INTERNATIONAL SOCIETY FOR
SOIL MECHANICS AND
GEOTECHNICAL ENGINEERING

This paper was downloaded from the Online Library of
the International Society for Soil Mechanics and
Geotechnical Engineering (ISSMGE). The library is
available here:
https://www.issmge.org/publications/online-library
This is an open-access database that archives thousands
of papers published under the Auspices of the ISSMGE and
maintained by the Innovation and Development
Committee of ISSMGE.

Proceedings of the 16th International Conference on Soil Mechanics and Geotechnical Engineering
© 2005–2006 Millpress Science Publishers/IOS Press.
Published with Open Access under the Creative Commons BY-NC Licence by IOS Press.
doi:10.3233/978-1-61499-656-9-1909

Filter performance test for dams containing cracks
Essai de performance de filtre pour des barrages contenant des fissures
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ABSTRACT
A new test procedure has been developed to evaluate filter performance when both the filter and the core (base) material have been
cracked. This procedure allows the orientation of the crack to be horizontal or vertical, and accommodates flow in the horizontal and
vertical directions as well. The applied hydraulic gradient and the thickness of the crack can also be varied. Two apparatuses have
been constructed and tested. The smaller apparatus allows testing of truncated cylindrical test specimens that are 4" (10 cm) in
diameter by 8" (20 cm) long. The larger apparatus allows testing of specimens that are approximately 12" x 12" x 12" (30 cm x 30 cm
x 30 cm). An automated data acquisition system was developed to measure the pressures and flow rates through the test specimens as
well as obtaining a video record of the filter performance. Initial tests have shown that the current filter criteria used by the U.S.
Bureau of Reclamation, U.S. Army Corps of Engineers, and the National Resource Conservation Service provide filters that perform
reliably even when cracked at the start of flow.
RÉSUMÉ
Une nouvelle méthode d'essai a été développée pour évaluer l'exécution de filtre quand le filtre et le matériel (bas) de noyau ont été
fendus. Ce procédé permet à l'orientation de la fente d'être horizontale ou verticale, et s'adapte aussi bien à l'écoulement dans les
directions horizontales et verticales. Le gradient hydraulique appliqué et l'épaisseur de la fente peuvent également être changés. Deux
appareils ont été construits et testés. L'appareil plus petit permet l'essai des spécimens cylindriques tronqués d'essai qui sont 4"(10 cm)
de diamètre sur 8" (20 cm) de longueur. L'appareil plus grand permet l'essai des spécimens qui sont approximativement 12"x 12" x
12"(30 cm x 30 cm x 30 cm). Un système d'acquisition de données automatisé a été développé pour mesurer les pressions et les
débits par les spécimens d'essai aussi bien que pour obtenir un disque visuel de l'exécution de filtre. Les essais initiaux ont prouvé que
les critères courants de filtre employés par le U.S. Bureau de récupération, U.S. Corps d'armée des ingénieurs, et le service national de
conservation de ressource fournissent des filtres qui exécutent de manière fiable même lorsqu ils sont fendus au début de
l'écoulement.
1 INTRODUCTION
Filters perform an essential function in dams, protecting the
cores of zoned dams from erosion and piping. Terzaghi (1922),
and others more recently, pointed out that, to perform this
essential function, filters must possess the ability to:
• Restrain the particles within the protected soil (the base
soil), and
• Allow water to pass freely out of the base soil.
Terzaghi (1922) developed grain size criteria for granular
soils that satisfy these functions. Sherard and Dunnigan (1989)
modified these criteria for cohesive soils, and developed the
concept of "critical filters," that can prevent erosion even under
the severe condition where the base soil is cracked, and where
concentrated flow occurs through the crack.
In addition to grain size criteria that ensure restraint of the
base soil while allowing free passage of water, a filter must also
be graded so that the filter itself will not sustain a crack. To
ensure that filters will not support cracks, most current filter
gradation criteria require that no more than 5% of the filter
material should be finer than the #200 sieve, and that the fines
within the filter should be non-plastic. However, it is not clear
that this criterion is sufficient to ensure adequate performance
of filters when both the filter and the core are cracked prior to
flow being started, for example by deformations during an
earthquake.
A new filter test device has been constructed and tested that
allows investigation of the crack-preventing and crack-stopping
abilities of filters, and development and evaluation of criteria

that can be relied upon to ensure that the filter will perform its
essential functions, even when subjected to deformations that
cause cracks in the adjacent core.
1.1

