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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

U. S. customary units of measurement used in this report can be converted

to metric (SI) units as follows:

Multiply By To Obtain
cubic feet 0.02831685 cubic metres
cubic inches 16.38706 cubic centimetres
feet 0.3048 metres
gallons (U. S. liquid) 3.785412 cubic decimetres
inches 2.54 centimetres
pounds (force) 4.448222 newtons
pounds (force) per square foot 47.88026 pascals
pounds (force) per square inch 6894.757 pascals
pounds (mass) 0.4535924 kilograms
square feet 0.09290304 square metres
square inches 6.4516 square centimetres
tons (2000 pounds, mass) 907.1847 kilograms
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Background

EVALUATION OF THE EROSION POTENTIAL OF EMBANKMENT

CORE MATERIALS USING THE LABORATORY TRIAXIAL

EROSION TEST PROCEDURE

PART I: INTRODUCTION

1. The erosion of impervious core materials is an important problem in

Geotechnical Engineering.

One early description of a sudden and catastrophic

failure due to cracking and erosion occurred in 1864, when nearly a quarter

of the Dale Dyke Dam in England was breached.

The waters flooded parts of

the city of Sheffield to a depth of three meters and killed 250 people in

the most dcvastating dam failure ever to have occurred in Great Britain

(Smith, 1971).

A recent reminder of this problem was the failure of the

Teton Dam in ldaho which caused the loss of 11 lives, the loss of an 85

million dollar project and the lodging of over 400 million dollars in claims

for loss of private property (U. S. Bureau of Interior, 1977).
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2. Hsu (1981) in Table ! provides a list of 49 more dams which have
experienced erosion problems in the last 100 years; in 33 of those dams,
erosion occured through the embankment while in the remaining dams ero-
sion occured through the foundation. Fortunately, for most of these
dams, there was adequate warning and catastrophic damage was avoided by

lowering the reservoir water level and by performing remedial repairs.

Current State of Knowledge

3l Available field data: In the last decade, an increasing number

of case histories have heen presented in the literature describing em-
bankment dam seepage and erosion (Bertram, 1967; Sherard, 1973; USCOLD,
1975). Table 2 summarizes these and other field observations of dams
which have experienced erosion problems and provides useful guantitative

design values.

4. As may be seen in Table 2, measurements of the volume of leakage
flow as a function of time are usually available. In many cases, erosion
problems are first detected by noticing rapid increases in leakage flows
and/or the appearance of longitudinal cracks or crater like depressions
at the crest of a dam. In most cases, these observations provided ade-
quate warning time to perform remedial work to prevent breaching of the

dam.

5. However, there is almost a complete lack of data describing the
rate at which solids are removed from an eroding dam. As may be seen in
Table 2, it is common to find expressions such as "dirty leakage"”, or

"from clear to chocolate milk" as the only available data describing the
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amount of solids being washed out from the core of a dam. Also, there

is very little information on the size of the erosion channel.

6. The authors recognize that there is great difficulty in (1) ob-
taining measurements of the amount of solids being eroded from a dam and
(2) obtaining the size of an erosion channel. However, the availability
of this type of quantitative information is critical if we are to im-
prove our present design criteria to prevent erosion from occurring. The
following paragraphs summarize the current design philosophy on cracking,

erosion, and the protection of emiankment dam core materials.

7. Cracking and erosion: Based upon the field observations men-
tioned above, investigators have concluded that it is possible that core
materials will crack regardless of design provisions. In general,
cracks are caused by differential settlement between the compressible
core and the stiffer shell material (load transfer) and/or the opening
of 8 crack due to the fluid pressure of the reservnir water (hydraulic

fracture).

8. It is also currentl]y assumed that for cohesionless materials
(such as filter materials) cracks will collapse upon saturstion. In co-
hesive materials, however, the cracks may remain open due to the un-
drained strength of the material (Vaughan, 1976). Pressurized water
from the reservoir may flow through these cracks and cause concentrated
leaks to appear downstream. It is this concentrated flow which has led
to the erosion ¢f core and transition materials in a2 number of dams. At

present, the "safe" assumptions to make in the design of an embankment




dam are: "Regardless of the design considerations involved, it is pos-
sible that the embankment dam material will crack" (Sherard, 1973), and
i some erosion will occur from the walls of a crack with water flow-
ing through it..." (Vaughan, 1976). Therefore, a filter is assumed to
be necessary to protect core material. Presently, filter design cri-
teria are based on the grain-size characteristics of core, filter and
shell materials. Table 3 presents a 1list of design criteria as summa-
rized by Hsu (1Y81). Filters, however, are costly to install and main-

tain which makes their use oftentimes unfeasible, especially for small

dams such as those associated with small agricultural projects.

Requirements of a Successful Erosion Test Methodology

9. Based upon field observations and the present state of knowledge
of erosion in dams, investigators have concluded that the following fac-
ters correlate with the incidence of erosion failures (Aitchison and

Woods, 1965; Sherard, 1976; Parkin, 1976):

* Kapid reservoir filling

* The presence of cracks and discontinuities
* Compaction on the dry side of optimum

* Low ion concentration of the eroding fluid

* A high concentration of sodium ions in the soil pore water

10. Any laboratory test must take into account these factors as well
as model 1) the state of stress, and Z) the hydraulic conditions under

which embankment dam erosion occurs.

..
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11. Further, an erosion test should be able to model the behavior of
flow through cracked core material into soil filters. Such tests are
important because filters designed using the criteria presented in Table 3 for
intact core material have sometimes failed to prevent erosion damage when
cracks have developed. These filter criteria presented in Table 3 were gener-
ally developed from tests un uncracked base materials, Therefore, the need to
develop filter criteria based on laboratory tests which use soils with
open cracks has been recognized (Sherard, 1977; Vaughan, 1978; Gori bel-

lo and Lei Lam, 1979; Ofegbu, 1981).

Limitations of Existing Test Methods

12. The previous discussion suggests that the following two charac-
teristics must be combined to properly model the erosion behavior of

cracked embankment core materials in the laboratory:

* The phvsical and chemical characteristics of the soil and of

the eroding fiuid.

* The insitu state of stress and hydraulic conditions acting

on the cracked soil.

13. An indepth review of equipment and procedures available to study
tiie erosion potential of clays, prepared by Perry (1975), provided in-
formation that showed that few if any current testing procedures suc-
cassfully combine both of these testing requirements. In general, this
review showed that there are basically four classes of test equipment
and methodologies used to measure the erosion potential of soil materi-

als. These include: 1) the pinhole test and the similar, phvsical ero-

10
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sion test {PET), 2) the rotating cylinder test, 3) the flume test, and E
4) the hollow cylinder test. These existing procedures do not adequate-
ly model the insitu state of stress, the effectiveness of filters, or

the mechanisms of flow through a crack as described in Table 4.

