obtained, whereas the image analysis resulted in a
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Figure 2. The complete pore-size distribution curves evaluated using each test method for
staple fiber, needle-punched, nonwoven geotextile D1.
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Table 4. Average pore opening results using different test methods for staple fiber, needle-
punched, nonwoven geotextile D1.

Pore
opening

Dry
sieving
(mm)

Wet
sieving
(mm)

Hydrodynamic
sieving
(mm)

Bubble point
method
(mm)

Mercury intrusion
porosimetry

(mm)

Image
analysis
(mm)

O95 0.106 0.100 0.0850 0.0720 0.256 0.200

O50 N/A N/A N/A 0.0406 0.177 0.0930

O15 N/A N/A N/A 0.0260 0.140 0.0400

Note: N/A = not applicable.

well-graded distribution. Since the image analysismethod is a technique for direct mea-
surement of geotextile pore openings in two dimensions, the comparison is based on
this method. Image analysis results also have some limitations (Bhatia et al. 1993) and
are not necessarily a good indication of the filtration opening size, FOS, but this is the
only technique which allows a somewhat direct measurement of the pores of a geotex-
tile.

In comparison with image analysis results, mercury intrusion results were approxi-
mately 30% higher, whereas the sieving techniques and bubble point method were
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approximately 55% lower than image analysis results. In terms of O50 values, mercury
intrusion results were approximately 90% higher and bubble point results were approxi-
mately 55% lower than image analysis results. However, in the range of O15 values, mer-
cury intrusion results were approximately 250% higher and bubble point results were
approximately 35% lower.

3.3 Continuous Filament, Needle-Punched, Nonwoven Geotextile C3

The continuous filament, needle-punched nonwoven geotextile, C3, showed similar
trends in O95 , O50 , and O15 values and shapes of pore-size distribution curves as the sta-
ple fiber geotextile, D1 (Figure 3 and Table 5). However, in this case the image analysis
results gave the highest O95 values and the smallest O15 values. The mercury intrusion
O15 results were approximately 15% lower and the dry sieving results were approxi-
mately 45% lower than the image analysis O95 values. Hydrodynamic sieving, wet siev-
ing, and the bubble point method gave similar O95 results, being in the range of 65%
to 70% lower than image analysis results. In terms of O50 values, mercury intrusion re-
sults were 105% higher and bubble point results were 50% lower than image analysis
results. In terms of O15 values, mercury intrusion results were 350% higher than image
analysis results.
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Figure 3. The complete pore-size distribution curves evaluated using each test method for
continuous filament, needle-punched, nonwoven geotextile C3.
Note: Hydro. = hydrodynamic sieving.
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Table 5. Average pore opening results using different test methods for continuous filament,
needle-punched, nonwoven geotextile C3.

Pore
opening

Dry
sieving
(mm)

Wet sieving
(mm)

Hydrodynamic
sieving
(mm)

Bubble
point

method

Mercury
intrusion

porosimetry

Image
analysis
(mm)opening (mm)

Mixture Fraction Mixture Fraction
method
(mm)

porosimetry
(mm) (mm)

O95 0.170 0.114 0.230 0.112 0.230 0.103 0.257 0.312

O50 N/A N/A 0.180 N/A 0.180 0.0530 0.216 0.105

O15 N/A N/A 0.110 N/A 0.180 N/A 0.190 0.0414

Note: N/A = not applicable.

The hydrodynamic sieving method was conducted with glass bead mixtures, there-
fore, O50 and O15 results had no meaning, and because of this, a limited number of hydro-
dynamic sieving and wet sieving tests were also performed with glass bead fractions.
These results are also given in Figure 3 and Table 5. It can be seen that the hydrodynam-
ic and wet sieving tests using glass bead fractions are slightly larger than results given
by the dry sieving method using fractions. The wet sieving results using glass bead frac-
tions also indicate that agglomeration takes place during the test with fine glass bead
particles. The effects of agglomeration with fine glass bead particles are similar to elec-
trostatic effects observed in dry sieving tests, as shown in Part II (Bhatia and Smith
1996b).

3.4 Continuous Filament, Heat-Bonded, Nonwoven Geotextile E5

The continuous filament, heat-bonded geotextile results, E5, also showed a wide
range in O95 values, however, the shapesof the pore-size distribution curves were differ-
ent from any other type of geotextile, as shown in Figure 4 and Table 6. The most pro-
nounced difference was the convergence of the mercury intrusion and bubble point re-
sults in the finer pore size range. Mercury intrusion O95 results were approximately 30%
higher than image analysis results. Dry sieving results were approximately 30% lower,
and wet sieving and hydrodynamic sieving results varied between 40 and 60% lower
than image analysis results. Bubble point O95 results were approximately 50% less than
image analysis results. In the range of O50 values, mercury intrusion results were
approximately 100% higher, and bubble point results were approximately 40% lower.
In the range of O15 values, mercury intrusion results were approximately 110% higher
and bubble point results were comparable to the image analysis results.