Transverse Cracks in Dams

Transverse cracks in embankment dams can develop as a result
of post-construction settlement (Hsu 1981) or earthquake
deformations (USCOLD 1992). These cracks result from
differential settlements or deformations. A related and equally
serious problem can occur where settlements or earthquake induced deformations cause separation between an embankment
dam and an adjacent concrete structure.
Hsu (1981) reported that piping through settlement - induced
transverse cracks has occurred in Apishapa Dam (1923),
Stockton Dam (1950), Cougar Dam (1963), Round Butte Dam
(1964), Yard's Creek Dam (1963), Matahina Dam (1966), and
Viddalsvatn Dam (1971). In Yard's Creek Dam, Matahina Dam,
and Viddalsvatn Dam, the cracks extended through the filters as
well as the core, because the filters contained excessive amounts
of fines (Hsu 1981).
USCOLD (1992) reported two instances of transverse cracks
in dams resulting from earthquake deformations. Matahina Dam
(New Zealand) suffered settlements and cracking as a result of
the Magnitude 6.3 Edgecumbe Earthquake on May 2, 1987.
Trenching showed that the cracks were shallow, and that they
did not extend across the core. The trenching exposed a large
cavity which was thought to be related to earlier core cracking,
seepage and internal erosion. The rate of seepage through the
dam increased as a result of the earthquake. Austrian Dam
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(California) suffered deformations and cracking as a result of
the Magnitude 7.1 Loma Prieta earthquake on October 17, 1989.
A transverse crack was traced 30 ft down the left abutment, and
transverse cracking and separation of the embankment from the
spillway occurred to a depth of 23 ft on the right abutment.
Water levels in the embankment, measured in open well
piezometers, increased as a result of the earthquake, but the dam
was not breached.
1.2

Filters and Crack - Stoppers

It is commonly assumed that filters downstream of the cores in
dams will prevent erosion and piping through transverse cracks
in dams. This assumption is based on the concept that the filter
will be cohesionless, and that it will not support a crack.
However, as shown by observations at Yard's Creek, Matahina,
and Viddalsvatn Dams, this is not always the case.
The ability of a filter to provide a reliable line of defense
against erosion and piping depends on the cohesionless nature
of the filter material, and its own ability to collapse and not
support a crack. The same is true of upstream crack-stoppers -zones of sand upstream from the core, designed to wash into
and fill cracks. If they crack and do not wash into the crack in
the core, they will not perform their intended function.
2 PREVIOUS RESEARCH CONDUCTED ON EARTH
DAM FILTERS
2.1

There is a long history of research conducted on filter criteria
for earth dams. There are publications giving recommended
design parameters for filters as far back as 1910 (Hsu 1981).
However, the basis of the current form of filter design criteria
can be attributed to work done by Terzaghi in the 1920’s and
Casagrande in the 1930’s (Arulanandan and Perry 1983; Hsu
1981). It was recognized at that time that a filter must perform
two separate tasks:
(1) It must prevent the migration of the core or base material
into other zones of the dam, and
(2) It must possess a large enough hydraulic conductivity so
that excess pore pressures are not developed in the dam
and flow is channeled to the appropriate locations of the
dam.
The criteria that Terzaghi proposed, still in use in a similar
form today, was based on the gradation of the core or base soil
to be protected. In order to satisfy the first criterion shown
above, the following condition had to be met:
(1)

where D15F = grain size diameter of the filter where 15% by
weight of the soil particles are smaller in diameter, and d85B =
the grain size diameter where 85% of the base or core material
is smaller in diameter. In order to satisfy the second criterion,
Terzaghi suggested that:
D15F > 4•d15B

(2)

where d15B = the grain size diameter of the base or core where
15% by weight of the soil particles are smaller in diameter.
The first criterion provides a point on the gradation curve
representing the coarsest allowable filter, and the second
criterion provides a point on the gradation curve of the finest
allowable filter.
The original Terzaghi criteria have been subjected to close
scrutiny in the last 70 years. Laboratory tests and theoretical
analysis have examined the validity of his choice of grain sizes
and the minimum and maximum ratios of the two criteria
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The three major Federal organizations in the United States that
are involved in earth dam design are the U.S. Bureau of
Reclamation (USBR), the U.S. Army Corps of Engineers
(USACOE), and the Natural Resource Conservation Service
(NRCS, formerly the Soil Conservation Service). All of these
organizations use filter criteria based on the research performed
by Sherard and his colleagues.
3.1

USBR Method

The filter design method practiced by the USBR is outlined in
Design Standards-Embankment Dams: Chapter 5 Protective
Filters. This method is the same as that given in the NRCS
National Engineering Handbook Chapter 26 (Gradation Design
of Sand and Gravel Filters) aside from a few minor variations.
The procedure for selecting the upper particle size limit uses
the gradation curve obtained for the #4 fraction (<4.75 mm) of
the base soil. Based on the percentage passing the No. 200 sieve
(0.075 mm), the soil category, and the maximum value of D15f
for retention performance can be determined.
In order to ensure that the filter will have a permeability
significantly greater than the base soil, the following criterion
must be met:
D15F� 5•d15B

