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The 1992 Mercer Lecture
Remaining Technical Barriers to Obtaining General
Acceptance of Geosynthetics

Robert M. Koerner, Y. Hsuan & Arthur E. Lord, Jr
Geosynthetic Research Institute, Drexel University, West Wing-Rush Building,
Philadelphia, Pennsylvania 19104, USA

ABSTRACT
Over the past 10 to 20years, geosynthetics have developed into a viable subset
of civil engineering materials. The specific applications are usually in the
environmental, geotechnical and transportation related areas. However, the
majority of designers and facility owners in these areas have had little formal
education in polymeric materials, in general, nor in geosynthetics, in
particular. Thus there is often a reluctance toward their use, particularly in
critical situations. Unfortunately, this reluctance is often framed around
reasons that are quite unfounded.
Reflecting on this situation, we have selected three major areas of technical
concern which require a critical assessment and additional investigation.
They are the following:
• Geotextilefiltration concerns when dealing with fine cohesionless soils,
sediment and microorganism laden permeants, and dynamic or high
gradient flow rates,
• Geotextile and geogrid time dependent behavior under load which
involves both creep and stress relaxation. Geomembranes, geonets and
geocomposites are sometimes challenged in this same manner.
• Polymerdegradation concernsandrelatedlifetimeprediction methods.
This applies to all geosynthetics used in permeant civil engineering
systems.
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New research by the authors has been added in each of the above topics along
with suggested future efforts. The conclusion to the paper presents what wefeel
to be a logical, technical-based, mindset for the use of geosynthetics in civil
engineering applications.

1 INTRODUCTION
Many of the benefits afforded by geosynthetic materials used in a myriad
of engineering applications are firmly established and quite well known.
Examples are roadway subgrade separation, soft soil stabilization, wall
reinforcement, steep slope reinforcement, filtration and drainage
applications, and liquid and vapor barriers. All of these applications
have successfully utilized geosynthetics. In general, the major advantages
that geosynthetics have over traditional methods (most of which involve
the use of natural soils) are the following:
• geosynthetics are prefabricated in ready-to-use roll form,
• they are excellent in their manufactured quality control,
• they can be rapidly deployed at the construction site directly in their
as-received basis,
• geosynthetics are lightweight with respect to natural soil,
• rational design methods are rapidly becoming available,
• they are capable of test evaluation for most of their relevant
properties,
• they provide excellent benefit-to-cost ratios for most situations, and
• with very few exceptions, geosynthetics have been excellent in their
performance.
Yet there is still a reluctance for many designers and/or owners to
utilize geosynthetics. Three references, one in each of the geotechnical,
transportation and environmental engineering areas, have been selected
to illustrate this point. Regarding Geotechnical usage, a paper by Roth
and Schneider (1991) at the US Committee Meeting on Large Dams
recommended that geosynthetics only be used in large dams under the
following circumstances:
"(a) Geosynthetics should not be used in a configuration where they
serve as the sole defense against dam failure. For example, if a
geomembrane is used as the sole water barrier within an
embankment, the remainder of the embankment design should
be checked to assure that the embankment would be completely
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safe if portions of the geomembrane were suddenly and
completely removed.
(b) Geosynthetics should primarily be used where they can be
readily exposed, repaired, or replaced. For example, a geomembrane used on the face of a concrete dam can be examined,
and repaired, or replaced, if required.
(c) We should expand our use ofgeosynthetics when they prove to be
economically attractive in non-critical, redundant, or superficial
applications. In this way we can expand our knowledge on the
behavior ofgeosynthetics in dams, and gain additional, valuable
experience on the long-term performance of geosynthetics in
service conditions."
In the Transportation area, Cheng (1991) has recently conducted a survey
of the 50 State Highway Departments in the United States and found the
following information regarding geosynthetic reinforced walls and steep
soil slopes designed by the public sector:
(a) For geotextile and geogrid reinforced walls:
• Only 33 have been reported in his survey
• Only 7 of these are considered to be permanent walls
• All 7 of the permanent walls are considered to be non-critical
applications
(b) For geotextile and geogrid reinforced steep soil slopes:
• Only 23 have been reported in his survey
• Many are considered to be temporary
• Over 50% were constructed as the result of failures of nonreinforced slopes
Lastly, i n t h e Environmental field, the Ontario, Canada, Ministry of the
Environment in referring to geomembranes (which they call synthetic
membrane liners), states in its Environmental Protection Act of1988 that 'to
function properly, a synthetic membrane liner must retain its integrity
(i.e. function as designed) for the contaminating lifespan of the landfill.
The state-of-the-art does not allow precise determination of rates of
attenuation of degradation ofleachate in lined landfills. Therefore, in the
absence of data or site-specific information to the contrary, where
complete attenuation of the contaminants in the leachate is necessary,
the Ministry will require that the containment facilities be maintained in
perpetuity. At the present time, synthetic membrane liners cannot meet
this requirement and in addition they cannot be replaced when they fail.
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The Ministry is also concerned about the difficulty in providing
monitoring systems for landfills with synthetic membrane liners. Such
systems must have appropriately long service lives and provide
sufficiently early warning of failure to allow effective contingency
actions, should these be necessary.
For these reasons, the Ministry will not support proposals that depend
upon synthetic membrane liners to confine leachate in landfills in
perpetuity."

From the above described sampling of attitudes it is quite clear that
there is an apprehension, and in some cases even a strong reluctance, on
the part of public officials, civil engineers and/or facility owners to use
geosynthetics. Just how widespread these attitudes are is unknown, but
the concerns are undoubtedly shared by many civil engineering design
and testing engineers as well.
This paper is written as an attempt to highlight the areas of technical
concern which may have given rise to the above described situations. It is
also based on the senior author's teaching of more than 100 professional
courses on geosynthetics over the past 13 years to thousands of facility
owners, design engineers, testing organization personnel, and other
interested parties. The areas that have been selected (which are the areas
most often questioned in the conducting of these courses) can be grouped
into three general categories:
1. Geotextile filter clogging or, its inverse condition, excessive soil loss
and subsequent downstream geonet, geocomposite or perforated
pipe clogging.
2. Tension creep and the inter-related stress relaxation phenomena in
geotextiles, geogrids and geomembranes.
3. Polymer stability (or, its inverse phenomenon, degradation) and
lifetime prediction of geosynthetics.
In each of the three sections an attempt to assess the state-of-the-art,
review the current research that is on-going, summarize the topic and
then give recommendations for future research needs will be made. This
is not to say that these three areas are the only relevant areas for research
and development in geosynthetics. Other areas of concern will be briefly
mentioned, but emphasis will be placed on these three mentioned topics.
A final section will conclude the paper with a return reflection on some of
the comments given in this introductory section.
2 GEOTEXTILES USED IN FILTRATION
Upon serious consideration, it is really quite presumptuous to ask that a
relatively thin geotextile act as a filter in place of a traditional soil layer
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which is at least 30 cm thick and is sometimes made from a sequence of
different soil gradations. Yet, this is precisely what began in the 1960s,
with nonwoven geotextile filters being emphasized in Europe and woven
geotextile filters in North America. Today, many types and styles of
geotextiles are used in filtration designs for a wide range of soil, liquid
and hydraulic conditions.
Design-wise, it is generally agreed that there are three necessary
criteria that must be fulfilled. These are adequate flow capacity,
prevention of excessive soil loss, and the establishment of long-term
equilibrium flow rate conditions. Each criterion will be described
separately with emphasis on the latter.

2.1 Adequate flow capacity
Without question, there must be a criterion placed on all geotextile filters
whereby the open voids can transmit the required amount of upstream
liquid flow. This can be approached on a design basis of:
• flow rate (q) through the geotextile at a given hydraulic gradient,
• permeability (k) of the geotextile using Darcy's formula, or
• permittivity (~,) of the geotextile using Darcy's formula.
In the latter two cases of utilizing Darcy's formula, the tacit assumption is
that the system is saturated and that flow is laminar. Van der Sluys and
Dierickx (1987) have challenged this assumption and prefer to use a flow
rate hypothesis, whereas Giroud (1981) was the first to use a permeability
concept and Koerner (1986, 1990) has used the permittivity concept.
Irrespective of the approach taken, one generally formulates a factor-ofsafety (FS) hypothesis on the basis of q, k or ~, wherein
allowable value

FS = required value

(1)

The allowable value in the above equation comes from an appropriate
laboratory flow test method. The variations ofgeotextile flow testing used
throughout the world are not fundamentally different. Most test
procedures utilize the candidate geotextile fixed horizontally in a flow
column and pass the prescribed permeating liquid through it at a defined
hydraulic head. Deaired water is often used as an index liquid so as to
obtain test reproducibility. Note that soil is generally not used in the test;
i.e. the test is a cross-plane flow test to determine the geotextile's
hydraulic performance in-isolation.
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The required value in eqn (1) comes from a design model of the
hydraulic conditions at the specific site under consideration. In its least
complicated form, one can estimate a flow rate or use the soil
permeability (hydraulic conductivity) by itself. Somewhat more complex,
but certainly possible, is the use of a flow net from which a required
permittivity can be calculated.
Clearly, this first part of the design of a geotextile filter having to do
with adequate flow capacity can almost always be accomplished by
opening up the voids of the geotextile to the extent dictated by the
minimum factor-of-safety.
2.2 Prevention of soil loss

The above consideration of open voids in the geotextile cannot be
excessive, for loss of upstream soil particles can lead to a condition of soil
piping and eventual loss of upstream system stability. Additionally, any
soil that does pass through the geotextile will have to be accommodated
by the downstream drainage material, i.e. stone, geonet, geocomposite,
or perforated pipe, without it becoming excessively clogged.
Rankilor (1981) has provided a review of retention criteria where it is
seen that in most cases the geotextile's opening size must be smaller than
a specified fraction of the soil to be retained. For example, Carroll (1983)
uses the following relationship.
095 < (2 or 3)d85