Table 6. Average pore opening results using different test methods for continuous filament,
heat-bonded, nonwoven geotextile E5.

Pore
opening

Dry
sieving
(mm)

Wet
sieving
(mm)

Hydrodynamic
sieving
(mm)

Bubble point
method
(mm)

Mercury intrusion
porosimetry

(mm)

Image
analysis
(mm)

O95 0.0970 0.0870 0.0550 0.0690 0.184 0.140
O50 0.0620 N/A N/A 0.0303 0.101 0.0500
O15 N/A N/A N/A 0.0200 0.0460 0.0220

Note: N/A = not applicable.
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Figure 4. The complete pore-size distribution curves evaluated using each test method for
continuous filament, heat-bonded, nonwoven geotextile E5.
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4 DISCUSSION

The comparison of results clearly indicates that there are differences between pore-
size distribution analysis methods. The differences in results arise due to complex geo-
textile pore structures and diverse test mechanisms.

4.1 Geotextile Pore Structure

4.1.1 Woven Geotextiles

Theoretically, a woven geotextile should have a uniform pore structure with little
variability. This is not always the case due to the ability to alter the manufacturing pro-
cess, such as the type of weave, and in some cases the non-uniformity of the weave, as
shown in Part I (Bhatia and Smith 1996a). The dry sieving method gave predominantly
one pore size in the woven geotextile, whereas the bubble point, mercury intrusion, and
microscope methods resulted in a wide range of pore sizes in the geotextile. The bubble
point and mercury intrusion methods also resulted in much smaller pore values in the
geotextile, as opposed to the dry and hydrodynamic sieving methods.

There are several problems when using sieving techniques to evaluate the pore-size
distribution of woven geotextiles. When glass beads (fractions or mixtures) are sieved
through larger pore openings, most of the fine glass beads find the larger pore openings
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and easily pass through the geotextile. This is why sieving techniques are generally only
useful for evaluating the O95 pore openings of geotextiles. The larger pores can be mea-
sured, yet, the finer pores cannot, and therefore, a more uniform pore-size distribution
is generally obtained even when it does not exist.

The bubble point and mercury intrusion porosimetry methods resulted in opposite
trends than the sieving techniques. The bubble point method is ideally designed for fine
pore materials and cannot effectively measure the large pores of woven geotextiles. Be-
cause the pore openings of the geotextiles are large in comparison with materials typi-
cally tested, the air flow required was at too high a volume and velocity for the instru-
ment to accurately assess the sizes of the pores. However, it is important to note that
new versions of such equipment may be better suited for materials with larger pore
openings.

4.1.2 Nonwoven Geotextiles

Nonwoven geotextiles are made of randomly oriented fibers, thus there are no mea-
surable pores within the structure. The nonwoven, staple fiber, needle-punched geotex-
tile D1 (see Figure 2) and the nonwoven, continuous filament, needle-punched geotex-
tile C3 (see Figure 3) of similar massper unit area, showed similar pore-size distribution
trends. The mercury intrusion and dry sieving methods resulted in predominantly one
pore size for the nonwoven geotextiles. The image analysis method gave similar O95

results to the dry sieving and mercury intrusion methods; however, a larger range of
pore sizes was obtained. The hydrodynamic sieving, wet sieving, and bubble point
methods gave similar O95 trends for both nonwoven geotextiles.

4.2 Test Mechanisms

The pore-size distribution of a geotextile can be evaluated using one of several differ-
ent methods. The meaning of the pore-size distribution results obtained is dependent
on the method used. In this section, the methods are described in terms of physical
meaning. With this comparison, the inherent differences between the methods and what
they measure can be identified.

4.2.1 Sieving Methods

In dry sieving, glass bead fractions (from finer to coarser) are sieved through the geo-
textile. In theory, most of the glass beads from the first glass bead fraction should pass
through the geotextile. As larger and larger glass bead fractions are sieved, more and
more glass beads should become trapped within and on top of the geotextile. The num-
ber of pores of a certain size should be reflected by the percentage of glass beadspassing
through the geotextile during each glass bead fraction sieved; however, electrostatic ef-
fects between glass beads, and between glass beads and the geotextile can affect the re-
sults. Glass beads may stick to geotextile fibers making the pores effectively smaller
and they may also agglomerate to form one large glass bead that is too large to pass
through the geotextile. For example, 0.075 mm glass beads could effectively become
one large particle equivalent to a diameter of 0.250 mm. Glass beads may also break
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from hitting each other and the sides of the container, resulting in smaller particles that
can pass through smaller openings.