Purpose of the Triaxial Erosion Test

14. To minimize the limitations discussed previously, a criaxial

; erosion test was developed by the authors (Sanchez and Silver, 1982)
based on the physical model presented below. Subsequent sections de-

) scribe this laboratory triaxial erosion test methodology and present the
results of tests performed on typical embankment dam materials using

this test method.

Mode! of the Phvsical Problem

15. The physical conditions in an embankment dam during first fill-
ing are presented diagrammatically in Figure la. If a transverse crack
exists in the core, it will be under a state of stress as shown in Fig-

ure lb. The total vertical stress, o will tend to close the crack
vhile the total horizontal stress, oh , will tend to keep the crack open.

The magnitude of both the vertical and horizontal stress is influenced
by load transfer (arching) caused by differential settlement between the
shell 4nd the core. The compacted soil element is initially in a par-

tially saturated state under these total stress conditions.

16. As the reservoir is filled, a water force, u, will act on the

upstream side of the crack. The water pressure acting on the downstream

AT IGbas 1. o e e o
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side of the crack will be zero. The resulting pressure head, h, along

the length of the crack, 1e , aund the gradient , h/le, wilil tend to

keep the crack open and cause water to flow through the crack. It is

this flow that can erode material from the surface of the crack.

\

17. Based on the physical characteristics described above, the main
parameter required for the study of erosion from a cracked core material
is the erosion rate, f (defined as the weight lost per unit area of
crack per unit time) as a function of the fluid shearing stress, t, ap-
plied to the surface of the crack. Further, to better understand why
soils erode and to be able to quantitatively determine the amount of ma-
terial that will be eroded from a dam, it is important to understand how

the erosion rate. £, is affected by changes in the following variables:

¢ goll compaction water content and dry density

* crack dimensions, surface roughness, and tcrtuosity
* confining pressure,

* eroding fluid gradients, and

* the chemistry becth of the pore and eroding fluid

18. Two of these factors were investigated using the test equip-
ment and procedures described in dstail elsewhere (Sanchez and Silver,

1982) and summarized in the following sections.

12
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PART II: TRIAXIAL EROSION TEST METHODOLOGY

Description of the Testing Equipment

19. The components of the testing equipment are pictured and sche-
matically represented in Figures 2 and 3. The following paragraphs

briefly describe the triaxial erosion test equipment:

20. Triaxial Cell: The test is performed in a standard triaxial

cell with an enlarged drainage svstem and modified top and bottom pla-

tens. Pictures of the top and bottom platens are provided in Figure 4.

21. Water Supply System: Three 8 liter ( 2 gal.)*capacity cylindri-

cal pressure tsnks were independently controlled to provide a continuous
high rate of flow to the triaxial specimen at a desired constant pres-

sure head.

22. Effluent Beakers: Effluent containing eroded particles flowing

out of the specimen was collected and volumetrically measured in 2000 ml
and 4000 ml capacity graduated beakers. The weight of the solids eroded
was determined by decanting the fluid from the beakers and then drving
and weighing the solid residue. A screen equivalent in size to a No.lC
sieve was mounted on the bottom platen of the triaxial cell to help sup-
port the specimen. The maximum particle size of 4all specimens tested
was smaller than the No.10 sieve, so0 therefore the bottom platen screen

did not iuterfere witk the erosion of particles.

23. Compactior Mold: A split compaction mold 7.1 em in diameter and

15.5 cm in height was used to form specimens. A forming nozzle, having

% A table of factors for zcuverting U. S. customary units of measurement
to metric (SI) uaics is presented on page 5.

13
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the exact same shape as the injecting flow nozzle in the top platen
(Fig.4), was attached to the bottom plate of the mold. This bottom

plate and the forming nozzle were both slotted to permit insertion of a

thin blade (2.3 cm wide by 0.2 cm thick) to form the crack. This forming blade

was mounted on the head of a specimen extruding jack as shown in Figure

5: the

blade was jacked up slowly in increments, to avoid splitting the specimen,

through the slotted bottom plate of the mold and through the specimen.

process an erosion channel having known dimensions was formed in the spe

Test Procedure

24. The tests were performed using standard triaxial specimens which
were compacted in the special mold described above. A triangular orif-
ice was molded into one end of the specimen by the forming nozzle. This
orifice directed the flow of water through the specimen and prevented
the flow of water around the circumference of the specimen or between
the specimen and the confining membrane. The compaction procedure, de-
scribed in detail by Silver (1976). wds used to minimize specimen prepa-
ration effects on soil behavior; the method consists of tamping moist
soil in layers (3 lavers for this investigation) with each layer com-
pacted to a prescribed dry density. The procedure maokes corrections for
the fact that in compacting a material in layers, each succeeding layer

densifies the material in the layers below.

25.  After all the layers were compacted,the forming blade was
jackede-up through the specimen to preform a flow channel for the eroding
fluid. The specimen was then placed inside the triaxial cell and the

specimen was surrounded by & triaxial membrane so that both axial and

14

By this

cimen.
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lateral confining pressures could be applied to simulate an insitu

stress condition (Fig. 1). Hyaraulic flow was modeled by allowing water

to flow from the top to the bottom of the specimen. Distilled water was used
for all erosion tests except for a limited number of tests conducted to study
the effect of eroding fluid concentration (see paragraphs 70-71). The hydrau-
lic pressure was held constant at the top of the specimen using the large
volume, pressurized reservoirs described previously; the hydraulic pressure

at the end of the outflow line was maintained at atmospheric pressure (Fig. 3).
This laboratory test therefore modeled both the stress and flow conditions

presented in Figure 1.

15




PART I111: TEST PROGRAM

Objectives of this Study

26. The need to understand how various factors contribute to internal
erosion or piping failure of a cracked core in an embankment dam has
;ong been recognized. However, many independent and related factors in-
fluence erosion test results. Therefore, the scope of this report was
limited to an evaluation of the influence of the following important

factors within the range of values given in Table 5:
* Compaction water content and dry density
* Tonic concentration of the eroding fluid

27. To minimize the number of variables, the initial slot dimensions
of 2.2 cm wide by 0.2 cm thick, a confining cell pressure of 98 kPa
(14.2 psi), and a hvdraulic head of 12 kPa (1.75 psi) equal to a hvdrau-
lic gradient of 10, were all kept constant for this investigation. The
effect of hydraulic gradient on erosion values measured in the test was

described in detail by Sanchez and Silver (1982)., Varying the hydraulic

gradient over the range 17 to 75 was found to have little effect on the erosion

rate of materials of the type studird in this test program.

26. Ip addition, this investigation studied the validity of assump-
tions made to model the physical processes occuring in the triaxial ero-
sion test. The investigation also determined the possibility of using
this test method in evaluating the performance of filters for the pro-

tection of cracked fine-grained soils.