(2)

where
095 = opening size of the geotextile's voids which indicates the
approximate largest panicle that would effectively pass through
the geotextile
d85 = the soil panicle size at which 85% is finer
A more challenging criterion for soil retention is in the form of a chart
resulting in the maximum value of the geotextile's opening size (095) on
the basis of the upstream soil properties of average particle size (ds0),
coefficient of uniformity (CU), and relative density (DR). It is given in
Table 1, after Giroud (1982).
Concerning the specific determination of the value of'095", or even of
theentire void size distribution of the geotextile, there are many possible
test methods. These methods range from dry sieving with glass beads, to
wet or hydrodynamic sieving, to mercury porsimetry, to the utilization of
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Table I
Relationships Used to Obtain Geotextile Opening Size to Assure Proper Soil
Retention During Filtration, after Giroud (1982)

Relative density
Loose (D R < 50%)
Intermediate (50% < D R < 80%)
Dense (D R > 80%)

I < CU < 3
095 < (CU) (ds0)
095 < !.5 (CU) (d~)
095 < 2(CU) (ds0)

CU > 3
095 < (9d~O/CU
095 < (13.Sdso)/CU
095 < (18dso)/CU

Note: D R is relative density: whereas ds0 is the soil particle size corresponding to
50% finer: CU is the coefficient of uniformity (= ds~/d.O: dlo is the soil particle
size corresponding to 10% finer: d~ is the soil particle size corresponding to 60%
finer: and 095 is the apparent opening size of the geotextile's voids.

various types of image analyzers. The latter technique requires an epoxy
cast of the geotextile's void structure which is then analyzed by a
computer controlled laser system. The technique results in a statistically
relevant distribution of all void sizes, not just a single value for 095. Falyse
et al. (1985) have written extensively on the subject of determination of
the void size distribution of geotextiles.
As with the previously discussed flow capability of the geotextile, its
soil retention capability must also be assured. Both of these conflicting
considerations are usually possible to achieve due to the wide variety of
geotextiles currently on the commercial market.

2.3 Long-term equilibrium flow rate
When referring to long-term equilibrium flow rates involving a geotextile
filter, one often expresses concern over clogging. However, the word
'clogging" must be carefully considered when speaking about geotextiles
used as filters. Note that some soil will always embed itself on the surface
of, or within, the filtering geotextile. This type of'tuning' of the geotextile
to the upstream soil, its stress state, its permeating liquid, and its unique
hydraulic conditions is necessary and fully expected. One can even
consider that the geotextile becomes a catalyst which forces the upstream
soil mass to modify itself so as to provide its own filter layer. At this point,
with the soil being its own self-filter, the geotextile is serving more as a
separating layer between the newly established soil filter layer and the
downstream drainage system. If hydraulic conditions should change,
however, the geotextile must once again revert to being a catalyst to
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stimulate another modified filter system to accommodate the new
conditions. What then, is meant by soil ~clogging" of a geotextile?
By ~clogging', one means the reduction of the geotextile's permeability
to the degree where the lack of flow through it results in the system's
nonperformance at any point in its service lifetime. Sometimes reference
is made to 'complete clogging', but this is a misnomer since the clogged
geotextile system will always retain some nominal permeability, albeit
perhaps too low for the site-specific situation. The lower limit of the most
severe type of clogging is probably the permeability of the fine fraction of
the upstream soil. When this fine fraction is in the silt or clay particle size
range, the permeability of a severely clogged geotextile can probably fall
to less than 1 X l0 -7 cm/s. Such a value is often too low for a filtration
system, and thus one can (at this point) say that the geotextile is
clogged.
Cases where the above type of clogging scenario has occurred in actual
field applications are the following:
• Gap graded soils consisting of two discrete particle sizes; one a
medium sand, the other a fine silt, where the fine silt migrated out of
the remaining soil structure and clogged the downstream geotextile.
• Highway underdrains adjacent to faulted (i.e. broken) pavement
slabs which force turbid water against the geotextile filter under
hydrodynamic conditions. The turbidity of such water is caused
by fine silts and dispersive clays and is in the general range of
5-25 g/liter.
• High alkalinity groundwater which loses velocity when it meets the
geotextile filter and builds up a calcium and/or magnesium salt
deposit on or within the geotextile.
• Groundwaters which contain high levels of organic matter and
microorganisms which deposit on, or in, geotextiles such as ochre or
metal oxide precipitates.
• Landfill leachates which are high in both suspended solids and
microorganism content. Several situations have led to unacceptable
levels of geotextile clogging. Furthermore, the synergistic effects of
both sediment and microorganisms in many leachates can lead to
sharp reductions in geotextile permeability.
Other than by knowledge of field experiences such as these, however,
geotextile clogging assessment has generally been approached by
simulated laboratory modeling. The five different approaches summarized in Table 2 will be described.
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2.3.1 Long-term flow (LTF) test
A rather direct test that is used to assess the long term flow rate behavior
ofa geotextile filter is to use a flow column with the site specific soil above
the candidate geotextile and pass the intended liquid permeant through
the system under a constant hydraulic head. Columns such as shown in
Fig. l(a) have produced data typical of which is given in Fig. l(b), after
Koerner and Ko (1982). The curves are generally piecewise linear, with
the terminal slope being the most significant portion of the curve. (The
initial slope is dominated by soil compaction, soil adjustment to side
walls and initial geotextile 'tuning'.) The terminal slope can show either a
trend of continually decreasing (signifying a tendency to clog),
continually increasing (signifying a soil piping condition), or can
become constant (signifying that equilibrium flow conditions have been
reached) as shown in Fig. l(b).
While the test is very straightforward to conduct and the measurements
of flow rate are simple to obtain, the test is not without its faults. The most
notable disadvantage is the long time required to reach stability when
evaluating fine grained soils. Times of over 1000 h are not uncommon,
see Halse et al. (1987a). Such long times can lead to biological growth
within the system unless biocides are used periodically. Their influence
on the flow rate results is not known. Additionally, the stress conditions
on the soil sample or permeating liquid cannot be controlled.
2.3.2 Gradient ratio (GR) test
The gradient ratio test was originally devised by the US Army Corps of
Engineers who were working with woven monofilament geotextiles
retaining sandy beach soils. Their technique, which has subsequently
been adopted by ASTM as the D5101-90 Test Method, uses a flow
column similar to the LTF test just described. Instead of measuring flow
rates, however, the GR test measures hydraulic gradients. More
specifically a gradient ratio (GR) is calculated at very prescribed levels
within the flow column, i.e.

GR = ( A h s f / L s f ) / ( A h s / L s )
= LsAhsf/LsfAh~

(3)

where
Ah s =
average head loss (in cm) over 5.10 cm of soil
Ahsr = average head loss (in cm) over 2.55 cm of soil plus the
geotextile

• Requires triaxiai soil
permeameter
• Requires time to establish
flow equilibrium
• Relatively new technique
• Not representative of
entire soil
• High hydraulic conditions
• Very challenging index test
• Not representative of
m a n y situations, nor of
e n t i r e soil
• Test setup quite complex
• Very new index test

• Controlled stress conditions
• Back pressure saturation
possible
• Integrated into design model
• Fines are examined directly
• Soil piping readily assessed
• Rapid results
• Simulates h y d r o d y n a m i c
loads
• Soil can cover geotextile or
be in-isolation
• Rapid results

Triaxial permeameter
without, then with, geotextile
to calculate a permeability
ratio
Slurry of the fine portion of
soil is directed at geotextile
to note flow rate behavior
Slurry of soil is a d d e d to
saturated geotextile system
under dynamic conditions to
note flow rate behavior

3. Hydraulic Conductivity
Ratio (HCR)

4. Fine Fraction Filtration ( F 3)

5. Dynamic Filtration (DF)

• Air in piezometer tubes
• Requires time for fine
grained soils a n d
nonwoven geotextiles
• Uncontrolled stress
conditions

• Corps of Engineers initiated
• ASTM Standard D5101-90
• R a p i d results as originally
developed

Flow downward through soil
a n d geotextile at constant
head to measure hydraulic
gradients

2. Gradient Ratio (GR)

• Long time for equilibrium
• Biological growth in system
• Uncontrolled stress
conditions

Disadvantage,

• Straightforward test setup
• Simple measurements
• Direct conclusions

Advantages

Flow. downward through Soil
and geotextile at constant
head to measure flow rate
over time

Principle

1. Long-Term Flow (LTF)

Method

Table 2
Methods Used to Assess Long-Term Flow Rate Equilibrium of Geotextile Filters
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Fig. 1. Long term flow tests on soil geotextile systems and type of equilibrium response
curves, after Koerner and Ko (1982).

Ls
Zsf

= 5.10 cm, and
= 2.55 cm + the geotextile thickness.

If the calculated value of GR is less than 3.0, the geotextile is considered
acceptable for that soil and its hydraulic conditions. If the GR is greater
than 3.0, the geotextile is likely to clog in an unacceptable manner.
Although the test is straightforward and rapidly conducted, air in the
manometer lines is sometimes troublesome and the stress conditions on
the soil and permeating liquid cannot be controlled. More importantly,
however, is the time required for flow equilibrium to be established when
evaluating fine-grained soils and/or nonwoven geotextiles. W h e n
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attempts are made to conduct the test within 24 h the flow situation is
generally not yet at equilibrium, see Halse et al. (1987a). This is felt by the
authors to be the major criticism of the test and is the controlling
limitation. This is unfortunate for the majority of clogging problems
come from the fine fraction of the upstream soil or from fine particulates
within the permeating liquid. The further that conditions deviate from
the originally devised test conditions (clear water flowing through sand
overlying a monofilament woven geotextile), the less applicable the
gradient ratio test is felt to be.