In hydrodynamic sieving, a glass bead mixture is sieved through a geotextile under
alternating water flow conditions. The use of glass bead mixtures leads to results that
reflect the original glass bead mixture used. Therefore, this method is only useful for
evaluating the larger pore openings of a geotextile, such as O95 (if the largest 5% of par-
ticles is larger than the largest pore openings in the geotextile). Another problem occurs
when particles of many sizes interact, which likely results in particle blocking and
bridge formation. This is especially a problem in hydrodynamic sieving because the
larger glass bead particles will settle first when water is drained during the test. When
this occurs, fine glass beads which are smaller than the pores of the geotextile are pre-
vented from passing through the geotextile by the coarser particles.

In wet sieving, a glass bead mixture is sieved through a geotextile aided by a water
spray. The same basic mechanisms that occur when using the hydrodynamic sieving
method also occur when using the wet sieving method. Bridge formation is not as pro-
nounced in the wet sieving method as in the hydrodynamic sieving method; however,
particle blocking and glass bead agglomeration are more pronounced, as shown in Part
II (Bhatia and Smith 1996b).

One of the major differences between dry sieving, and hydrodynamic and wet sieving
methods is the use of fractions versus glass bead mixtures. A limited number of tests
were performed on nonwoven geotextiles using both hydrodynamic and wet sieving
methods with glass bead fractions (see Figure 3). Each point on the pore-size distribu-
tion curves shown in Figure 3 for glass bead fractions represents one test. The glass bead
fraction results showed much larger pore openings as compared to results with glass
bead mixtures for both wet and hydrodynamic sieving. However, the glass bead fraction
results were similar to dry sieving test results, indicating that the difference between
dry sieving, and wet and hydrodynamic sieving is due more to soil particle interaction
than to static charge. This is true for the larger particle size range rather than the smaller.

The relationship between hydrodynamic and wet sieving results was linear. There
was less scatter in O95 values smaller than 0.25 mm, and more for O95 values larger than
0.25 mm. The O95 results for dry sieving are systematically higher than those for hydro-
dynamic and wet sieving. For design purposes, dry sieving results can be related to hy-
drodynamic and wet sieving results for the types of geotextiles tested, in the range of
0.25 mm and lower (Bhatia and Smith 1996b).

4.2.2 Bubble Point Method

The bubble point method is a dynamic test where continuous air flow is used to re-
move liquid from the pores of a geotextile. Since air flow is only applied to one side
of the geotextile, liquid is removed from those pores which form a continuous path
through the geotextile. These pores are emptied of liquid in order from largest to small-
est. Since it is a flow through technique, the bubble point method measures the narrow-
est diameter of each pore channel present in the geotextile (see Bhatia and Smith 1995).
This method provides information on the number and sizes of the smallest effective
flow through pore channels in a geotextile.
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4.2.3 Mercury Intrusion Porosimetry

The mercury intrusion porosimetry test, as opposed to the bubble point method, is a
static test. The pores of the geotextile are not measured as continuous pore channels
through the geotextile, but as singular poreswithin the geotextile (e.g. Bhatia and Smith
1994). These pores are measured from largest to smallest in terms of total pore volume.
Mercury will intrude the pores of a geotextile from all directions as the pressure is in-
creased. Once mercury fills a pore, the test in that section of the pore channel stops. Any
dead-end pores or crevices between fibers which are not part of the continuous path
through the geotextile, in addition to those which extend through the geotextile, are
measured. The mercury intrusion method thus gives a pore-size distribution based on
total pore volume and gives no information regarding the number of pores or pore
constrictions of a geotextile.

4.2.4 Image Analysis and Microscopic Methods

Image analysis and microscopic methods can both be used to directly measure the
pore openings in a geotextile. Image analysis is based on direct measurements made in
the cross-section of the geotextile. Many investigators (e.g. Lombard and Rollin 1987;
Bhatia et al. 1990; Bhatia et al. 1991) have used this technique to characterize pore-size
distribution. The measurements are then projected in the third dimension to evaluate
pore-size distribution.

The pore openings of slit-film woven geotextiles can be directly measured with a mi-
croscope in plan view. By measuring the length and width of pore openings, the effec-
tive circular diameters can be calculated. The effective diameter was based on the
smaller of the two measurements taken for each pore opening. Fifty pore openings were
measured for each geotextile specimen. The frequency of occurrence of each size pore
was used to evaluate the pore-size distribution.