Gradation-based Filter Criteria

D15F < 4•d85B

3 CURRENT STATE OF PRACTICE

(3)

This criterion ensures that the filter will not clog, and that it
will have high enough permeability to carry the flow from the
base material without significant head loss (USBR 1994). The
minimum value of D15F allowed by the USBR procedure is 0.1
mm. In addition to these criteria, the filter should not contain
particles greater than 2" (51 mm) nor more than 5% of material
finer than the No. 200 sieve. Only non-plastic fines are allowed
in a filter.
3.2

USACOE and NRCS Methods

The USACOE follow the procedure outlined above with the
following differences:
• The Base Soil Category #4 is determined using the
scalped or "regraded" gradation curve as opposed to the
gradation curve determined for the entire base material.
• The minimum D15f allowed for the permeability criterion
ranges from 3•d15b to 5•d15b.
• The maximum allowable particle size for the filter is 3"
(76 mm).
The NRCS procedure is identical to the USACOE procedure
except the minimum D15f allowed for the permeability criterion
is 4•d15b.
4 FILTER CRITERIA RELATED TO CRACKING
Other than the constraint on the amount and plasticity
characteristics of the fines in the filter, there aren’t any criteria
that directly address the potential of the filter to sustain a crack.
Although cracking of filters is recognized to be important, only
qualitative procedures to deal with this issue are provided.
The USBR (1994) specifications state that: "…the saturated
filter should not be susceptible to internal cracking. Where finegrained filters are to be constructed adjacent to a clay or silt
zone, a second-stage filter may be necessary to preclude
cracking through the system and provide adequate flow
capacity. "
The NRCS (1994) guidelines suggest that: "Filters designed
either to protect against steady state seepage or internal erosion
through cracks are to be thick enough to compensate for
potential segregation and contamination of the filter zones

during construction. They must also be thick enough that cracks
cannot extend through the filter zone during any possible
differential movements. "
5 UNANSWERED QUESTIONS REGARDING FILTER
PERFORMANCE
Although the studies of filter behavior performed by Terzaghi
(1922), Sherard et al. (1984), and others have defined the basic
requirements for filters with respect to their restraint functions
and permeability characteristics, filters must be cohesionless
and self-healing if they are to be capable of stopping cracks and
concentrated leaks. While it is generally assumed that filters
designed to current criteria will not sustain cracks, case histories
have shown that this is sometimes not the case. The most
important unanswered questions about filter performance
concern their ability to resist formation of cracks or sinkholes,
and to stop leaks through adjacent cracked or distressed zones.
To address these concerns, a new test apparatus has been
developed to evaluate filter performance when both the filter
and the core (base) material have been cracked.
6 NEW FILTER TEST APPARATUS
The filter test devices constructed as part of this study contained
elements of both permeameter apparatuses and flume
apparatuses. The test specimen can be subjected to a pressurized
flow of water resulting in high hydraulic gradients, like a
permeameter apparatus, and the apparatus can accommodate a
relatively large test specimen; like a flume apparatus. Two filter
test devices were constructed and tested. Both were fabricated
of aluminum for reduced weight and corrosion resistance. The
first apparatus contained a test specimen that was a truncated
cylinder of 4" (10 cm) in diameter and 8" (20 cm) in height.
This apparatus was constructed to test filter materials having a
maximum grain size of 0.25" (6 mm) and crack widths up to
0.09" (2.3 mm). A cross section through the device is shown in
Figure 1, and a perspective sectioned view is shown in Figure 2.
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Figure 1 Schematic of basic filter test concept

The second apparatus contained a test specimen that was 12"
x 12" x 12" (30 cm x 30 cm x 30 cm), and was designed to test
filters having a maximum grain size of 1.5" (3.8 cm). The larger
device could test specimens with crack widths up to 1" (2.5 cm).
The basic technique employed in these tests was to perform
experiments wherein the specimens were subjected to flow of
water through the pre-formed cracks that extended through the
filter as wall as the base, and to determine by observation
whether the filter was able to collapse, close the crack, and
retain the base soil. In addition to the visual observation,
pressures and flow rates were measured as well.