2.3.3 Hydraulic conductivity ratio (HCR) test
The long-term flow rate behavior of geotextiles has recently been
investigated by Williams and Abouzakhm (1989) and Luettich and
Williams (1989) using a triaxial soil testing permeameter. The test sample
is prepared in the customary soil testing manner (either taken directly
from a sampling tube or reconstituted in a removable mold) with the
candidate geotextile placed above the soil and a thin rubber membrane
surrounding the entire assembly. Site specific stress conditions on the
soil can be imposed as desired. Back pressure saturation and/or flow
conditions can also be accomplished.
The HCR test consists of performing two separate permeability tests.
The first is with the permeating liquid flowing downward through the
'clean" geotextile and through the soil column. After flow equilibrium is
reached, a soil permeability value k~ is obtained. The flow direction is
now reversed for the second test, i.e. up through the soil column and then
through t h e geotextile which is now acting as a soil filter. Flow is
continued (usually about l0 pore volumes are required as shown in
Fig. 2) until equilibrium of the soil/geotextile is reached, i.e. a value ksg is
obtained. From these two permeability values a hydraulic conductivity
ratio (HCR) is calculated as follows:
HCR = k~g/k~

(4)

Figure 2 shows generalized behavior of four different sets of conditions.
High values of HCR tend to indicate soil retention problems, whereas
low values point more toward a possible clogging potential. An
acceptable value of HCR is intermediate between the two extremes. The
HCR technique has also been extended into a filtration design
methodology (Luettich, 1989).
While the HCR test has some very decided advantages over LTF and
GR testing, it should be mentioned that the technique does require a
triaxial permeameter, it takes time for equilibrium in fine grained soils to
be reached, and it is a relatively new procedure at this point in time.
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Fig. 2. Graphical results of HCR test. where k~ is the permeability of the soil via
downward flow and k,g is the permeability of the soil and geotextile via upward flow, after
Luettich and Williams (1989).

2.3.4 Fine fraction filtration (F ~)
Since the apparent opening size of most filtration geotextiles is usually
more open than a No. 100 sieve, i.e. greater than 0-15 mm, all smaller
sized particles in the upstream soil mass must be retained within the soil
filter layer (or within the geotextile) as was described earlier. While this is
certainly possible and is routinely the case with the vast majority of
installations, it is not always the case. For example, loess soil deposits,
various fly ash deposits, dispersive clays and situations where the soil is
not in intimate contact with the geotextile have been known to result in
either excessive clogging of the geotextile or in excessive soil piping
through the geotextile into the downstream drainage system.
In order to simulate these conditions, an accelerated filtration test in
the form of exclusively evaluating only the soil fines was initially
mentioned by Hoover (1982), developed further by Legge (1990) and now
expanded by Sansone and Koerner (1991). The latter approach uses the
geotextile in a horizontal position in a flow column under a constant
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Fig. 3. Schematic of fine fraction filtration (F 3) test device and preliminary results on a
nonwoven needle punched geotextile.

liquid h e a d , see Fig. 3. T h e soil u n d e r c o n s i d e r a t i o n is fractionated by
dry sieving such that the fines less t h a n the A O S sieve size (or s o m e o t h e r
p r e d e t e r m i n e d value) o f the c a n d i d a t e geotextile are collected. T h e s e
fines are t h e n a d d e d in slurry i n c r e m e n t s o f approximat_ely 5 g/liter to the
geotextile in the flow c o l u m n . T h e permeability, permittivity or system
flow rate c a n be periodically m e a s u r e d between a d d i t i o n o f slurry
increments. Figure 3 gives s o m e o f the results o f this type o f fine fraction
filtration ( F 3) test for three soils: a sand, fly ash a n d the fine fraction o f a
well g r a d e d soil.
F o r the sand, all particles are a p p r o x i m a t e l y the s a m e size a n d are
larger t h a n the A O S o f the geotextile, the soil was u s e d in its entirety. Note
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that the system permittivity decreased as the soil particles build up above
the geotextile. In this case, permittivity, qt, is defined as the permeability
divided by the thickness of the geotextile and any soil that may form
above it. It is obtained directly from Darcy's formula as follows
q = k/A

(5)

q= k(~)A
k _
7

=

q
v,

-

(6)

ahA

where
q
k
Ah
t
A

=
=
=
=
=

flow rate
permeability coefficient (hydraulic conductivity)
total head loss
thickness
cross sectional area

A steady state, or equilibrium condition of permittivity was reached at
approximately 0-005 s-~. Also illustrated is the behavior ofa nonplastic fly
ash in the silt size range, with particle sizes finer than a No. 200 sieve (i.e.
less than 0.074 mm). All particles are smaller than the AOS of the
geotextile. While some of the particles became lodged in the geotextile
initially decreasing its permittivity, an equilibrium eventually occurred
at about 0-04 s -~. The transparent tubing downstream of the geotextile
showed that the majority of the fly ash passed through the geotextile, i.e.
large scale soil loss had occurred. Lastly, Fig. 3 illustrates the behavior of
a well graded local soil, called LeBow soil, and fractionates offthe minus
No. 100 sieve size soil (i.e. less than 0.15 mm). This fine fraction of soil
when added in increments to the flow column is seen to steadily decrease
the geotextile's permittivity to the limit of the test setup's detection
capability. This is estimated to be an equivalent permeability of
approximately 1 × 10 -6 c m / s . Clearly, this situation could lead to an
excessive amount ofgeotextile clogging. The three conditions illustrated
in Fig. 3 give the various options which can be generated by the F 3test.
While the F 3 is indeed an accelerated test which can be conducted
within 24 h, it is not without its disadvantages. Most notable of these are
that the sampling is not representative of the entire upstream soil mass,
that very high hydraulic conditions are utilized and that the test is
extremely challenging to the geotextile, i.e. the test is probably a worst
case type of index test method.
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2.3.5 Dynamic filtration (DF) test
Whenever a permeating liquid comes to a geotextile filter under some
type of hydrodynamic pressure, the previously mentioned test methods
should be questioned as to their applicability. The reason, of course, is
that the state of the liquid permeant in most of the tests previously
described is quasi-static; the possible exception being the F 3 test.
Fortunately, hydrodynamic situations in practice are relatively scarce.
One exception, however, is for geotextile filters located adjacent to
faulted (cracked) highway pavements. Dempsey (1989) has measured
dynamic water pressures beneath pavements of up to 35 kPa, moving at a
velocity of 6 m/s, as the water meets a highway edge drain. The challenge
that this brings to a geotextile filter is further exacerbated by the water
being quite turbid.
In order to simulate this condition in the laboratory it is necessary to
mount the candidate geotextile filter in a stationary manner, have a
known slurry introduced and then hydrodynamic load the system while
it is saturated. Flow rate measurements are made after each cycle of
slurry charge and hydrodynamic loading. Figure 4 presents a cross
section of such a dynamic filtration (DF) test. The test can be conducted
with no soil cover over the geotextile or with a soil layer covering it.
Figure 4 also gives the type of generalized data that can be expected for a
range of different soil types. The uppermost curve for fly ash is seen to
move directly through the geotextile indicating a retention concern. The
fine fraction of the Le Bow soil is seen to decrease flow considerably
indicating a clogging concern. The well graded sand is seen to result in an
equilibrium flow rate condition indicating an equilibrium filter network.
While the test setup is relatively complex and is meant to simulate a
unique situation, the application area of highway pavement underdrains
is too important to avoid. This type of index test appears to warrant
additional consideration.

2.4 Summary and research needs for geotextiles used in filtration
The enormity of geotextile filtration applications has given rise to a
relatively clear picture of situations where confidence in geotextile
performance can be expressed and to situations where caution must be
exercised. Clearly, the use of geotextiles for the filtration of coarse
grained soils like gravels, sands and most silts, has been outstanding.
This has been the case under a myriad of hydraulic conditions and stress
conditions.
However. some data are available from the field as to poor
performance having to do with fine silts and dispersive clays, and
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permeating liquids which have high alkalinity, suspended solids and/or
microorganisms. This situation defines, from the authors" perspective,
where the research needs lie for the immediate future. Note, that this is
not a directed criticism of geotextiles because natural soil filters have an
equally difficult challenge for these exact same field conditions.
The hydraulic aspects of geotextile filtration must also be addressed.
Conditions of dynamic pulses or of reversing flow conditions (with both
clear and turbid liquids) need investigation. Hydraulic head conditions
which are extremely low (e.g. agricultural drainage) and extremely high
(e.g. pavement underdrains) both need additional investigation for
better understanding.
Lastly, one cannot avoid the manner of installation vis-?t-vis the proper
performance of the geotextile filter. Intimate contact of the upstream soil
with the geotextile is absolutely necessary in order to build up a stable
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filter layer. Without such contact, each soil particle becomes fugitive and
will migrate into, or beyond, the filter depending on its particle size. In
either case, clogging or piping, the filtration system will not be effective.
Thus construction quality control of the installation becomes an
absolutely necessary part of the success of all geotextile filters and their
associated soil and drainage systems.