4.3 Comparison of Characteristic Pore Sizes

Since several geotextiles manufactured by the same manufacturer varied in thickness
or mass per unit area, the O95 and O50 results obtained were compared as a function of
thickness for the nonwoven geotextiles only. The woven geotextiles showed no signifi-
cant trends in opening sizes and a large scatter in results, and are therefore not included.
Since mercury intrusion porosimetry only gives results in terms of pore volume, mercu-
ry intrusion results are also not included in these comparisons.

4.3.1 Comparison of O95 and Its Relationship with Thickness

The nonwoven, needle-punched, staple fiber geotextile O95 results versus thickness
are given in Figure 5a. The largest scatter of data between the different methods oc-
curred for the thinner geotextiles. The thinner nonwoven geotextiles displayed a higher
degree of variability, as opposed to thicker, denser geotextiles due to the fewer number
of fibers. The dry sieving method resulted in a good trend of decreasing opening size
with increasing thickness. The bubble point resultswere repeatable, however, there was
little effect of thickness on opening size. The hydrodynamic and wet sieving technique
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Dry sieving
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Bubble point
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Figure 5. O95 test results versus thickness: (a) staple fiber, needle-punched geotextiles;
(b) continuous filament, needle-punched geotextiles; (c) continuous filament, heat-bonded
geotextiles.

0.6

0.5

0.4

0.3

0.2

0.1

0.0
0 1 2 3 4 5 6

Thickness (mm)

O
95
(m
m
)

Dry sieving
Hydrodynamic sieving

Bubble point
Image analysis

Wet sieving

0 1 2 3 4 5 6

O
95
(m
m
)

0.6

0.5

0.4

0.3

0.2

0.1

0.0

Dry sieving
Hydrodynamic sieving

Bubble point
Image analysis

Wet sieving

O
95
(m
m
)

0.6

0.5

0.4

0.3

0.2

0.1

0.0
0.0 0.2 0.4 0.6 0.8 1.0

(a)

(b)

(c)



BHATIA, SMITH AND CHRISTOPHER D Geotextile Characterization: Part III.

315GEOSYNTHETICS INTERNATIONAL S 1996, VOL. 3, NO. 3

results for O95 values were very similar in all cases, with little variation in values due
to geotextile thickness.

The nonwoven, needle-punched, continuous filament geotextile O95 results versus
thickness are given in Figure 5b. The most noticeable feature from this comparison is
the large difference in results between different methods. The hydrodynamic and wet
sieving methods again gave similar results. The dry sieving method also gave very large
O95 results as compared to the results obtained using the other methods.

The nonwoven, heat-bonded, continuous filament geotextile O95 results versus thick-
ness are given in Figure 5c. The thinner heat-bonded geotextiles showed the largest
scatter in O95 results, when compared to the thicker heat-bonded geotextiles shown in
Figure 5c. The hydrodynamic sieving, wet sieving, and bubble point methods showed
similar trends in opening size with increasing thickness for the heat-bonded geotextiles.
The woven geotextiles showed no significant trends and a large scatter in O95 results.

Giroud (1996) gives a relationship that presents the FOS of a nonwoven geotextile
as a function of porosity, fiber diameter and thickness. Using average properties given
in Table 1, opening sizeswere calculated for the nonwoven, needle-punched geotextiles
(B1-B5, C1-C6, D1-D5) based on the relationship given by Giroud (1996). These re-
sults are plotted as a function of thickness in Figure 6. As shown in Figure 6, the calcu-
lated FOS values decrease as a function of increasing geotextile thickness. This rela-
tionship is similar to results shown in Figure 5a for staple fiber geotextiles and Figure
5b for continuous filament geotextiles; however, for thinner geotextiles (less than 3
mm) the calculated opening sizes are larger than O95 values obtained by hydrodynamic
sieving and smaller than those values obtained by dry sieving.
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Figure 6. Calculated filtration opening size, FOS, test results versus thickness for
geotextiles B1-B5, C1-C6, and D1-D5 based on the relationship given by Giroud (1996).
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4.3.2 Comparison of O50 and Its Relationship with Thickness

The nonwoven, needle-punched, staple fiber geotextile O50 results versus thickness
are given in Figure 7a. O50 results were fairly repeatable for the methods used. The
image analysis and bubble point method results showed similar decreasing O50 value
trends with increasing thickness. The image analysis O50 results were, however, much
higher than the bubble point results.