16
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Description of the Materials Tested

29. The study consisted of a series of triaxial erosion tests per-
formed on five embankment dam core materials, designated A,B,C,D, and E.
These materials represent a wide range of soil types, from a moderately
plastic clay to a silt, as may be seem from their index properties list-
ed in Table 6. Material E is a slightly clayey silt from the core of

the Teton Dam. Figures 6 through 10 show the grain size and compaction

characteristics for these materials.

30. Recent research (Arulanandan et.al., 1976) suggests that mechan-
ical index properties, such as those given in Table 6, seem to have lit-
tle or no relation to the erosion behavior of soils. However, it has
been extensively reported in both the Soil Science and Geotechnical En-
gineering literature that the chemistry of the soil pore water may give
a better indication of the soil erosion characteristics. Table 7 pres-
ents the results of pore water chemistry tests for Materials A through
E. These results can be used to compare the qualitative erosion behavior
predicted by identification charts given in the literature (e.g. Sherard
et.al., 1976) to the quantitative values obtained in this investigation.

Appendix C describes the procedure for obtaining soil pore water ex-

tracts.

17
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PART IV: METHOD OF DATA COLLECTION

31. Data obtained for each test included 1) a description of the
physical characteristics of the erosion test specimen both before and
after the test, 2) the hydraulic parameters of the test system, 3) the
quantity of fluid flowing through the specimen as a function of time,
and 4) the amount of solid material eroded from the specimen as a func-
tion of time. Methods used to obtain and calculate these values are de-

scribed in more detail in the following paragraphs.

Specimen Characteristics

32. Atterberg Limit tests, hydrometer tests and compaction tests were
performed on all materials tested. Initial specimen density was deter-
mined using measurements taken w;th a Pi-tape and a scale, and by weigh-
ing the specimen. Specimen height changes were monitored during each
erosion test using a dial gage attached to the loading rod of the triax-
ial cell. After the test, the shape of the eroded crack was qualita-
tively described. The dimensions of the specimen were again measured

and the specimen was oven dried and weighed to determine its final

weight.

Erosion Test Parameters

33. Test parameters measured and monitored during the erosion test
included: 1) fluid pressure at the top of the specimen; 2) volume of
eroded fluid and solids as functions of time; and 3) height change of
the specimen. Both cell pressure and head water pressure were measured

to an accuracy of 35 kPa i0.7 psi). Tne volumd of the eroded fluid was

18
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recorded to an accuracy of 50 ml. Time was measured to the nearest 0.0}
min and dry weight of the eroded solids was recorded to the nearest 0.01

gram.

34. Prior to the test, the confining cell pressure and water supply
head pressure were read with a calibrated gage or pressure transducer.
During the test, flow into the effluent receiving beakers was continu-
ously timed at flow intervals of between 400 and 500 ml. The time was
recorded when a beaker was filled to capacity with fluid and eroded ma-

terial, and the next beaker began to fill.

35. The test parameters described above were used to determine the
relationship between material properties, hydraulic parameters, and the
time rate of material erosion. Typical data showing these relationships

is presented in subsequent sections.
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PART V: METHOD OF DATA ANALYSIS

36. Data from each erosion test was analyzed to obtain values of the ero~
sion rate, ¢ (defined as the weight lost per unit cross~sectional area of the
crack per unit time) as a function of the eroding fluid shear stress, 1 . To
obtain these parameters, calculations were first made to determine the varia-

tions of erosion weight loss versus time (g/min) and the quantity of flow

passing through the crack versus time (cm3/m1n).

37. Computation of Hydraulic Gradient: The hydraulic pressure at

the end of the outflow line was maintained at atmospheric pressure.

Therefore, the hydraulic gradient was:

h=hy (1)

where:
i = hydraulic gradient;
h = head of water applied to the top of the specimen in me-
ters;
hb = head of water applied at the end of the outflow line
{equal to zero in this study)
: le = eroded crack length in meters (obtained by subtracting
!
; the nozzle height from the final height of the specimen).
20
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i 38. Initial Crack Cross-Section: It was assumed that 1) the initial

o cross-sectional area of the crack, A , and 2) the cross-sectional

area of the crack after confining pressure was applied to the specimen,

but before initiating the flow, Ax (0), were equivalent and equal to

the cross-sectional area of the blade forming the crack (Fig. 1b):

Ax = Ax (0) =d *w (2)

where:

Ax = initial cross-sectional area of the crack, equal to the

cross-sectional area of the forming blade;

Ax (0) = crack cross-sectional area at time equal to zero,

after application of confining pressure;
d = thickness of the forming biade and of the crack;
w = width of the forming blade and of the crack.

This assumption implies that there was little if any closure of the

crack as a result of applying the confining pressure.

! 39. Variation of Cross-Sectional Area with Time: To compute erosion
; rates and fluid shear stresses, numerical values for <tue surface area
and cross-sectiona. area of the crack were required as a function of
time. Assumptions .ere required to compute these areas as no direct
measurement could be made during the test. One of these assumptions was

made based on the observaricn thar 2:ter tne completion of a test, the
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erosion surface did not vary significantly along the length cf the
crack. For this condition, the variation of the cross-sectional area of

the crack, Ax (t), with time can be shown to be (Sanchez and Silver,

1982):
Pet (3)
Ax (v) = , + Ax (0)
Pl
where:
A (t) = cross-sectional area of crack as a function of

X

time in cm? :

P = slope of cumulative dry weight eroded versus time plot in

g/min:
t = time in minutes;
p = dry density of specimen in g/cm® ;

1e = eroded length of the specimen at the end of the test in

cm; and

A {0) = cross-sectional area at t = 0 in cm®.

40. The eroded length of the specimen, 1e (equal to the initijal

height of the specimen minus the nozzle length and the final vertical
dial gauge reading) was regarded as a constant since it varied less than

! about 0.2 cm during any test.
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41. Variation of Erosional Surface Area: After the cross-secticnal

area was computed, the wetted perimeter of the erosion channel, and
hence the erosional surface area was calculated. Observations made at
the end of a test irdicated that in zimost all cases the final eroded
shape was roughly elliptical. However, for this report it was assumed
that the crack enlarged in a rectaugular fashion, as shown in Figure 1.
The rectangle was assumed to have a constant width equal to the width of
the slot-forming blade; only the thickness was assumed to vary with time
to account for the soil volume being eroded. Using this assumption, the

erosional surface area as a function of time, Aq (t), can be shown to

o

be equal to:

A_ (t)

2| Ax (t)/w +w] e le (%)

where:

erosional surface area of crack as a function of

As (t)

time in cm® ;
w = width of the forming blade and of the crack in cm; and

1e = eroded length of the specimen at the end of test in cm.