3 TIME DEPENDENT POLYMERIC BEHAVIOR UNDER LOAD
Time dependent behavior of polymeric materials under load can be
extremely important in many geosynthetic design situations. For
example, the amount of strain with time (called 'creep') is most important
for geotextile and geogrid reinforced walls and for reinforcement of steep
soil slopes. Similarly, the amount of stress reduction with time (called
'stress relaxation') of a geomembrane on the side slope of a landfill or
over an uneven object in a subgrade is also of great interest. These are but
a few examples of a wide variety of important time-dependent
mechanical property changes of geosynthetics that will be described in
this section.
This section of the paper will describe some of the work that has been
performed on geosynthetic creep (it is relatively voluminous) and work
that has been done on stress relaxation (it is quite sparse). Figure 5 shows
the fundamental difference between experimental setups in evaluating
the two different phenomena. It will be shown using viscoelastic
concepts that creep and stress relaxation are related to one another both
conceptually and mathematically under certain conditions. It will also
be shown that under the assumption of a viscoelastic response it is
possible to generate experimentally a set of creep data and then
analytically convert it into stress relaxation data, or vice versa.
The summary of this section will attempt to place perspective on
stress-strain-time dependency showing that data is generally available
insofar as their time dependent mechanical properties are concerned.
Situations and conditions where future emphasis should be placed will
also be noted,

3.1 Creep of geotextiles
The technical literature is abundant with information on the creep
behavior of geotextiles. An early attempt at not only generating creep
data but also analytically evaluating its experimental response was that
of Shrestha and Bell (1982). They used six different geotextiles
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(polypropylene and polyester) and performed a number of tests on
200 mm wide samples. The analysis of the subsequent data used an
empirical three constant model, rate process theory, and the fourelement viscoelastic model.
Equally important was the work of Andrawes et al. (1986) who
evaluated different polymeric geotextiles and extended the testing
duration up to 10 000 h. They also used time-temperature superposition
and mathematical modeling to attempt to predict service life. This latter
topic will be discussed in Section 4.
Den Hoedt (1986) presented data for polyester, polypropylene and
polyamide geotextiles at 20% and 60% of the short term tensile strength
for a number of commonly used geotextiles. He also attempted lifetime
prediction using experimental creep data.
In a special session on the subject of creep at the 4th International
Geotextile Society Conference, Greenwood (1990) presented creep data of
polypropylene and polyester yarns and of various geotextiles made from
these yarns. While creep magnitudes between individual yarns and the
full structure were different, the general response was similar which is an
important finding in itself. Additionally, Greenwood presented the
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variability of his creep data, The data show that the m e a n standard
deviation is approximately 10% of the strain level.
Regarding the effect of soil confinement on the creep response of
geotextites, M c G o w n et al. (1982) have clearly shown a drastic effect for
two different nonwoven geotextiles. Figure 6 shows the greatly reduced
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creep strain behavior of nonwoven heat bonded and needle punched
geotextiles under 100kPa confinement versus the conventional
unconfined (or in-isolation) behavior. The data strongly suggest that
nonwoven geotextiles should be evaluated in a confined condition at the
site specific normal pressures whenever creep is of concern.
Matichard et al. (1990) have investigated the effect of confining
pressure (with no soil present) on the creep rupture of three geotextiles.
They used two nonwoven geotextiles and one woven geotextile. The
effect of confining pressures up to 200 kPa was quite minimal although
the ultimate strain of one of the nonwovens was significantly reduced by
50 kPa confinement.

3.2 Creep in geogrids
It appears as though the most extensive data base on time dependent
geosynthetic mechanical properties is available for creep in geogrid
materials. Since geogrids are generally used in reinforcement applications~ such as retaining walls and steep soil slope stabilization, this is
understandable.
Andrawes et al. (1986) extended their study to include polyethylene
geogrids. The family of creep curves generated at different stress levels
was converted to isochronous stress-strain curves, i.e. curves drawn at
equal time increments. These isochronous curves represent the decrease
in geogrid stiffness with time. Still further, the data was plotted as strain
rate versus total strain for constant stress values, known as Sherby-Dorn
plots. Creep instability was defined as the stress level where total strain
begins to increase significantly.
Wrigley (1987) has presented creep data for polyethylene geogrids and
has discussed time-temperature superposition. He found that going
from 10°C to 20°C, increases the time scale by a factor of ten, i.e. the
effects occur ten times faster at the higher temperature. This agrees with
the literature search conducted by Jewell and Greenwood (1988) who
found that the same temperature increase for similar geogrids gives a
factor of eleven. Lastly, Bush (1990) evaluated polyethylene geogrids at
10°C and 40°C and shows that the effect of load level is more of a
significant factor than the effects of elevated temperature.

3.3 Creep in geomembranes
There is no work in the literature on creep of geomembranes, per se, but
there is in similar polymers used for other applications. For example,
Findley (1987) evaluated 26 year duration experimental creep data on
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thick sections ofpolyvinyl chloride and polyethylene and found that the
creep strain response followed an equation of the form:
e ( t ) = Eo + e~t ~

(7)

where
= creep strain
t
= time
E0, a and n = constants

e(t)

The constants in the above equation were evaluated from the first 1900 h
of data.
Crissman (1991) determined the creep response of polyethylene at
various stress levels and temperatures, In analyzing his relatively
complex data he believed that the best property to predict lifetime is the
time when necking occurs.
Lastly, it is interesting to note that Clements and Sherby (1987) have
evaluated polyethylene creep in compression. It is the only reference
located on this consideration to date. It might have applicability in
compression creep behavior of geonets and other geocomposites under
sustained normal loading as c o m m o n l y occurs in landfill leachate
collection systems.

3.4 Stress relaxation in geotextiles
As illustrated in Fig. 5, the complimentary relationship to creep is stress
relaxation. The initial study of stress relaxation in polyester and
polypropylene geotextiles appears to have been by Greenwood and
Myles (1986). This was further extended by Greenwood (1990), on four
different geotextiles for periods up to two years. The behavior followed
logical trends of decreasing stress with increasing time for constant
values of strain. Greenwood then used the data to compare isochronous
stress-strain curves obtained from creep measurements at various
stresses, to the isochronous stress-strain curves from stress relaxation
tests at various strain levels. There was reasonable, but not extensive,
agreement between the two sets of curves.

3.5 Stress relaxation in geogrids
The previously cited references by Greenwood (1990) represents the only
reference on stress relaxation of geogrids. The geogrids evaluated were
polyethylene and the data were obtained over a period of one week. This
data was plotted and from it isochronous stress-strain curves were
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obtained. These were compared with the isochronous stress-strain
curves from creep data on the same type of geogrids with reasonable
agreement. Greenwood concludes that in absence of actual data, one can
estimate the stress relaxation response in this manner.

3.6 Stress relaxation in geomembranes
The US Bureau of Reclamation in a joint program with the Soviet Union
(1982) present some limited data on stress relaxation in polyvinyl
chloride and polyethylene geomembranes. The results show that the
PVC relaxes significantly faster than the PE, however, the measurement
period was quite short, i.e. about 800 h. The report then describes
extrapolation for the time of complete relaxation of 2.3 years in PVC and
over a thousand years in PE. The authors state, however, that the
extrapolations should be viewed with much caution.
The authors of this paper have also performed some preliminary stress
relaxation work in geomembranes. The experimental setup was
essentially that shown in Fig. 5(b). The uniaxial strain of the sample was
mobilized by a wheel on a threaded rod and was determined from the
two dial gage readings at each of the restraining clamps. Figure 7(a)
shows a schematic of the test setup. Figure 7(b) shows some preliminary
results for EIA-R, PVC and H D P E geomembranes. The results are in
general agreement with those given in Debnath (1985). It is interesting to
note that the time decay of the stress relaxation seems to obey a curve of
the form:
tr(t)

=

ct

(8)

where
o(t) = stress level at time t
c,b = constants
t
= time
This type of behavior has been called 'physical stress relaxation" by
Debnath (1985). Note that there is also 'chemical stress relaxation" which
occurs when chemical reactions occur (such as cross linking) and this
clearly influences the stress relaxation behavior.

3.7 Simple viscoelastic relationship between creep and stress relaxation
In as much as both creep and stress relaxation are important
considerations in geosynthetic materials behavior, their properties must
be understood and compared. Furthermore, it is very possible that in
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many applications there is a complex interaction between the two
phenomena. Their interrelationships to one another is the subject of this
section. The approach taken is an analytic one using viscoelastic
elements consisting of a single spring and dashpot in series. Note that
this is the simplest of all viscoelastic models.
In this model, the stress (o) in each element is the same, while the
overall strain (e) is the sum ofthe two elements (note that '1' refers to the
spring, and '2' to the dashpot).
o

=

o~

=

o2

e = e~+e:

(9)

(10)

The time dependency of the total strain is as follows:
£18 _ d81

dt

d82

dt + d~-

(11)
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dg
dt

1 do
E dt

-

+

o
17

25
(12)

where E is the spring stiffness ( = a / e ) a n d 1/ is the d a s h p o t viscosity
(olT 1 = d e / d t )

F o r creep, d e ~ / d t = 0 a n d the stress is c o n s t a n t (at o0):
de
dt

o0
17

-

(13)

Thus:

e(t) = e0+a°--t
O
since E = oo/e,o,

(14)
F o r stress relaxation
dE

dt
01 do

In

1 do

E dt

+-

o

E dt
f~do
a
0

- 0, a n d e q n (11) b e c o m e s

17
-

o
o0

o

17

(15)

E f0t dt
77
-E
t
17

o = ooe -~E/"~'

(16)

F r o m a c o m p a r i s o n of eqns (14) a n d (16), it is seen that if o n e
e x p e r i m e n t a l l y d e t e r m i n e s the constants E a n d 77 in creep tests, t h e n the
stress relaxation can be predicted theoretically, or vice versa. Unfortunately,
for m o r e c o m p l i c a t e d viscoelastic models, the relation b e t w e e n creep
a n d stress relaxation is not so straightforward.
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3.8 Gcnedized theoretical rela~ip

between creep aad stress relax&ion

To a first approximation, creep is proportional
following formula, after Nielsen (1974):

to stress relaxation by the

(17)
where
k
E(f)
&o
o(t)
00

=
=
=
=
=

constant
the strain
the strain
the stress
the stress

at time
at time
at time
at time

(at constant stress, i.e. creep)
0 (at constant stress, i.e. creep)
r (at constant strain, i.e. stress relaxation)
0 (at constant strain, i.e. stress relaxation)
t