The nonwoven, needle-punched, continuous filament geotextile O50 results versus
thickness are given in Figure 7b. In general, similar trends were found with these geo-
textiles as with the staple fiber geotextiles. The scatter in O50 results is slightly greater,
yet, the results are similar.

The nonwoven, heat-bonded, continuous filament geotextiles O50 results versus
thickness are given in Figure 7c. The bubble point method showed decreasing O50 val-
ues with increasing geotextile thickness.

5 FILTER DESIGN EXAMPLE

5.1 Introduction

Although there are established retention, permeability, and clogging criteria avail-
able for the designer, the criteria in general are not straightforward and are misleading.
Assuming that the criteria are fairly good indicators of the retention ability of a geotex-
tile with a particular soil, there are two general fundamental problems with the criteria.
First, some criteria require pore sizes of the geotextile that are not generally evaluated
such as O50 and O15 values. As discussed in Part II (Bhatia and Smith 1996b), there are
no ideally suited methods for evaluating these pore sizes of a geotextile. Second, the
opening sizes (O95 and O90) can be evaluated using many different methods that yield
differing results for a particular geotextile. Most of the design methods have been em-
pirically verified based on the results of a single method (dry sieving or hydrodynamic
sieving). If a designer uses pore opening results from another method, results may be
incorrect. A comparison of the results from dry sieving, wet sieving, hydrodynamic
sieving, mercury intrusion porosimetry, bubble point method, and image analysis tests
presented in this paper shows the wide range of O95 or O90 values that can be obtained
for a given geotextile. The following design example illustrates the differences in pore
opening values obtained by the six methods.

5.2 Example

The ABC Construction Company wascontracted to build a temporary tunnel, approx-
imately 3.1 m in diameter, for a sewer line system. During the initial construction stage,
the contractor installed a thin nonwoven geotextile with an AOS value of 0.21 mm as
a tunnel liner. A substantial amount of soil washed through the geotextile, and the com-
pany stopped the project, fearing a collapse of the tunnel.

The ABC Construction Company wanted to select a suitable nonwoven geotextile as
a temporary liner material for the tunnel. The construction company suggested three
possible nonwoven geotextiles as candidates (C4, D4 and E5) (see Table 1).



BHATIA, SMITH AND CHRISTOPHER D Geotextile Characterization: Part III.

317GEOSYNTHETICS INTERNATIONAL S 1996, VOL. 3, NO. 3

Figure 7. O50 test results versus thickness: (a) staple fiber, needle-punched geotextiles;
(b) continuous filament, needle-punched geotextiles; (c) continuous filament, heat-bonded
geotextiles.
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Limited information about the site was available (see Figure 8). The particle-size dis-
tribution of the silt surrounding the geotextile is shown in Figure 9. The soil parameters
that were obtained from the particle-size distribution curve are given in Table 7.

Figure 9. Particle-size distribution of the silt surrounding the tunnel.

Figure 8. Schematic of the tunnel.
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Table 7. The soil parameters of the silt obtained from the particle-size distribution curve
shown in Figure 8.

Soil parameter Value

d85 0.042 mm

d50 0.02 mm

d15 0.0055 mm

Cu 12.5

Cc 4.5

Ciu 2.93

Notes: dx = soil particle size for which x percent is smaller; Cu = soil coefficient of uniformity = d60/d10; Cc
= soil coefficient of curvature = (d30)2/(d10×d60); Ciu = soil linear coefficient of uniformity = (di100/di0)0.5.

5.3 Solution

The geotextile in this example must work as a filter; therefore, it must satisfy reten-
tion, permeability and clogging criteria. To design a geotextile as a filter, information
regarding the largest effective pore opening (O95) and permeability of the geotextile
must be known. Therefore, the first step of the design is to determine these properties.

Step 1 - Property Determination

For the geotextiles selected (C4, D4, and E5), dry sieving, hydrodynamic sieving, wet
sieving, bubble point, mercury intrusion, and image analysis tests were performed to
determine the pore-size distribution of the geotextiles. In addition, permeability tests
were conducted following ASTM D 4491. The permeability of geotextiles C4, D4, and
E5 is 0.0035, 0.0013 and 0.00037 m/s, respectively, as shown in Table 8.

Step 2 - Retention Criteria

The flow conditions in this case are unidirectional, therefore, only retention criteria
based on unidirectional flow conditions are considered. For this design, four filter crite-
ria based on the O95 value will be applied (Giroud 1982; Carroll 1983; Christopher and
Holtz 1985; Bhatia et al. 1990). Criteria based on geotextile pore openings other than
the O95 value were not considered due to the difficulties in measuring the smaller pore
openings, as discussed in Part II (Bhatia and Smith 1996b). Even so, in evaluating the
requirements with respect to pore size, it should be noted that all of the criteria, with
the exception of Bhatia et. al (1990), do not specify the use of the O95 value by dry or
hydrodynamic sieving procedures. However, it is general practice, if not specified, to
use the O95 value taken from the dry sieving method.
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Table 8. The opening size and permeability properties of the candidate geotextiles.