42. In Appendix D, other assumptions were made for the time rate of
change of the shape of the erosion channel. Results of analyses assum-
ing a constant width elliptical erosion chaunel and & variable width el-
liptical erosion channe! were compared to the constant width rectangular

shape assumption presented ir Equatic: -. These analyses indicated that
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using the simple rectangular assumption resulted in erosion channel size
parameters within % 15% of the possibly more accurate elliptical erosion
channel size parameters. This small difference was felt to be insignif-

icant for the purposes of this study.

43, Eroding Fluid Shear Stress: The flow through the crack was ana-

lyzed as a closed channel pipe flow. Reynold's numbers were calculated
and in al] cases they were less than about 2000 indicating laminar flow.
Assuming that laminar flow did indeed occur. the fluid shear stress, 1,

was derived as (John and Haberman, 1971):

vV (5)

Dh 14

where:

1 = fluid shear stress in N/m? ;
V' = average fluid velocity | equal to Q/Ax (t)] in cm/min ;
¥ = viscosity of water in N ¢ sec/m? ;

Dh = hydraulic diameter of the crack in cm ; equal to

4 Ax t) (6)

As (t)/le
{ = conversion factor equal to 60 sec/min ; and

v = flow parameter (equal to 12 for this study).
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44. Appendix E presents detailed results of a series of hydraulic ex-
periments performed to check the validity of the assumption that flow
through the erosion channel was laminar. These experiments showed that
some flow separation could be introduced into the flow at the abrupt
transition between the narrow injecting flow nozzle and the rapidly en-

larging flow channel.

45. An analysis of this flow separation indicated that the equations
for laminar shear stress were still applicable if the value of the shear
stress was increased (Olson, 1980). Thus, the value of the flow parame-
ter, ¥, in Equation 5 was increased by 30% over its average laminar val-
ue of 9.3 to an adjusted value of 12 to account for this possible flow

separation. Appendix E presents more details of this analysis.

46. Erosion Rate: The erosion rate, &£, was computed as:

P (7)

where:
£ = erosion rate g/(cm? * min) ;

P = slope of cumulative weight eroded versus time curve (g/

min) :

A_ () = erosional surface area of crack in cm?.




.

47. Solids Eroded as a Function of Volume of Flow: The literature

suggests that estimates of the amount of erosion occurring through the
core of a dam may be obtained from field measurements of the weight of
solids and the volume of water flowing from the aam (Bertram, 1967;
Kjaernsli and Torblaa, 1968). For comparison with these published val-
ues, an erosion factor, S, was defined and calculated as the dry weight

of solids eroded divided by the volume of water collected.

48. Percent of Weight Erosion per Unit Time: Another useful value

that may be used to compare the results of this investigation to the re-
sults cbtrained by others is the percent erosion per unit time, a. This

value is defined as follows:

P * 100% (8)

W,
i

where:

Q
"

the percent erosion per unit *ime in percent/min ;
P P

P = slope of cumulative dry weight eroded versus time plot in

g/min: and

Wi = Dry weight of the specimen at the beginning of a test

in grams.
It should be noted that a similar erosion quantity is often given in the
literature. That quantity is simply called "Percent Erosion" and is de-

fined as the cumulative weight of material eroded divided by the initial
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weight of the specimen, wi (e.g. Lewis and Schmidt, 1977). It may be

seen that "Percent Erosion' does not include the effect of test dura-
tion. 1t therefore has limited use in quantifying erosion, unless all

specimens are tested for the same amount of time.
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PART VI: PRESENTATION OF DATA

49. The results of typical triaxial erosion tests for specimens of
different embankment core material types are shown in Figures 11 through
15. These figures correlate speciﬁen characteristics and experimental
values measured in the erosjon test. These experimental values include
the cumulative volume of flow and the cumulative weight of solids eroded
from the walls of the crack, both as functions of time. Plotted in each
figure are typical results for a silt (high erodibility) and for a clay

(low erodibility) to indicate the range of values measured in the test-

ing p.ogram.

50. For example, Figure 11 gives the form of test results showing
the volume of fluid flowing through a crack as a function of time. This
straight line relationship. with a small range of variation in all
tests, indicates that the flow rate is constant under any zpplied con-
stant gradient. The slope of this line which is the flow rate, Q
(cm’/min). has been computed by linear regression for each test and is

given in Table 8.

S1. Figure 12 shows tvpical results giving the cumulative dry weight
of solids eroded from the walls of the crack as a function of time.
This relationship in all tests was also found to be linear. The slope,
denoted by P (g/min), for each test was computed and is 8lso shown in
Table 8. Values for P were high for the silt core materials and lower

for the clay core materials.
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52. Typical plots of the cumulative dry weight of solids eroded as &
function of volume of flow are shown in Figure 13. The slopes of these
lines, the erosion factor, S (ppm), presents a useful quantity that has
been cited in dam literature to provide a quantitative value for the
amount of erosion measured in the field. It is thus useful to relate
field measurements, in terms of embankment material characteristics and
estimates of the crack dimensions, to results of laboratory tests to
provide criteria for the evaluation of cracking and erosion in existing
and future dams. These test results found high values of S for the silt

core materials and lower values of S for clay core materials.

53. Figure 14 presents typical plots of cumulative weight of solids
eroded per unit area of crack surface as a function of time. This data
may be used with Equation 7 to calculate the erosion rate, &#. Higher
erosion values were measured for silt core materials than for clay core

materials.

54. Figure 15 plots typical curves of erosion rate, $#, as a function
of the fluid shear stress, t. Typical computations for these quantities
are shown in Table 9. Note that both the fluid shear stress and the
erosion rate were highest at the beginning of a test and decreased with

time which on these plots increases towards the left of the figure.

55. Detailed test results of the form presented above for all speci-
mens tested are given in Appendix A. Note that the plots presented in

Appendix A that involve measurements of the volume of flow are drawn to

two different scales because flow quantities before failure (when the speci-

mea caved in at a severely eroded point on the sample surface) were about ten

times smaller for silt specimens than for clay specimens.
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56. Table 8 summarizes the results in Appendix A by presenting spec-
imen measurements and test values for the flow rate, Q, the rate of
weight erosion, P, and the ratio of solids eroded to the volume of flow,
S, at any time t. It may be noted that these values of Q, P, and S were
obtained without making any assumption about the shape of the erosion
channel. Therefore, these values provide comparative data with which to
relate results obtained from this test method with results obtained from
other laboratory and field test methods that do not include measurements

of the erosional surface area.