Equation (17) is a very approximate relation but does show that if a
material suffers large creep (at constant stress) it will also undergo large
stress relaxation (at constant strain). The interrelations between the two
phenomena
can be related to one another by using viscoelasticity as
developed by Boltzmann (1876). At that time he postulated his very
famous superposition principle. The superposition principle states that
if two or more stresses are applied sequentially
(e.g. in a creep
experiment), the stresses act independently and the resulting strains add
linearly. Likewise, in a stress relaxation experiment, two or more strains
could be applied sequentially and the resulting stresses would add
linearly.
If the Boltzmann
superposition
principle holds, then there is a
rigorous viscoelastic relation between creep and stress relaxation
(Aklonis et al., 1972). That is, if a set of creep curves are determined
experimentally, the stress relaxation curves can be generated from them
theoretically. Conversely, if a set of stress relaxation curves are known,
the creep curves can be generated.
A consequence of the Boltzmann superposition principle is that the
time-dependent
creep compliance (defined later) would be independent
of stress. Also the time-dependent elastic modulus would be independent
of strain in a stress relaxation measurement.
These independencies,
however, are known to break down for large stresses in creep and large
strains in stress relaxation (Aklonis et&., 1972). In spite of this nonlinear
problem, the theoretical transformation of creep to stress relaxation and
stress relaxation to creep is important, because at present there is almost
no stress relaxation data in the geosynthetic literature, whereas a limited
amount of creep data does exist. Thus, theoretical estimates of stress
relaxation can be made from existing creep data, or vice versa.
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The theoretical relations between creep and stress relaxation will now
be outlined. The stress relaxation modulus G ( t ) is defined by:
G(t)

= a(t)

(18)

B0

where
tr(t) = stress at time t, and
e0
= constant strain
The creep compliance is defined by
J(t)

-

(19)

e(t)
tro

where
E(t) = creep strain at time t, and
o'0 = constant stress
If the Boltzmann superposition principle is applied and Laplace
transforms of the quantities are taken, it can be shown that
o' G ( r ) J ( t

- r)dv

= t

(20)

- v)dv

= t

(21)

and
o'J(r)G(t

where t is the time and r is the d u m m y time variable: Equations (20) and
(21) are called convolution integrals. They occur in m a n y branches of
engineering and science.
The numerical prescription for solving eqns (20) and (21) is now
presented. Hopkins and H a m m i n g (1957) use equivalent normalized
forms of eqns (20) and (21), namely:
f

fo ~ ( v ) g ~ ( t - r ) d v

= t

(20a)

= t

(21a)

!

o ep(r)~t(t - v)dr

Here
4~(t) - e(t)
80

(22)
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~g(t) -

a(t)

or0

(23)

The forms of eqns (20a) and (21a) will be used in the theoretical work
to be. described below. As the thrust of the authors' experimental work is
in stress relaxation, stress relaxation will be converted to creep, even
though the typical use of the theory in geosynthetics might be to convert
in the opposite direction. In either regard, the theoretical work in going
either direction is identical as is seen from eqns (20a) and (21a).
Figure 7(b) gives stress relaxation results for three typical, but quite
different geomembranes, EIA-R, HDPE and PVC. The EIA-R geomembrane is a fabric reinforced ethylene interpolymer alloy and its
mechanical behavior is dominated by the high strength fabric. High
density polyethylene (HDPE) is a relatively high modulus geomembrane,
which eventually yields at about 10-12% strain. These tests were well
within the elastic range so that yielding did not occur. Polyvinyl chloride
(PVC) geomembrane is plasticized and thus very flexible. It also has the
lowest modulus of the three geomembranes evaluated. The stress is
presented on a normalized basis, so they are actually plots of ~(t).
Equation (21a) has been applied to each of these curves, and the
theoretical results of q~(t)= e(t)/eo are shown in Fig. 8. These are the
creep generated curves for each of the three geomembranes from their
respective stress relaxation data, shown in Fig. 7(b).
A few remarks on the approach are in order. Equation (21a) is solved
numerically by using At-intervals of 1 min. The first interval gives
= 1

(24)

1~(r)dr

f0
where

= normalized creep function at t = 0.5 min and
f0~~(r)dr = area under the normalized stress relaxation function
fromt=0tot= lmin
The next iteration of eqn (21a) produces
= 2

(26)
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where
~ ( 1 ) is given byeqn (25)
9

f

- V/(r)dr is the area under the normalized stress relaxation function

f r o m t = 1 t o t = 2 m i n , and
(3)
3
is the normalized creep function at t = ~ min
This iteration continues on to give
q' (5), ~ (7), q' (9), etc.
In this preliminary work the areas under the normalized stress
relaxation function were determined graphically by hand and placed in
a simple computer program that is the extension of eqn (26). At present,
the areas are read using a digitizer with a simple area program.
(Area),= [~'(n) + ~t(n+ 1)] (1)

(27)

From the above formulation, the creep curves of Fig. 8 were generated.
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3.9 Summary and research needs for geosyntbetic time dependent
behavior under load
For both geotextiles and geogrids there is a reasonably acceptable (and
growing) body of knowledge on the long-term creep behavior of
numerous products. This is particularly the case with geogrids where
work hardened HDPE and PET types have been evaluated for l0 000 h,
and longer. It should be noted, however, that the data is product specific,
in-isolation and usually at ambient temperature, but it is generally of
high quality and is certainly design oriented.
Regarding the effect of confinement on the creep of geotextiles, it is
clearly evident that nonwovens require such testing to be relevant. For
woven geotextiles and geogrids the effect of confinement needs
evaluation, but may be less significant than with nonwoven geotextiles.
Regarding the effect of elevated temperature on both geotextile and
geogrid creep, there is an insufficient data base. Only a few references on
HDPE geogrids have been located in this regard. The situation appears
in need of additional study since queries are often heard as to geotextile
and geogrid reinforcement of walls and slopes near to the ground surface
or to other heat sources, e.g. biologically active materials. Even further,
wall panel connection temperatures can be high (they closely follow the
temperature of the exposed surface) and are in need of a critical
assessment.
The creep response of geomembranes, per se, has no open literature
citations, which is somewhat surprising. Tensioned geomembranes on
side slopes can readily be mobilized by shear stresses imposed by solid
materials, although as the subsidence diminishes the phenomenon may
be more stress relaxation than creep. Lastly, on creep, only one reference
was located on compression creep. Compression creep is of considerable
concern for geonets, many types of geocomposites, and perhaps even
with Certain types of geomembranes.
Counterpointing stress relaxation of geosynthetics to the above
summarized creep behavior is difficult. To begin, the experiments are
much more difficult to conduct and there is a lack of data which attests to
this difficulty. Next, the applications where stress relaxation takes
importance over creep are quite subtle. For example, a geomembrane
placed over an irregular, or sharp, subgrade will deform over time as the
normal pressure increases. Thus unsupported creep will gradually
transcend into stress relaxation. Geomembranes on side slopes will
probably go into tension and initially creep but, after subsidence
concludes, stress relaxation may be the dominant mechanism. In short,
where creep ends and stress relaxation begins is very difficult to envision.
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It might certainly be the situation where both phenomena are occurring
simultaneously. There may be a parallel situation here with primary and
secondary consolidation in saturated, fine grained, soil consolidation.
Geotechnical engineers generally calculate these two settlements
separately, but the phenomena are likely to be simultaneous.
Clearly, stress relaxation of geosynthetics (in tension and in
compression) should be the focus of future research activities.
Additionally, the effect of lateral pressures, elevated temperatures and
other testing variables needs evaluation in stress relaxation studies as it
does with creep testing. Most definitely, the analytic interdependence of
creep and stress relaxation should be investigated using viscoelastic
models. These models, however, should not be an end unto themselves,
but should be fully complemented with experimental information on the
same type of products.
In summarizing this section it should be mentioned that one often
praises polymeric-based geosynthetics on the basis of noncorroding,
nonbrittle and nonenvironmentally sensitive properties, but their time
dependent behavior under load must be addressed in a forthright
manner. This includes creep and stress relaxation for all polymeric
based geosynthetics which carry tensile and, even in some cases,
compression stresses. Fortunately, the experimental procedures are
available and it is up to owners and engineers to utilize the forthcoming
data in order to design with confidence.

4 POLYMER DEGRADATION, STABILIZATION AND
LIFETIME PREDICTION
For most applications using geosynthetics, the durability of the base
polymer from which the geosynthetic is made is a critical issue. Its
formulation, method of stabilization, degradation mechanisms and
lifetime prediction are all intertwined considerations which must be
investigated. This section of the paper is devoted toward these
considerations with focus on those types of polymers from which the
majority of geosynthetics are made.

4.1 Polymer degradation
Polymeric materials can, and eventually will, degrade by a number of
different actions. These include ultraviolet light, high energy radiation,
oxidation, hydrolysis and chemical reaction. (Note that biological
degradation is really not a major issue for the high molecular weight
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polymers used in the manufacture of geosynthetics.) While each of these
actions are usually assessed individually, they are greatly complicated by
temperature, stress and synergism between one another. Regarding
temperature, it is well established that elevated temperature increases all
of the above listed types of degradation and in a rather predictable
manner. (Use of this feature will be discussed later.) Regardingstress, one
must identify the type, i.e. compression, tension, shear, torsion, etc,, and
the relative magnitude (it is an extremely complicating factor). Regarding
synergism of the different phenomena, the situation is just beginning to be
explored (it will be discussed in the research needs summary section).
While the above degradation actions along with the referenced
complications are indeed difficult to quantify, the overall impacts on
polymeric materials are quite well known. They include chain scission,
side chain breaking and/or cross linking (Grassie and Scott, 1985). Note
that each of them cause the polymer to become progressively more
brittle, thereby decreasing from its original elongation to gradually lesser
values. Other physical and mechanical properties are changed
proportionately.
Chain scission in polymeric materials involves reactions which break a
bond on the backbone of the polymer chain, reducing the chain length,
thereby reducing its molecular weight. This is the predominant
degradation mechanism for most polymeric materials, including all
types of geosynthetics. Well known examples of chain scission are the
oxidation reaction in polyolefins and the hydrolytic reaction in
polyesters. Equation (28) shows one of the possible chain scission
mechanisms illustrating the phenomenon, where • indicates a free
radical.
--CH2CH2CH2CH2CH2-- energy--CH2CH2CHCH2CH2---~--CH2CH2CH=CH2 + CH2--

(28)

Side chain breaking in polymeric materials involves eliminating
pendant groups along the polymer chain. This gives a highly unsaturated
polymer chain (which is extremely susceptible to additional degradation
mechanisms). The best known example is the thermal degradation of
polyvinyl chloride in the absence of air, shown as follows:
CI

CI

I

I

DCH2CHCH2CH__ An D C H = C H - C H = C H - - + 2HCI

(29)

Cross-linking in polymeric materials involves reactions which link two
polymer chains together by grafting. Equation (30) illustrates a possible
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cross-linking process. The mechanism usually takes place in polyolefins
under oxygen deficient conditions.
--CH2CH2(~HCH2-+

--CH2CH2CHCH2~

•

--CH2CH2(TrICH2--

I

(30)

--CH2CH2CHC H2--

In the absence of ultraviolet light exposure (made possibly by soil
burial), radioactive materials (by elimination of high level nuclear waste)
and extremely aggressive chemicals (like organic solvents), the main
degradation mechanisms to geosynthetic materials are:
• the oxidation of polyolefins; polyethylene (PE) and polypropylene
(PP)
• the hydrolysis of polyesters; polyethylene terephthalate (PET)
These will be explained in detail since a very large proportion of
geosynthetic materials are made using these three types of polymers.