Method Geotextile C4 Geotextile D4 Geotextile E5

Dry sieving O95 (mm) 0.150 0.143 0.0970

Hydrodynamic sieving O95 (mm) 0.0960 0.0960 0.0550

Wet sieving O95 (mm) 0.0980 0.0990 0.0870

Bubble point method O95 (mm) 0.0780 0.0920 0.0690

Mercury intrusion porosimetry O95 (mm) 0.244 0.245 0.184

Image analysis O95 (mm) 0.390 0.240 0.140

Permeability (m/s) 3.5×10-3 1.3×10-3 3.7×10-4

Table 9. Geotextile retention criteria test results.

Retention criteria Required geotextile O95 (mm)

Giroud (1982)
O95/d50 < 9/Ciu to 18/Ciu

< 0.0614 - 0.123

Carroll (1983)
O95/d85 < 2 to 3

< 0.0840 - 0.126

Christopher and Holtz (1985)
O95/d85 < 1.8 for nonwovens> 50% fines

< 0.0756

Bhatia et al. (1990)
FOS/d85 < 3

< 0.126

The critical O95 pore size was calculated for each of the criteria. These values are giv-
en in Table 9. For the following discussion only dry and hydrodynamic sieving results
were used since these values are most often used by designers today. As shown in Table
9, the retention criteria requires that the geotextile O95 value be less than the range of
0.0614 mm (Giroud 1982) to 0.126 mm (Bhatia et al. 1990; Carroll 1983) to prevent
the silt from washing into the tunnel at the site.

Based on dry sieving results, none of the geotextiles passed the Christopher and Holtz
(1985) criteria. However, for medium dense to dense silts, geotextile E5 passed the Gi-
roud and Carroll criteria. When hydrodynamic sieving O95 results were used, all three
geotextiles passed the Giroud, Carroll, and the Bhatia et al. criteria. Only geotextile E5
passed the Christopher and Holtz criteria when hydrodynamic sieving O95 results were
used.

Therefore, the same geotextiles can pass or fail a design criteria by merely using dry
or hydrodynamic sieving test results and some geotextiles can be acceptable or unac-
ceptable based on the design criteria.

Step 3 - Permeability Criteria

The permeability of the silt surrounding the tunnel was estimated to be 10-8 m/s using
Figure 10 under moderate confining stress conditions. The existing permeability crite-
ria require the permeability of the geotextile to be at least ten times greater than the
permeability of the soil. As indicated in Table 8, the geotextiles have a permeability in
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Figure 10. Typical hydraulic conductivity values (after Luettich 1992).
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the range of 3.7×10-4 to 3.5×10-3 m/s, which is several orders of magnitude higher
than the permeability of the soil; therefore, the geotextiles satisfy the permeability cri-
teria.

Step 4 - Clogging Criteria

It was suggested that, for critical applications, performance tests should be con-
ducted; therefore, long-term filtration (LTF) tests were performed using the silt from
the site and the candidate geotextiles. The purpose of the LTF tests was to evaluate the
compatibility of the three nonwoven geotextiles with the silt provided from the site.

The site soil was classified under the Unified Soil Classification System (USCS) as
a silt with low liquid limit (ML) and a uniformity coefficient (Cu) of 12.5. Ninety-six
percent of the particles of this soil were finer than 0.075 mm (U.S. Standard Sieve Num-
ber 200). The 3.1 m tunnel opening, which was 21.3 m below the ground surface, was
to be lined with a nonwoven geotextile. Since the opening was surrounded by a 0.9 to
1.5 m thick layer of silt, there was some concern that under high hydraulic gradient
conditions, an excessive amount of silt may wash through the geotextile, thus creating
unfavorable conditions for the proposed construction. For this reason, the anticipated
high hydraulic gradients were calculated prior to conducting the LTF tests.

Calculation of Hydraulic Gradient In order to determine an upper bound value of the
maximum possible hydraulic gradient, i, for the proposed construction site, the follow-
ing assumptions about the site conditions were made:
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S The tunnel has a 1.5 m radius, r.
S The permeability, k, of the surrounding glacial till and the silt layer is similar, 10-7

to 10-8 m/s.
S The ground water table is 19.8 m above the center of the tunnel (see Figure 11; assume

the head at radius r to be h).