57. An interesting hypothesis may be made based upon the results giv-
en in Appendix A by noting that the erosion rate asymptotically ap-
proached a constant value as the fluid shear stress increased. There-
fore, the erosion rate at which the slope of the erosion rate versus
fluid shear stress curve was a minimum, was defined as '"the maximum ero-
sion rate' for each specimen. It should be noted that the maximum ero-

sion rate will vary from one specimen to another depending on the com-

paction and eroding fluid used to test the material. Typical values of
the maximum erosion rate, émax , are shown in Figure 15 and given in
Table 8. 1t should also be noted that this maximum erosion rate value

is a simple constant which takes into account the erosional surface
area. Therefore, the maximum erosion rate provides a better method of
quantifying erosion than other parameters which do not include the ero-
sional surface area such as percent erosion, percent erosion per unit
time (a}, and the ratio of solids to volume of fluid factor (S). Appen-
dix T presents a possible method in which the maximum erosion rate pa-

rameter may be used for design.
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PART VII: TEST RESULTS ON VARIABLES STUDIED

58. The effect of material and fluid parameters (including molding
water content, dry density, and eroding fluid ionic concentration) on
the erosion potential of a wide range of embankment core material types
was investigated. Detailed test results are reported for Material B
vhich was a slightly silty clay, and for materials D and E which were

slightly clayey silts.

59. Two more materials, A and C, were also tested in this experimen-
tal program. The results of tests perfurmed on Materials A and C are
presented in Table 10. Material A was a clay, while Material C was a
sandy clay. When tested, Material A exhibited extremely high resistance
to erosion. For example, after 5 hours in the triaxial erosion test ap-
paratus, less than 7 grams of solids were eroded from Material A speci-
mens. On the other hand, for materials B, D, and E, between 35 and 133
grams of solids were eroded from the specimens within 30 minutes after
the beginning of a test. This large difference in the ercsion charac-
teristics of Material A as compared to the other materials tested may he
also observed by comparing the maximum erosion rate values measured for
each material. The maximum erosion rate for Material A was only 0.0004
g/min-cm?® ., whereas the maximum erosion rate values ranged from a mini-
mum of 0.0} g/min-cm® for Material B to a maximum value of about 0.35
g/min-cm? for Material D or E. Thus, further tests with Material A were

not performed.

60. Tests were also performed on a sandy clsy, Material C, but the

flow rate during a typical test decreased rapidly from the usual average
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of about 500 cm®/min to a low value of only 100 cm®/min. Almost no
weight erosion took place at this very low flow rate. It was observed
that the high percentage of sand particles (32% coarser than the No.200
sievei in this material was causing the crack to clog up. Therefore,
additional tests were performed on Material C to study the effect of re-
moving some sand from the material. It was found that the flow rate and
thus erosion increased when material greater than the No.50 <ieve (23%

retained) was removed.

61. Further tests are needed to determine whether the sand particles
in Material C actually caused the crack to seal internally, or whether
the sand particles were being lodged on dead areas of the bottom platen

of the apparatus, as described in Appendix E.

62. The use of an upstream sandy filter has been recommended by dam
consultants for many vears (Wilson and Marsal, 1979). Test results on
Material C suggests that such filters might have been effective in pre-
venting total failure in dams which had cracking problems. The behavior
of Material C sﬁggests that if enough sand particles are washed into a

crack, the crack will ciog resuiting in reduced seepage and erosion.

63. The erosion ratc versus shear stress curves presented in Appen-
dix A have been summarized in Appendix B for each material tested to
show the effects of molding water content, dry density, and eroding flu-
id ionic concentration on erosion. A listing of the specimens tested
and additional computations performed to observe these effects have also

been provided in Appendix B.
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64. Molding Water Content: From the data in Appendix B the effect

of specimen molding water content on the erosion characteristics of typ-

ical embankment core materials was investigated.

65. Figure 16 shows the effect of molding water content on the maxi-

mum erosion rate, imax , for Materials B, D, and E. Figure 17 shows

the effect of molding water content on another erosion parameter, per-
cent erosion per unit time ( @ ). This quantity provides comparative
data between the triaxial erosion test and other laboratory test methods

that do not take into account the erosional surface area.

66. A comparison of the data presented in Figures 16 and 17 shows
that the molding water content has a large influence on the erosion of

silt materials (Materials D and E). This effect, however, is less pro-

nounced for clay materials (Material B). These results suggest that close

control of the compaction water content during construction (if feasible from

a practical viewpoint) may minimize the erosion potential of silt but not clay.

67. Dry Density: The effect of specimen dzy density on the erodi-
bility of typical cmbankment core materials was also invest.gated using

the data in Appendix B.
68. Figure 18 shows the effect of specimen dry density on the maxi-
mum erosion rate, €rax ° for Meteriais B, D, and E compacted at the

optimum moistuie content. Another indication of the effect of specimen
dry density on erosion for these materials is presented on Figure 14

which plots percent erosion per unit time, a.
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69. Both of these figures show that there is little effect of dry
density on erosion for silt specimens compacted at the optimum molding
water content. However, the clay material (Material B) was more eroda-

ble as the density decreased.

70. Evoding Fluid Concentration: The effect of the ionic concentra-

tion of the eroding fluid on the erodibility of a clay, Material b, and
of a silt, Materiai E, was also investigated. Two ion concentrations
were used (3 meq/l and 6 meq/l). These concentrations values are within
the range of typical reservoir waters. The 3 meq/l solution used in the
study was tap water with 2/3 calcium ions, 1/3 magnesium ions and a
trace of sodium. The 6 meq/] concentration was prepared on the basis of

one third equal! paris of sodium, magnesium and calcium ions.

71. Figure 20 shows that the maximum erosijon rate, émax , decreased

slightly (as expected) when the eroding fluid ionic concentration was
increased from 3 meq/l to 6 meq/l. This effect was slightly more pro-

nounced for silt than for clay.

72. LUse of Standard Concrete Sand as Filter Material: The possibil-

ivies of applying the triaxial erosjon test methodology to test the ef-
fectiveness of filter materials for the protection of cracked fine-

grained soils was investigated.

73. Figure 21 shows the grain size limits for a standard concrete
sand material (ASTM C-33). This figure alsc shows the grain size dis-
tribution of the standard concrete sand used as the filter for this in-
vestigation, and tne grain size distribution of a typical base soil (Ma-

terial £).

34




J
[PRUSURSEOT

N

74. The filter material was compacted in three layers to a dry den-
sity of 1.763 Mg/m® (110 1b/ft?) at a water content of 12% and then fro-
zen. Base specimens were prepared in the same manner as for the other
erosion test specimens. The base specimen was then placed on top of the
filter specimen in the triaxial erosion cell and the filter was allowed
to thaw for about two hours prior to testing. The direction of flow in
the test was downward through the cracked base material and into the in-

tact sand filter.

75. The results of these tests. summarized in Table 11, showed that
the standard concrete sand was effective in eliminating the loss of base
material of even the highly erosive Material E (Teton Dam material) at
hydraulic heads of up to 40 meters which was equivalent to a gradient of

350.