4.2 Oxidation of polyolefins
It is important to recognize that at ambient temperature the time for
measurable oxidation ofpolyolefins is very long. Lifetime quantification
is the subject of Section 4.5. The oxidation reaction proceeds in three
stages. The first stage involves formation of free radicals which
subsequently react with oxygen. The second stage is the principal
reaction of the oxidation involving free radicals attacking other polymer
chains which, in turn, generate more free radicals. The third stage
involves termination action between any two free radicals. These free
radical chain reactions are described (Grassie and Scott, 1985) in eqns
(31) to (39).
Initiation:
RH --~ R • + H • (under energy)

(31)

R. +O2--~ROO.

(32)

Propagation:
ROO • + R H - - ~ R O O H + R .
ROOH ~ RO • + HO • (under energy)
RO.

+RH--~ROH+R.

HO • + R H - - ~ H 2 0 + R

•

(33)
(34)
(35)
(36)
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Termination:
R • + R •

--~ inert products

R • + ROO •

~ inert products

ROO • + ROO • --~ inert products

(37)
(38)
(39)

If all three stages proceed at the same rate, the oxidation reaction would
not be a problem due to its self-termination. Unfortunately, the rate of the
initiation and propagation proceed much faster than that of the
termination stage. This leads to an auto-acceleration reaction.
Consequently, the polymer's properties degrade exponentially with time
once the oxidation has started.
There are three aspects of the structure of the polymer which affect the
rate of oxidation:
(a) Tertiary Carbon Atoms m Tertiary carbon atoms are those
carbon atoms which b o n d with three other carbon atoms a n d one
hydrogen atom. The tertial carbon atom can rapidly dissociate the
C - - H b o n d to form a tertiary carbon free radical ( M o r r i ~ n and
Boyd, 1974), as shown in eqn (40).
H

C

H

I I

I

--C--C--C

I I I

H

H

H

H

C

H

I I

I

, --C--~--C--

I

H

+ H"

(4o)

I

H

It is important to note that PP has significantly more tertiary
carbon atoms than does PE and thus is more susceptible to
generate free radicals.
(b) Crystalline versus Amorphous P h a s e s - It is well established
that oxidation is controlled by the diffusion of oxygen into the
polymer. Unfortunately, the rate of diffusion is much higher in the
amorphous phase than in the densely-packed crystalline phase
(Williams and Peterlin, 1971). Hence polymer chains in the
amorphous region will be attacked by oxygen first. This in turn,
causes the polymer to become brittle as described earlier.
(c) Orientation (Stretching) E f f e c t - M a n y geosynthetic products
are highly oriented materials, such as geogrids and geotextiles.
Their microstructure is substantially different from comparable
nonoriented geosynthetic materials, such as geomembranes and
geopipes. The effect of such orientation is to create a very dense
fibril structure in the orientation direction (Peterlin, 1967). This
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strongly inhibits the mobility of molecules in the amorphous
phase which becomes less susceptible to oxygen diffusion
(Rapoport et al., 1975).
Additionally, the oxidation phenomenon in polyolefin materials is
influenced by the surrounding environment.
(a) Energy Effects -- The customary manner in which energy levels
are increased in many polymer materials is by the application of
sunlight. The ultraviolet portion of the spectrum is most
significant in this regard. For buried geosynthetics, however, this
phenomenon is eliminated. Therefore, the increase in energy level
must come from other sources, e.g. indirect heating, biological
activity, or radioactivity. Whatever the source of energy, its level
must be greater than the activation energy of the oxidation
reaction of the polymer in question. Thus there exists a threshold
value below which oxidation will not occur and above which the
reaction will be auto-oxidative. Hence it is important to cover
geosynthetics in a timely fashion so as to prevent ultraviolet
induced degradation.
(b) Transition M e t a l s - It is well documented that the oxidation
reaction of polyolefins can be catalyzed by the presence of
transition elements (Hansen et al., 1964). One of the main
functions of a transition metallic catalyst during oxidation is
believed to be in promoting the breakdown of hydroperoxides via
'redox" reactions, shown in the following reactions:
ROOH

+ M n+ --~ R O

• + M (n + i) + O H -

ROOH

+ M (~ + 1) ...) ROO • + M ~+ + H +

(41)
(42)

Reich et al. (1971) found that the order of decreasing catalyst
activity is: Co > Mn > Cr > Fe > Cu. It must be recognized,
however, that soils which do not contain metallic oxides will not
be subjected to this type of phenomenon.
(c) Applied Stresses -- As mentioned earlier, stress may, or may not,
have a synergistic effect on the reactions just described. In this
regard one must consider both the magnitude of the stress and its
type, e.g. compression, tension, shear, torsion, etc. At this point in
time these effects must be evaluated experimentally for site
specific applications and material systems.
(d) A n n e a l i n g - - W h i l e geosynthetic materials are generally not
annealed, it should be recognized that annealing accelerates
oxidation, particularly for oriented materials. The mobility of
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polymer chains in the amorphous phase increases with
temperature. This accelerates the oxygen absorption and
hydroperoxide formation (Rapoport et al., 1977).

4.3 Hydrolysis of polyester (PET)
The major concern of geosynthetics made from polyester is the
hydrolytic reaction. The particular type of polyester used to make
geosynthetic products is polyethylene terephthalate (PET). This
compound is formed by a reaction between terephthalic acid and
ethylene glycol, as seen below (Odian, 1982):
H O O C - - ~ - - C O O H + HOCH2CH2OH -~
(terephthalic acid)
(ethylene glycol)

(43)

HO[--OC-- ~--COOCH2CH20--],,H + nH20
(PET)
(water)
Note that this is an equilibrium reaction in that the reaction can be
reversed, i.e. after the PET is formed it can react with water to revert back
to acid and glycol. This inverse reaction is the hydrolytic reaction of PET
as shown in eqn (44). Note that this inverse behavior is the essence of
PET degradation during service lifetime. The O H - attacks the electron
deficient ester bond (COO) and reduces the molecular weight by half
(Zimmermann, 1986), i.e. chain scission occurs. Furthermore, this
process is not reversible.
[--OC-- ~ --COOCH2CH20--] + H20 --*
- - O C - - ~ - - C O O H + HOCH2CH20--

(44)

There are five different aspects of the structure of PET polymers which
affect the rate of hydrolysis.
(a) Carboxyl End Group (CEG) Concentration--Carboxyl end
groups are defined as the COOH group situated at the end of the
molecular chains. Not every polymer chain contains a carboxyl
end group. This is dependent on the polymerization process.
In neutral water (pH = 7), Ravens and Ward (1961) have found
that carboxyl end groups accelerate the hydrolysis of PET, They
proposed that the rate of hydrolysis is proportional to the square
root of the CEG concentration.
(b) Molecular W e i g h t - Molecular weight can directly affect the
CEG concentration under the same polymerization conditions.
Clearly, PET polymers with a higher molecular weight contain
less CEG than those with a lower molecular weight and thus are
less susceptible to hydrolytic degradation.
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(c) Crystalline versus Amorphous Phases -- The rate of hydrolytic
reactions is based on the ability of liquid to diffuse into the
polymer structure, Ravens et al., (1961). Since diffusion is
controlled by the amorphous phase, its proportion of the total
structure is important. The more amorphous phase material, the
higher the diffusion, and the greater the hydrolytic reaction. Thus
highly amorphous PET materials will have higher reaction rates
than highly crystalline PET materials, assuming all other things
being equal.
(d) Orientation (Stretching) E f f e c t - As discussed previously with
polyolefins, the effects of orientation on PET geosynthetics are
similar, except now the reaction is liquid hydrolysis instead of
gaseous oxidation (Golike et al., 1960).
(e) Diameter of Fiber (Denier)--It has been well documented
(McMahon et al., 1959) that the above described hydrolytic
reaction takes place on the surface of PET fibers and gradually
works inward. Thus the remaining internal structure remains
unaffected. If overall properties are the same, PET fibers with
large diameters will degrade slower than those with small
diameters.
Additionally, the hydrolytic phenomenon in PET geosynthetics is
influenced by the surrounding environment.
(a) Temperature E f f e c t s - As with all degradation mechanisms in
polymeric materials the higher the temperature, the greater will be
the rate of reaction. This is also the case with hydrolytic reactions
of PET geosynthetic materials. One particular caution is that the
glass transition temperature of PET is approximately 70°C. At
temperatures above this value, the reaction rate of PET hydrolysis
will be greater than below.
(b) pH L e v e l - It is well known that high levels of alkalinity will
accelerate hydrolytic reaction rates in PET materials. (This might
also be the case for high levels of acidity, but to a much lesser
extent.) The hydrolytic process for alkaline hydrolysis involves
ester groups in the PET chain being attacked by an electron donor
group as illustrated below (Morrison and Boyd, 1974):
O

O-

O

II

I

I

R--C + OH- --~ R - - C - - O R ' --~ R - - C - + R'OH

I

OR'

I

OH

(45)

I

O

The hydroxide group (OH-) is an electron donor which directly
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reacts with an ester group (COOH). This reaction is essentially
irreversible, since the stable carboxylate anion (RCOO-) is
unlikely to react with an alcohol to reform the ester, i.e., chain
scission has occurred.
(e) Cation Effects in Alkaline L i q u i d s - An alkaline solution, say
pH = 12, can be obtained using various hydroxide compounds
with different cations, such as NaOH, KOH, Ca(OH)2, or
Mg(OH)2. Their effect on the rate of hydrolysis reactions varies.
Halse et al. (1987b, c) found that Ca(OH)2 has a greater effect on
the rate of the hydrolytic reaction than NaOH at the same pH
levels and temperatures.