For a tunnel length, l, the maximum hydraulic gradient was calculated as follows:

v= k i= k (dh∕dr)

q= 2 π r l k (dh∕dr)

(dr∕r)= (2 π l k) dh∕q

(1)

(2)

(3)

Integrating the above equation over the region:

ln(R∕r1)= 2 π l k (ho− h1)∕q

q= 2 π l k (ho− h1)∕ ln(R∕r1)

(4)

(5)

By comparing Equations 2 and 5:

i= (dh∕dr)= [(ho− h1)∕ ln(R∕r1)]∕r (6)

If h1 = 0, ho = 18.3 m, r1 = 1.5 m, R = 19.8 m, the maximum hydraulic gradient will be:

imax= [(18.3− 0)∕ ln(19.8∕1.5)]∕1.5= 4.7 (7)

Figure 11. Flownet for the design tunnel.
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The maximum hydraulic gradient was also calculated by constructing a flownet. For
calculating the flownet, it was assumed that the permeabilities of the till and silt layers
were the same. For trench excavations in nonhomogeneous soils with unconfined flow:

dh= ho∕(4+ cot β) (8)

If, ho = 18.3 m and cotβ = 4.6/6.1 (from Figure 11), then:

dh= 18.3∕(4+ 4.6∕6.1)= 3.9 m (9)

If the radius of the tunnel is 1.5 m, the maximum hydraulic gradient is as follows:

imax= (dh∕dr)max= 3.9∕1.5= 2.6 (10)

The first technique resulted in higher hydraulic gradient values (4.7) than the flownet
method (2.6). By using a factor of safety of 2, the proposed hydraulic gradient set for
this project was 9.4. It was therefore decided to perform the LTF tests using a hydraulic
gradient of 10.

Long-Term Filtration Tests in the Laboratory Several LTF tests were performed. The
geotextiles were saturated in the permeameter and a silt soil (slurry with a moisture con-
tent of 45%) was placed on top of the specimens. A hydraulic gradient of 10 was ap-
plied. Initially, some finespiped through the geotextiles, but the systems typically stabi-
lized within one day. The flow rate was monitored every 15 minutes for 300 hours. The
test results for the three geotextiles with the silt soil are shown in Figure 12. Piping was
not observed through any of the geotextiles tested. The small amount of fines that did
pass was far below the threshold value of 2500 g/m2 proposed by Lafleur et al. (1989).

Long-Term Filtration Performance of Geotextile as a Filter in the Field There are nu-
merous other factors such as compressibility of the geotextile, hydraulic characteristics
of the water flow, and clogging of the geotextile due to chemicals which could affect
the performance of the geotextile as a filter. This design illustrates only one aspect, that
is, pore-size characterization of geotextiles in isolation. Designers should consider all
other factors in the design of geotextiles as filters.

Step 5 - Conclusions

Based on the LTF tests, all three geotextiles would perform satisfactorily as the filter
for the temporary tunnel. Although the geotextiles had varying pore-size distributions
as evaluated using the six different methods, they exhibited similar flow behavior and
filtration performance during the LTF tests. Piping was not apparent through any of the
geotextiles during the tests.

Despite the satisfactory performance of the geotextiles in the laboratory LTF tests,
the geotextiles were seen to passor fail a design criteria by merely using dry or hydrody-
namic sieving results. This observation indicates that existing retention criteria are con-
servative, some more so than others. It must also be considered that there are numerous
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Figure 12. Results of geotextile system permeability tests versus time during an increase in
hydraulic gradient from 4.2 to 10.
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other factors such as compressibility, hydraulic characteristics of the water flow, and
clogging that can affect the performance of a geotextile as a filter.

6 CONCLUSIONS

For all geotextiles, the pore sizes evaluated using the different methods were quite
different. The pore-size distribution measured by these techniques for a particular geo-
textile is dependent on the test used for the evaluation as opposed to being a unique
property of the geotextile.

The pore-size distribution test methods may give very similar or very different re-
sults. It is critical that the actual mechanism of a test and the geotextile structure being
tested are known before the results of a test can be correctly used for a filter criteria.

In general, the dry sieving method showsa larger pore structure than the hydrodynam-
ic and wet sieving methods, whose results are similar. An important difference between
these tests is that the dry sieving technique is performed with glass bead fractions and
the hydrodynamic and wet sieving tests are performed with glass bead mixtures. The
bubble point and mercury intrusion porosimetry methods give very different results.
The bubble point method gives information on the number and sizes of the smallest ef-
fective pore channels in a geotextile. The mercury intrusion porosimetry method only
gives results in terms of pore volume and cannot be compared to the results obtained
using the other methods.
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The dry sieving method gives a reasonably good estimation of the largest effective
opening in a geotextile (AOS), when the pore size is in a range larger than approximately
0.125 mm. In general, the O95 dry sieving results are much larger than the results ob-
tained using the other methods.