Figure 2 Perspective section view of 4-inch test device

7 CRACK ORIENTATIONS AND FLOW DIRECTIONS
Tests were performed using two crack orientations (horizontal
and vertical) and two flow directions (horizontal and vertical). It
was found that these orientations had a significant effect on the
test results. Horizontal flow through a vertically oriented crack
represents perhaps the most likely field condition. Accordingly,
the major testing emphasis was placed on the results of tests
conducted for horizontal flow through a vertical crack.
In the 4-inch diameter filter test device, the boundary
conditions imposed on the test specimen did not allow for
meaningful results to be obtained for a vertical crack orientation
with horizontal flow, because a void formed at the top of the
specimen when the filter slumped, and water continued to flow
through this space even if the filter performed well. The 12-inch
device was constructed with a membrane that could be used to
apply pressure to the top of the test specimen, thus filling the
void created when the filter slumped. The membrane
incorporated in the 12-inch device maintained overburden
pressure on the base soil and filter, and resulted in closer
simulation of field conditions.
8 SOILS TYPES AND PARAMETERS TESTED
A variety of filter soils have been used in the filter test
apparatuses. These included filter soils obtained from Ochoco
Dam and Horsetooth Dam, as well as filters fabricated in the
laboratory using various rock and soil components. In all tests
conducted thus far, the base material used has been the core
material from Teton Dam compacted to 95% of the standard
Proctor (ASTM D 698) maximum density at a water content
near the optimum water content.
Many soil and testing parameters have been investigated.
These include:
• Fines contents of filter soils
• Plasticity of fines in filter soils
• Compaction water content of filter soils
• Density of filter soils
• Crack thickness
• Crack and flow orientation
9 EVALUATION OF FILTER TEST RESULTS
The evaluation of filter performance was accomplished visually
and by examination of the data collected from the transducers
during the test. The clear plastic side plate allowed observation
of the movement of the base and filter materials during a test,
and this was recorded using a digital movie camera. In addition,
the turbidity of the effluent of the filter test devices was
observed during the test. Filters that performed successfully
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slumped and filled the crack, and the effluent changed from
being very cloudy to clear. In filters that performed poorly, the
crack was sustained, and severe erosion was observed. The
effluent remained cloudy throughout the test.
The filter performance could also be assessed by examining
the pressure and flow rates of the water supply upstream of the
filter test device. Shown in Figure 3 is a plot of the flow rate
measured during a test conducted with the 4-inch test apparatus
for a test where the filter successfully restrained the base soil.
As the valve opened, the flow rate increased to a peak value,
since water was primarily flowing unimpeded through the
crack. As the filter slumped to fill the crack, the flow rate
decreased until it reached a very low value. It was found that the
process of erosion and clogging during the tests often occurred
episodically. As can be seen in Figure 3, there was evidence of a
tendency for increased flow rate and subsequent rapid decrease
in flow rate that is characteristic of these episodes of erosion,
clogging and retention of the base materials by the filter.
Figure 4 shows the upstream pressure measured during the
same test. The initial pressure for this test was about 4.8 psi (33
kPa). As the valve opened, the pressure immediately dropped
due to the high flow rate. As the filter slumped into the crack
and the flow rate decreased, the pressure increased until it
reached a value close to the original pressure.
0.030

Filter: Horsetooth Dam
Crack Width = 0.03 in
Fines Content = 0%
Relative Density =70%
Water Content = 10%

Flow rate (liter/sec)

0.025

0.020
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Bureau of Reclamation, and NRCS, the filter performed well
and successfully restrained the base material. Tests conducted
on filters having gradations coarser that allowed by the current
criteria did not successfully restrain the base material. In
addition, filters having plastic fines (up to 10% fines), which
exceeds both the amount of fines and plasticity characteristics
stated in the current criteria slumped to fill the initial crack and
successfully restrained the base material.
11 SUMMARY
A new test apparatus has been developed to evaluate filter
performance when both the filter and the core (base) material
have been cracked. This apparatus allows the orientation of the
crack to be horizontal or vertical, and accommodates flow in the
horizontal and vertical directions as well. The applied hydraulic
gradient and the thickness of the crack can be varied. Two
apparatuses have been constructed and tested. The smaller
apparatus allows testing of truncated cylindrical test specimens
that are 4" (10 cm) in diameter by 8" (20 cm) long. The larger
apparatus allows testing of specimens that are approximately
12" x 12" x 12" (30 cm x 30 cm x 30 cm).
An automated data acquisition system was developed to
measure the pressures and flow rates through the test specimens,
and to obtain a video record of the filter performance. Filter
performance was analyzed qualitatively by observing particle
movement and slumping of the filter material, the turbidity of
the effluent, and quantitatively by measuring the changes in
pressure and flow rate of the water source permeating through
the apparatus.
Initial tests have shown that the current filter criteria used by
the U.S. Bureau of Reclamation, U.S. Army Corps of
Engineers, and the National Resource Conservation Service
provide filters that perform reliably, even when cracked at the
start of flow.
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10 PRELIMINARY TEST RESULTS
To date, 27 tests have been conducted with the 4-inch device
and 11 tests have been conducted with the 12-inch device.
These tests were conducted for a variety of crack orientations
and flow directions, as well as for different filter materials. In
all of the tests conducted on filter materials which met the
current filter criteria used by the Army Corps of Engineers,
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