35




WL e

PART VIII: DISCUSSION OF THE TEST RESULTS

76. Results of this study were compared to results obtained by other
researchers. The following paragraphs describe these comparisons and

discuss the test results in more detail.

77. Effect of Molding Water Content: Figures 16 and 17, summarizing

the effect of molding water content on erosion, show an initial de-
crease, an inflection point, and then an increase in both the maximum

erosion rate, Em , and percent erosion per unit time, a, as the wa-

ax
ter content increases. Similar bchavior was observed and reported by
Lewis and Schmidt (1977) for tests performed on an Oklahoma silty clay
using the pinhole test. The plastic and liquid limits for their materi-
al were given as 15% and 31%, respectively. Their results are presented
in Figure 22. The results of their investigation and the results ob-
tained in this report for a similar material (Material B) have also been
replotted in terms of percent erosion per unit time, «, as shown in Fig-

ure 23.

78. Another similar study, conducted by Grissinger {1962), used the
flume test to study the effect of compaction water content on the ero-
sion potentiai of a Grenada silt loam [Perry, 1975). The plastic and
liquid limits for this material were given as 20 and 31 percent, respec-
tively. The optimum water content was not provided, but an estimated
value of 21% was calculated from the Atterberg Limits (Bowles. 1970).
The results of Grissinger's investigation have been replotted in terms
of the maximum erosion rate and are shown in Figure 24&. This figure
shows that the erosion behavior of the Grenada silt loam was similar to

the behavior measured for Materials B, D, and E.
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79. Lewis and Schmidt noted that the initial decrease in erosion with in~

creasing water content was contrary to expectations from a consideration of the

theory of structure~-stability of clay particles. This theory suggests that

there are two principal forces which act between adjacent particles: attrac-

tive (or Van der Wall) forces between the atoms of different particles, and

repulsive (or Osmotic) forces between the electrical double layer sur-
rounding each particle. Higher compaction water content results in a
larger distance between the clay particles. Therefore, since the attrac-
tive Van der Wall forces are inversely proportional to some high power
of the interparticle distance, the attractive forces decrease with in-
creasing water content due to the increased particle distance. Thus,

the erosion should have increased as the water content increased.

80. In addition, higher compaction water content should yield a lower
ioni~ concentration. This lower ionic concentration has been reported
to produce a stronger repulsion, or an increase in osmotic forces, be-
tween particles (Resendiz, 1977). Therefore, this lower ionic concen-
tration should have also resulted in an increase in erosion. This dis-
cussion may explain the behavior shown in Figures 16, 17, 22, 23, and 24
for water contents above optimum, but it does not explain the decrease

in erosion observed for water contents below optimum.

81. The initial decrease in erosion for water contents below optimum
was attributed by Lewis and Schmidt to slaking. Slaking is the break-
down of soi) uprn immersion in a fluid. One of the mechanisms that con-
tributes to this soil breakdown is the action of capillary absorption of

the fluid and its subsequent compression of the air within the voids of
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the soil. This compression may become higher than the forces keeping
the soil particles together, causing slaking. A reduction in slaking
and therefore in erosion should occur as the amount of entrapped air

available for compression decreases as the water content increases.

82. The inflection point, shown in Figures 16, 17, and 22, 1is of
particular interest since it corresponded to the point of minimal ero-
sion. For the tests performed by Lewis and Schmidt on the Oklahoma sil-
ty clay, this inflection point coincided with the water content at both
the plastic limit (15%) and the standard Proctor optimum moisture con-
tent (14%). Therefore, the change from decreasing erosion to increasing
erosion was attributed to the amount of water within the voids at or

above the plastic limit.

83. It may be seen that Grissinger's results are of the same form,
and that the inflection point also coincides with the water content at
both the plastic limit (20%) and at the standard Proctor optimum mois-
ture content (21%). However, Lewis and Schmidt's results for specimens
compacted by the modified Proctor method, as shown in curve B of Figure
23, showed the inflection point being somewhat shifted towards the modi-

fied Proctor optimum water content of 10%.

84. For the materials tested for this report, however, the inflection
point did not coincide with the plastic limit; the inflection point was
1 or 2 percentage points above the optimum water content of each materi-
al while the plastic limit was about 6 percentage points above the opti-
mum water content for all three materials. Thus, it appears that the
optimum compaction moisture content is a better indicator oi the mecha-

nism affecting erosion than the plastic limit.
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85. Effect of -Molding Water Content on Teton Dam Material: It is

interesting to note that the core of the Teton dam embankment was com-
pacted at an average water content of 18.5%, or 1% dry of the core's av-
erage optimum water content of 19.65 (U.S Department of the Interior,
1977). 1t may be seen in Figure 16, that compacting Teton Dam specimens
(Material E) at a molding water content 1% dry cf optimum, gave an ero-
sion rate of 0.3 g/min-cm? which was twice as high as the minimum meas-
ured erosion rate obtained at +1.5 % wet of optimum of 0.16 g/min-cm?.
Both of these erosion rates are high. Erosion tests which provide quantitative
data could be useful to the dam designer faced with making a choice between two

nondispersive borrow materials for the core of a dam or a choice of compaction

water contents on a given core material.

86. Effect of Density on Erosion: Figures 18 and 19 summarize the

effect of variation in specimen density on erosion. Limited data shows
that there was little effect of specimen density on erosion from 95% to
99% of standard Proctor maximum density for the silt materials D and E.
However, there was some decrease in erosion when the density of clay

(Material B) was increased from 90°% to 98% of standard Proctor density.

87. Figure 25 further evaluates the effect of density on erosion by
plotting percent erosion per unit time versus percent standard Proctor
density for the clay material B and an Oklahoma silty clay studied by
Lewis and Schmidt (1977). Data from Lewis and Schmidt were replotted
using only specimens which were at about the same mnisture content of
either 13% to 15% or 7% to 8%. The higher moisture content corresponded
with both the plastic limit and the standard Proctor optimum moisture

content of 15%.
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88. No effect of density on erosion was noted for specimens at a wa-
ter content of 13% to 15% which was at about the standard optimum and
the p.istic limit. However, at a water content of 7% to 8%, decreasing
density had an effect of increasing erosion by over 1.5 times. This wa-
ter content was below both the modified optimum of 10% and the plastic

limit of 15%.

89. Data from Material B was obtained from tests performed on mater-
ial compacted at its optimum water content of 15%, which was 6% below
the plastic limit of 21%.  The density varied from 90% to 98% of stan-
dard Proctor density (97 PCF to 106 PCF). For Material B the percent
erosion per unit time decreased from 0.33 %/min to 0.08 %/min for this

increase in density.