The hydrodynamic sieving method gives a fairly good estimation of the largest effec-
tive FOS of a geotextile. The results are affected by the interaction of particles within
the gradation. When glass bead mixtures are sieved, results beyond O95 are meaning-
less. O50 and O15 results can be obtained when fractions are used as the testing particles.
In the range of O50 and O15 values, hydrodynamic sieving results are similar to dry siev-
ing results obtained by sieving fractions.

The wet sieving method also uses a glass bead mixture. The pore-size distribution re-
sults were fairly repeatable, however, glass bead agglomeration was prominent. Since
a glass bead mixture is also used in this test, results are meaningless beyond O95 . O50

and O15 results can also be obtained by sieving fractions. In the range of 0.125 mm, glass
bead agglomeration effects were similar to electrostatic effects in the dry sieving test.

The bubble point method gives repeatable pore-size distribution results, however,
there is little difference in results for geotextiles of various thicknesses. This especially
holds true for needle-punched geotextiles, where air flow will find the largest pore
channels of the geotextile, which should be very similar for a particular manufacturing
process. This method does, however, show differences in pore-size distribution be-
tween heat-bonded geotextiles of various thicknesses. This is due to melding of fibers
in the heat-bonding process. The bubble point method is also based on the assumption
that the pores of the geotextile are cylindrical.

When the mass per unit area and thickness of the geotextiles were related to O95 val-
ues, the dry sieving, hydrodynamic sieving, wet sieving and bubble point method gave
similar decreasing O95 value relationships with increasing mass per unit area and thick-
ness for nonwoven geotextiles. However, these trends did not appear for woven geotex-
tiles.

The design example further illustrates the differences between design criteria. De-
signers must be aware that there are numerous other factors that can affect the perfor-
mance of a geotextile as a filter.

7 RECOMMENDATIONS

A standard test method for evaluating the pore-size distribution of a geotextile must
be accepted world-wide. The test method selected must be carefully standardized to
achieve the highest degree of reproducibility and must be appropriate for all types of
geotextiles. Until this point is reached, knowledge of the test method used for pore-size
determination and all of its variables is essential. In addition, it is critical that the results
of this test method are only applied to filter criteria which are based on the test method.

Based upon results from this study, for the retention criteria, where the larger pores
of the geotextile are critical, the microscope or dry sieving methods may be appropriate
for woven geotextiles but are inadequate for nonwoven geotextiles. Hydrodynamic
sieving or wet sieving would appear to be more appropriate for evaluating nonwoven
geotextiles. The bubble point method may also be suitable but additional research is
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required. The bubble point method appears to be promising for developing clogging cri-
teria, where fine pores are more critical.

Once a world-wide pore-size distribution method is selected, pore-size distribution
data for the different typesof geotextilesmust be related to the performance of a geotex-
tile, with different types of soils under various conditions, in filtration performance
tests.
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NOTATIONS

Basic SI units are given in parentheses.

AOS = apparent opening size (m)
Cc = coefficient of curvature, (d30)2/(d10×d60) (dimensionless)
Cu = coefficient of uniformity, d60/d10 (dimensionless)
Ciu = linear coefficient of uniformity (di100/di0)0.5 (dimensionless)
dx = soil particle size for which x% of the sample is smaller (m)
di100 , di0 = equivalent d100 and d0 obtained from the straight line approximation

of the particle-size distribution curve (m)
FOS = filtration opening size (m)
h = hydraulic head at radius, r (m)
h1 = hydraulic head at the ground water table (m)
ho = hydraulic head at the center of the tunnel opening, r = 0 (m)
i = hydraulic gradient (dimensionless)
imax = maximum hydraulic gradient (dimensionless)
k = permeability of soil (m/s)
l = length of tunnel (m)
O15 = geotextile opening size such that 15% of pores are smaller than that

size (m)
O50 = geotextile opening size such that 50% of pores are smaller than that

size (m)
O90 = geotextile opening size such that 90% of pores are smaller than that

size (m)
O95 = geotextile opening size such that 95% of pores are smaller than that

size (m)
q = flow rate (m3/s)
R = distance from the ground water table to the center of the tunnel (m)
r, r1 = radius of tunnel opening (m)
v = velocity of flow (m/s)
β = slope angle (_)

ABBREVIATIONS

PP: polypropylene
PET: polyester
LTF: long term filtration
USCS:Unified Soil Classification System