4.4 Preventative and/or retardation of polymer degradation
The previous review of various polymer degradation mechanisms was
made on the basis of well established reactions and phenomena. The
polymer industry (resin suppliers, additive suppliers and manufacturers)
has made significant strides in preventing and/or retarding these
reactions and phenomena. Basic resins, additive packages and processing
aids have been the focus of considerable research and development. This
section will attempt to review some of these strides insofar as polyolefins
and polyesters are concerned.
(a) Regarding resin developments and modifications, the resistance
to degradation of all geosynthetic polymers is improved by
increasing the molecular weight. This has been the general
direction of polymers used for geosynthetics since their inception.
Additionally, the crystallinity of the resin could be increased to
offer further degradation resistance. One must recognize the
concerns of stress cracking in polyolefins of high crystallinity
which can be approached by other techniques, such as increased
tie molecules or use ofbi-modal molecular weight distributions.
Note, however, that there is a subtle balance between
molecular weight and crystallinity which is polymer dependent
and not easily achieved in light of processing and installation
considerations. Lastly, and for PET only, the preferred resin will
have a low CEG concentration so as to minimize the rate of
hydrolytic reactions.
(b) Regarding additive developments and modifications, there are a
number of polymer specific formulations. To inhibit oxidation
reactions in polyolefins one generally adds anti-oxidants (they are
really anti-radicals). The purpose is to combine the additive with
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the free radicals thereby preventing the initiation of the oxidation
reaction. This is sometimes referred to as 'scavenging' of the free
radicals. Also certain types of anti-oxidants will convert the highly
active ROOH group to a more stable compound thereby
preventing the propagation of the oxidation reaction. To minimize
hydrolytic reaction in PET, one can add stabilizers such as carbox
di (ionides) or ethylene oxides. The function of the stabilizers is to
convert the carboxyl end group to a nonacidic component.
However, under an acidic or alkaline environment, hydrolysis
will still take place, but it will proceed at a slower rate than for the
polymer with high CEG.
Metal deactivators can also be added to polyolefins in order to
chelate (surround) the metal ions and render them ineffective.
Lastly, carbon black is added to numerous geosynthetic polymer
formulations to act as a screening, or blocking agent, against
ultraviolet light degradation. Carbon black is critically important
for the polyolefins (PP more so than PE)~ and less of a concern for
PET. Obviously, for cases where the geosynthetic is to be soil
covered in a timely fashion, the benefit of the carbon black is only
for the exposure duration.
(c) Regarding processing developments and modifications it must be
recognized that a manufacturer is quite limited by production
equipment for a particular polymer system. Considerations of
quality control and production rates are of paramount importance.
There are additives included in the formulation, however,
specifically for processing reasons. For example, antioxidants are
added to all polymeric formulations to counteract the thermal
degradation which usually occurs during melting and extrusion.
Additionally, lubricants are added to assist in production and
uniformity of the final product. Note, that if the final product
warrants orientation (as with certain geogrids and geotextiles), the
materiaFs properties are enhanced insofar as degradation is
concerned.

4.5 Lifetime prediction methods
To predict the lifetime of a properly formulated, compounded and
manufactured geosynthetic material that has been properly designed,
installed and covered is very difficult, since its lifetime promises to be
exceptionally long. Current polymers from which geosynthetics are
made consist of very high molecular weight materials, which are
resistant to most degradation mechanisms (except heat and ultraviolet
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light, hence covering is absolutely necessary for long life. Furthermore,
the rates of oxidation and hydrolysis as just described are very slow. Just
how slow, i.e. a quantification of the time for a given amount of
degradation, is the subject of this section.
It should be further noted that by lifetime the 'end of functionality" is
meant for the engineering purpose that the geosynthetic was intended. In
this regard o n e s o m e t i m e s u s e s the 'half-life' of a particular property, e.g.
when the elongation reduces to 50% of its original value. Obviously, this
is quite subjective and ultimately the decision of the owner/engineer as to
what degree of degradation is acceptable.
Table 3 presents the various lifetime prediction techniques with some
commentary regarding each method. Each will be discussed, with
Arrhenius modeling being emphasized.
Stress limit testing is used exclusively by the buried gas pipe industry to
determine the safe internal gas pressure for a designated lifetime based
on ductile-type failures. Once this lifetime is reached in the field, the
pipelines are replaced. The test is a laboratory immersion test using
capped pipe in a constant temperature bath, usually at 23°C. As
individual failures of the pipe samples occur, the pressure (actually
converted to hoop stress) is plotted against time of failure, The data is
then extrapolated to a design lifetime for the allowable value of stress to
be used in the pipeline. The entire procedure has been standardized
internationally and is the essence of gas pipe acceptance and use. Of
course, known and controlled stress conditions for geosynthetics are very
subjective, hence the pi-ocedure is only of tutorial value.
The Rate Process Method was first used to evaluate HDPE pipe
performance and behavior. It is based on the ductile-to-brittle transition
of polyethylene under constant stress conditions (Halse et al., 1990).
Capped sections of pipe are pressurized and placed in constant
temperature baths at controlled elevated temperatures. The resulting
trends for each temperature evaluated are then curve fitted to the lower
value of site-specific temperature. Using this extrapolated curve, a design
lifetime is selected from which a maximum design stress is obtained. A
suitable factor-of-safety is then selected for the allowable stress. Since the
time required to obtain sufficient brittle failure data is very long, surface
active immersion agents and notched samples are sometimes used.
However, their relevance to site-specific studies is questioned. This
method can also be adapted to predict the lifetime of geosynthetic
materials (Halse et al., 1990), however, the relevance to site situations
would be difficult to assess due to various combined stress modes.
The Hoechst multiparameter approach is very intriguing (Koerner et al.,
1990). While it was developed for pipe, it has been suggested for

Capped pipe sections are
tested at various pressures
until failure occurs.

Capped pipe sections (either
as-received or notched)
tested at various pressures
and at elevated temperatures
until failure occurs.

Creep and stress relaxation
data are superimposed with
field strain values to estimate
lifetime.

High temperature incubation
under site specific
conditions, then use of curve
fitting to obtain equivalent
lifetime.

2. Rate Process Method

3. Hoechst Multiparameter
Approach

4. Arrhenius Modeling

Principle

1. Stress Limit Testing

Method

Table 3

• Applicable to geosynthetics
• Allows for complete
simulation of field conditions
• All polymers can be evaluated
• C a n possibly incorporate
seams

• Applicable to geosynthetics
• Challenges polymer in
numerous stress states
• Includes field data
• Can possibly incorporate
seams

• Can be adapted to
geosynthetics
• Results in ductile-brittle
transition curves at each
temperature
• Desired lifetime is prescribed
a n d allowable stress (with
FS) is obtained

• ISO. Dutch and ASTM have
standard test methods
• Results in design pressure
for a specific lifetime
• Factor-of-safety is applied
to the design pressure

Advantages

Lifetime Prediction Methods Used for Polymeric Materials

• Difficult test setup
• Assumes linear activation
energy
• Long test time required
• Data must be extrapolated

• Applied to H D P E only
• Requires considerable
laboratory data
• Monitoring field strains
is extremely difficult

• Relates to polyolefins only
• Requires curve fitting
(extrapolation) to obtain
a m b i e n t temperature data
• Accelerating wetting
liquid is sometimes used

• Used only for plastic pipe
• Must know stress state
a n d magnitude
• Failure times are very
long at ambient
temperature
• Data must be extrapolated

Disadvantages
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Fig. 9. Lifetime prediction methods for geosynthetic materials. (a) Hoechst multiparameter approach: (b) Arrhenius modeling approach.

geomembranes with a limited amount of information being available.
The technique consists of generating constant stress (creep) and constant
strain (stress relaxation) data for the HDPE material in question. Note
that families of curves from each test procedure are required. Using curve
fitting, the site-specific temperature responses are then obtained. Next,
the strain level in the field is obtained and matched to the equivalent
constant stress laboratory curve as shown in Fig. 9(a). The intersection of
the curves defines the minimum lifetime of the geomembrane. If,
however, stress relaxation can occur in the field, the lifetime is increased
to the limit of the brittle behavior of the material, i.e. to its maximum
lifetime. Hoechst has also incorporated a seaming factor into the
analysis. The procedure is worth serious consideration, but the amount
of data required is very large and difficult to obtain, e.g. field generated
strain values are essentially nonexistent.
Arrhenius modeling is the most widely accepted method for lifetime
prediction of polymers, (Koerner et al., 1990). It consists of simulated
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testing of the geosynthetic material under site-specific conditions of
stress, liquid, cover material, etc. Since the time for degradation to occur
will generally be prohibitively long, high temperatures are imposed on
the various test setups to accelerate the reactions. At elevated temperatures
the reactions will occur rapidly and the sample(s) can be periodically
removed and various properties can be evaluated. The choice of
properties to evaluate is enormous, see Table 4 for some possibilities.
The resulting response curve of change of property at each specific
temperature is plotted and usually a half-life of the property being
measured is selected. Using the reaction rate to achieve this half life (its
inverse value) allows for the plotting of a single point on an Arrhenius
graph, see Fig. 9(b). Repeating the entire procedure at two (or preferably
three) other elevated temperatures allows for a trend line to be
established. If this line is reasonably linear, the slope results in the value
of activation energy unique for the particular polymer, stress, liquid, etc.,
under investigation. This line is then projected down to the site-specific
temperature to find the reaction rate for the property in question. When
performed mathematically the equation is as follows:

RET
Eac,[ 1
e
~ - T-rr
RST

1]
T~T

(46)

where

RET = reaction rate at elevated temperature
RST = reaction rate at site temperature
Eact = activation energy
R
= gas constant
TET = elevated temperature
rsT = site temperature
The equivalent reaction at site specific temperature is multiplied by the
time of the elevated temperature test for the projected lifetime of the
material in question, i.e. time-temperature superposition has been used.
Using literature values for activation energy of HDPE, results in
projected lifetimes of 200 to 750 years, see Koerner et al., (1990).
4.6 Summary and research needs for polymer degradation, stabilization
and lifetime prediction

In this section an attempt has been made to tie together several
interrelated topics: polymer degradation, its stabilization and its lifetime
prediction. Since numerous resins and compounds are used in the
manufacture ofgeosynthetics only selected aspects were considered. For

Density
Hardness
Glass transition
Crystallinity
Loss/storage modulus (tan 6)

Molecular weight
Oxidative induction time
Oxygen absorption
Carbonyl index
Carboxyi end group

Physical properties

Chemical properties

P
P
P
P
n/a

P
S
n/a
P
P

P
P
P
P

PP

P
P
P
P
n/a

P
S
n/a
P
P

P
P
P
P

PE

P
n/a
S
S
P

P
S
P
P
P

P
P
P
P

PET

P
S
P
P
n/a

P
P
P
n/a
P

P
P
P
P

PVC

P
S
P
P
n/a

P
n/a
S
n/a
P

P
P
P
P

CSPE

P
P
S
n/a
n/a

p
S
P
n/a
P

p
p
P
p

PS

up = Primary method: S = secondary method: n/a = n o n a p p l i c a b l e method.
"Primary" and 'Secondary" suggest that the measurements are felt to be possible, but it does not imply or assume that the data will
necessarily conform to the Arrhenius model.

Strength
Elongation
Constant stress (Creep)
Constant strain (Relax.)

Test method

Mechanical properties

Category

Table 4
Possible Experimental Test Methods" to Evaluate Polymeric Degradation for Subsequent Use in Arrhenius Modeling (Koerner et al.,
1990)
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example, we emphasized oxidation of polyolefins and hydrolysis of
polyesters as being their principal degradation mechanisms. In so doing
it was assumed that the geosynthetic would be covered with soil in a
'timely fashion'. Research needs to be performed on quantifying
precisely how long is safe ultraviolet light exposure for each geosynthetic
material and polymer type. This clearly involves how much anti-oxidant
is consumed when considering polyolefin materials. Such studies would
undoubtedly involve accelerated weathering tests in a laboratory
weatherometer, e.g. carbon arc, xenon arc or ultraviolet fluorescent tube
devices. This, in turn, will bring on questions as to the relevancy of these
accelerated laboratory tests with equivalent real-life exposure. This area
of equivalency must be researched further so that accelerated testing can
be performed in a meaningful manner.
As with the above discussion, most degradation work to date has been
on one, or a few, individual mechanisms. The test samples are rarely
placed under stress of any kind much less the site-specific stresses which
are imposed to most geosynthetic materials. One simply does not know
what the effect of various types, and levels, of stress will be on
geosynthetic degradation. Such investigations must be forthcoming.
Regarding lifetime prediction, the Hoechst multiparameter technique
is very provocative and brings many discrete phenomena together.
Unfortunately, one required set of data for this technique is the field
strain of the material in question. While certainly it is possible to place
electronic strain gages on geosynthetics, it is clearly not common
practice. A data base is developing for geogrids and geotextiles, but the
literature is quite absent of anything on geomembranes, to which the
method is primarily focused.
It is probably better, at this point in time, to utilize Arrhenius modeling
for lifetime prediction. Here one can simulate site-specific liquid
exposure, stress states, or any other unique condition that may be
applicable. (Note that while anything is possible, it might become
impractical due to the complexity and expense of building the test
devices.) High temperature incubation will generate reactions and
measurable property changes will eventually result. From here, a wide
number of different physical, mechanical and chemical changes should
be evaluated. With time, and with a number of researchers doing such
tests, a few unique properties will be identified which are preferred to
track the degradation. The graphical representation of the degradation
response will allow for the determining of an activation energy which is
the key polymer property to predict lifetime. Knowing activation energies
under a variety of conditions should be a major goal of anyone doing
lifetime prediction research in geosynthetics.
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5 OTHER AREAS OF CONCERN
It would certainly be presumptuous of the authors to even suggest that
the three topics just discussed were the only ones of concern regarding
geosynthetic materials. In this section other areas where work is being, or
perhaps should be, undertaken are mentioned.
5.1 Ultraviolet light degradation
In the previous discussion on degradation ultraviolet light degradation
was dismissed on the basis of a timely soil covering of the geosynthetic.
Yet there are occasions where this is not possible. The most notable
examples are geomembrane lined surface impoundments, floating
reservoir covers, exposed geomembranes on masonry dams, exposed
geogrid or geotextile wrap-around retaining walls and geotextile silt
fences. In all cases, the ultraviolet exposure coupled with high
temperature will cause relatively rapid degradation in comparison to the
equivalent buried geosynthetic situation. The preferred manner of
evaluating the geosynthetic is by simulated outdoor exposure testing.
Due to the time and expense involved, however, many prefer accelerated
weatherometer testing in the carbon arc, xenon arc or ultraviolet
fluorescent light exposure test methods. Unfortunately, the correlation
between these accelerated test methods and actual weathering is quite
poor. While this is a formidable problem, work should be directed
toward this correlation.
In order to minimize ultraviolet degradation, carbon black is generally
incorporated into the polymer formation. Unfortunately, when exposed
to sunlight the black geosynthetic absorbs heat and thus a synergistic
heat and ultraviolet light situation is created. Far better, other things
being equal, is to use a light, or even white colored, geomembrane to
reduce the surface temperature (see Fig. l0 which presents laboratory test
data illustrating a 26°C difference in temperature from color difference
alone. In polymer formulations one generally adds titanium dioxide to
impart light colors to the final product). In this regard it is also possible to
laminate or coextrude a thin light-colored surface layer on a geomembrane with the bulk of the thickness being fabricated by traditional
formulations containing carbon black.
5.2 Interface friction and stability concerns
There have been several reported case histories of slope stability failures
particularly with multilayered liner slopes (Mitchell et al., 1990; Koerner
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and Hwu, 1991). While simulated laboratory testing methods of tensile
strength, direct shear and pullout are within the state-of-the-art, the
theoretical analysis is somewhat lacking. Most solutions continue to use
free body diagrams based on limit equilibrium analysis. In particular,
large deformation strain and viscoelastic considerations are generally
not evaluated. Clearly, finite element modeling is warranted and a major
effort should be directed in this area.
5.3 Installation considerations

The ability of manufacturers, within a factory controlled environment, to
make high quality geosynthetics far outstrips our ability to place, seam
and cover the same materials. Both construction quality control (CQC)
and construction quality assurance (CQA) lie at the heart of successful
geosynthetic installation. For example, Darilek et al. (1989) show that
85% of the leaks within 27 geomembrane lined reservoirs occurred at
seams or at other penetration locations. The best of designs, materials
and overall planning can readily be destroyed by poor workmanship
during the installation phase. The importance of proper CQC/CQA
simply cannot be overemphasized.

6 CONCLUSIONS
The paper has given the writers the opportunity of presenting and
describing three major issues of technical importance to owners and
designers of geosynthetic related systems. They are, in our opinion, the
major remaining technical obstacles to full acceptance of geosynthetics
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materials as replacement and/or complimentary engineering materials
to traditional materials. The three issues focused upon are the following:
• Assurance of long-term equilibrium flow conditions when using
geotextiles as filters, with emphasis on fine-grained soils and turbid
or microorganism laden permeating liquids. R e c o m m e n d e d at this
time are simulated, or accelerated, laboratory tests with site-specific
soils, liquids and the candidate geotextile.
• An understanding and quantification of creep and stress relaxation
in geosynthetics placed under stress. This applies mainly to
tensioned reinforcement materials like geotextiles and geogrids, but
also to geomembranes, geonets and geocomposites on a site-specific
basis. While creep testing is routinely performed (particularly for
geogrids), stress relaxation is rarely considered. The interplay
between creep and stress relaxation seems quite important from the
perspective of geosynthetic material's behavior.
• Durability and lifetime assessment concerns are important and
were evaluated from the perspective of various individual
degradation mechanisms. Of these, oxidation in polyolefins and
hydrolysis in polyesters were focused upon. A brief description of
the c o m m o n stabilization methods of minimizing these
mechanisms was offered. Lifetime prediction methods were also
reviewed, among which Arrhenius modeling appears to be most
significant in predicting geosynthetic lifetime.
Other technical challenges were also mentioned (ultraviolet degradation,
interface friction and stability, and installation concems) and work is
ongoing in each of these areas by many groups in the geosynthetics
community.
The concluding point to be made is that if an owner or designer selects
to challenge or even n o t to use geosynthetics for the technical issuesraised above, it is understandable. Even further, the geosynthetics
industry welcomes such challenges, because specific issues and directed
questions are the basis upon which tangible progress is made. It is not at
all unreasonable for an owner or designer to insist upon laboratory
filtration results, creep and stress relaxation data, or even warrants for a
guaranteed product's lifetime.
What is unreasonable, in the authors' opinion, is not to use
geosynthetics on the basis of unfamiliarity with polymeric materials, an
individual's nonuse in the past, some ill-conceived notion that a mutant
bug will consume the polymer, or even insurance and liability issues.
This last point should be emphasized. Geosynthetics are not new, nor
untried materials. One is not breaking new ground with the use of
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geosynthetics in a tremendous variety of applications. Thus prior
precedent has indeed been set.
Even further, it is the mandate of a design engineer to use the most cost
effective state-of-the-art material system at his, or her, disposal. We
submit to the reader that at this point in time the system will generally
involve the use of geosynthetic materials.
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