90. In evaluating this data it should be noted that specimens used
for Lewis and Schmidt's study were compacted by both the standard and
modified Proctor methods. Therefore, the compaction energy may also in-

fluence erosion for fabric sensitive materials such as clays.

91. Effect of Eroding Fluid Concentration: Figure 20 shows that in-

creasing the ionic concentration of the eroding fluid had little effect
on the erodibility of the clay core material (Material B), but decreased

the erodibility of the silt core materials (Materials D and E).

92. Field observations and other laboratory investigations have also
indicated that a marked decrease in the amount of erosion 1is expected
for an increase in the ionic concentration of the eroding fluid. Arula-

nandan, et. al. (1975) provided an explanation for this behavior. They
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noted that when the ionic concentration of the fluid is lower than the
ionic concentration of the pore fluid, water may move into the surface
of the soil by osmosis. This increase in water content would increase
the interparticle distance at the surface, and thus reduce bonding be-
tween particles such that the erodibility of the material would be in-
creased. This explanation is in accord with the explanation offered
previously for the increase in erosion observed when the molding water

content is above the optimum water content of the material.

93. On the other hand, similar investigations by Arulanandan, et.
al. (1973) have shown that although two eroding fluids may have the same
ionic concentration, calcium cations have a larger effect on reducing
the amount of erosion than sodium cations. Moreover, it is interesting
to note that altiiough the total concentrations of the two eroding fluids
used in this study were different (3 and 6 meq/l), the amount of calcium
cations present in each eroding fluid was the same 2 meq/l). There-~
fore, it is possible that the relative erosion insensitivity of the ma-
terials tested to different ionic concentrations was due to the eocuiva-

lent amount of calcium cations present in the eroding fluids.

94. Effect of Using Standard Concrete Sands as Filter Material: In

1977, Sherman proposed the use of standard concrete sand (ASTM C-33) as
a filter for all fine-grained materials (Wilson and Marsal, 1579). Re-
sults of the limited amoun: of data from the filter tests performed for
this report suggested that standard concrete sand filters are effective
in preveuting erosion of a highly erosive silt (Material E) at pressure

heads of up to 40 meters. Therefore, Sherman's proposition may repre-
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sent a simple and more economical alternative for the protection of
cracked embankment dam core materials than present filter design cri-

teria based solely upon the grain size distribution of intact core and

transition materials (Table 3).

95. Effect of Assumed Erosion Channel Shape: Appendix D presents

the results of a numerical analysis to investigate the validity of as-
suming that the triaxial erosion test flow channel eroded as a constant
width rectangle. It may be remembered that it was assumed that only the
thickness of the rectangular flow channel wvaried with time to account
for the soil volume being eroded. The results of calculations performed
using this simple model were numerically compared to results obtained
using two different flow channel shape models: 1) a constant width el-
liptical shape, and 2) a variable width elliptical shape having both the

width and thickness varying with time to account for the soil volume be-

ing eroded.

96. The results of the numerical comparison showed that parameters
calculated using the simple constant width rectangle shape model varied
by less than %13°% from the parameters calculated using either of the two
more sophisticated shape models. This variation was felt to be insig-
nificant for the results presented in this report. Therefore, the sim-

ple rectangular channel was used.

97. Effect of Assum:’ Hydraulic Behavior: Appendix E presents the

results of an experimental study to observe and characterize the flow
occuring through & plexiglas model of the triaxial erosion test flow

chianne) . Observations of these hydraulic experiments indicated that
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flow separation could be introduced during an erosion test at the top of
the erosional channel at the abrupt transition between the narrow in-
jecting flow nozzle and the rapidly enlarging erosional channel. This
flow separation was not severe at gradients below approximately 35 and

for crack thicknesses less than about 0.7 cm.

98. An equation for duct entrance effects on fluid wall shear stress
was used to estimate a 30% increase over laminar wall shear due to flow
separation effects (Olson, 1980). This 30% increase in shear was ac-

counted for in the flow parameter ¢ in Eq.5 of PART V.

99. Some additional experiments were performed to investigate opti-
mization of the triaxial erosion test hydraulic design sc that flow sep-
aration would be lessened. Replacing the top platen and injecting flow
nozzle with a top platen having a gradual transition conical flow en-
trance resulted in a marked suppression of flow separation. Some addi-
tional study is recommended to optimize the hydraulic design of the tri-

axial erosion test apparatus.
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PART IX: SUMMARY AND CONCLUSIONS

A triaxial erosion test was used to study the influence of the engi-
neering properties of soils and chemistry of the eroding fluid on the
erodibility of typical embankment dam core materials. The test modeled
the flow of water through a cracked element of soil under a state of
stress and hydraulic conditions similar to those existing in the core of
a dam. The following conclusions were reached based on the results of

the investigation:

1) High erosion took place in silt soils, moderate erosion took place
in clayey silt soils and effectively no erosion took place in clay
soils. These results are in agreement with results obtained by others

using the pinhole test. and other similar test procedures.

2) The erodibility of silt materials is greatly influenced by varia-
tion in the molding water content. However, the effect of molding water
content on erodibility is less pronounced for clayev materials. These
results suggest that control of the compaction water content during con-
struction may reduce the erosion potential of embankments with silt

cores, but not for embankments with clay cores.

3) The water content at the plastic limit has been suggested in the
literature as an indicator of the moisture content at which minimum ero-
sion will occur. In contrast, the results of this investigation indi-
cate that the optimum compaction water content is a better indicator
than the plastic limit of the moisture content at which minimal erosion

will occur. This inconsistancy can be explained when it is noted that
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for some of the materials cited in the literature, the water content at
the plastic limit was very close to the optimum compaction moisture con-

tent.

4) Limited data obtained indicated that density has little effect on
the erosion potential of silt embankment dam core material compacted at
the optimum molding water content. However, clayey materials were some-
what sensitive to variations in density; for clays erodibility increased

as density decreased.

5) Tests also showed that the ionic concentration measurably influ-
enced the erodibility of silt core materials but had less effect on the
erodibility of clay core materials. The higher the ionic concentration

of the eroding fluid, the lower the erosion.

6) Tests indicated that standard concrete sand material (ASTM C-33)
as a downstream filter, clogs core cracks by collecting core material
particles downstream. Such downstream filters effectively prevented ero-
sion even for highly erosive materials under hvdraulic heads of up to 40
meters. Such sand €ilter materials may provide more econumical protec-
tion of cracked embankment dam core materials than filters designed us-
ing criteria based upon the grain-size distribution of core and tran-

sition materials.

7) It was found that the erosion rate, t, asymptotically approached
a maximum value for increasing values of fluid shear stress. If a maxi-
mum value of erosion rate doas in fact exist as & material constant un-
der known compaction and enviromental conditjons, it would be a useful

material parsmeter for embankment dam design.
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8) It is recommended that more research be conducted to:

a) Optimize the hydraulic characteristics of the triaxial erosion
test apparatus.

b) Further study the inter-relationship between moisture content,
density and the erosion rate.

¢) Further study the possibility that a maximum erosion rate ex-
ists, and how this concept may be used in embankment dam design.
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TABLE 1

LIST OF DAMS. WHICH HAVE
EXPERIENCED EROSION PROBLEMS
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TABLE 1 (continued)

YEAR
Ln e nE W | TEorow [MEOT| COERCE OR ousE
CONSTRUCTTION | COCURBNCE
k! | 1961 1965  [Balderhead, England Rockfill dam 52,4 |Piping through dam|Poce filter grading and
with Lepervious segregation
core
3 - 1968  Diatilubwr, fockfill dam 12¢ |?tping through damiMorizontal fissures dus to core
Indonisia with cuhy core = mltdlt:m -
40 1964 1963 ' fockfill dam Piping through Hydrmulic fissuring in ccxe
et s core of the dan  |segregation of filter !
core
4 1963 1963 |Yard's Cresk Uppex 'Mockfill dam 26,70 [Piping through damiCracking in core and filter dus
Rasezvoir, N. Y., |with o exessive {ines in filter
¢ -3 ore
42 193 1966 [Matahina, New Rockfill dan 66,80 {Piping through damiCracking in core and filter due
Sealand with core to ecassive fines in filter
43 1970 1971 (vMlalswetn, rockfill dam 76,80 [Piping through damiCracking in ocxe and filtar dus
Nosway with 20 exessive fines in filter
e
“" 1970 1971 [Saitevare, Swpdan [fockfill dem  |116,90({Piping through iConomntration of high gradients
foadation due to discontirml
pacmaabi L1ty
43 197 1971 [Sestusel, Swaden |Rockfill dam 44,00 |Piping through Discontinuity {n foundation
with Lspacvicus foundation lexding to seepege concantrationy
e
4% 1970 1971  Flagetaff Gully, fockeill dam 44,00 {Piping through dam (Opan craks in rock, cracking
Tasvania, with in filter, ercdible clay in
e e
Y] 1978 1976  |Twton, ldaho, URA [Rockfill dam 100 (Piping through frodible metarial, opan joints
with contact betwasn |in rock. Inadequate filter
e core and £ gradatior and low permeability
v
al
401973 - 1977 1978 (fferdam in Amazon Rockfill dike 1S [Piping ard fatlure|Migh gradients, pocr transition
Ragion, Srasil ad cowpacted of a saction and filear laading to failure
clay mw ocompacted [of a section
clay core
[} ] 1970 1973 |Tectela, Wast Rockfill dam 147 [Piping in upstremm|(Piping of sard, clay through
Nr.uu'u vith clay core clay blankst oparmeek Wx
l fourdation
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TABLE 3

SUMMARY OF FILTER
DESIGN CRITERIA

AUTHOR CRITERIA OEVELOFED 2es
fearns (1) Idaas t© provide filter protsction to prevent washing out (1) Trars. ASCE, Vol. 48
(1900) of finms by sespage P. 267,
Bligh L wccmu-x
(1910) %0 @ type ot material ¢, 1
- S11¢t & sand
Ce ® crvap ratio wﬂv amp.) 18 0,06
L = psroolation path “"m’"" 15 0,07
- Coaree sand 12 0,08
her » maximm parmissible hesd _m'wm‘s-, o'zb
L ® hydraulic gradient 8 oh
Lare ]-IOt m—uc\,mm
(193%) & @ type ot matertal G, 1
fire sand o
" medcqnm m K3 0,12
3 = lagth of perdlation in horizntal direction Fine sand 7,0 0,14
of parcolation n vertical direction Hodiun sand 60 o1
t = langth POETD; in m:.‘ 2'3 g.g
1 = hydrmilic gradient Gravel, fire
Mediungravel 3,5 0,208
Coarse gravel 3,0 0,33
m‘l.u.l
avel 2,8 0,40
Harsa h for 8 = 2,68
(1935) fgo~=(I-P (8-1 3
L Pososity (P) Critical if
0, 1,18
u-!budcnmn o3 1.07
= difference in hesd o:‘ o:”
.L. e il 0,50 o.a28
$ © specific gravity
Creager, Justin h
= y parvious fourdations
Ninds (1949) 4 >8ar 10 (3N ?u ¢ s g
ter protaction
h = difference in head
L = langth of path
o
(1973) c‘._" @ 1f wmightad filter is provided,
M 6.31.5
G_ * factor of safety vith respect ® “hloap® or
$  “bulk hesw"
o, ® the total vertical stress at any point
u = corvespording pore pressue
3 - Pilvar Design Critaria Based on labovation Testing
ArneR IR ISOOL LTI SOOUN curmea, eV -
Tersaghi Critaria probably based on eperience r (€3] Sbecripes 15 and 03 refer % the
(1922) and teasoning ou <4 percantage finer by wmight than
T orain 3128 0. P and B indicete
(.} Pilcer and hase matarial
O ? respectively 5’
— > § 17} C“. -(:‘!M
o =
1 ® % wmiformity)
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TABLE 3 (continued)

SUMMARY OF FILTER
DESIGN CRITERIA

MR WEGTAL FIDRIAERIAL  orreaa cevEOPED rons
Bertram Silt, fine sand Uniform quarts Oy P
(193) (quarts, Ottam § Otta Sand P )

Sand) < )

Dul
—_ < (0]
Dul
Newton & Wall graded gravely MNatural bank °1s’
sand

T Arly o3 (%) = do not sgres vith Teczaghi’s and
scremad out D1y B Bartram‘s criteria.

— ¢ 18 (10)

Watarvays © marse niform  gravels —_— 3 (11) = gradation of filters showld be
aprosinatel! 0 base.
mmm:!dhnngnﬂ

I — ¢ 20 (u,-mmmumu

i e B — into drain pips perfocatiors or
b | 15 ﬁi:)lul.q\-du'(m)ld

i . |

AR - ws)
[1941/42/48/33) Dy ?

— ay
—_— S ae
— <6 (15 CB < 1,8

— < 40 (16): QuB < 4,0

1935 chesive soils concyeta sand, our

(all types) oarse spTeats (17) Por sadim © gmﬂcdlﬂ
reccmarded DB' Mqau:’(‘l)ndu-.

r nuvno.l-.pwlﬂ
— ¢ 29 (10 QF < 20,0

— ¢ Y s

sl L2 0

O P
—8__ 1,0 (2
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TABLE 3 (continued)

SUMMARY OF FILTER
DESIGN CRITERIA

BASE MKTERIAL FILTER MATERIAL CRITERIA DEVELOPED NS
D) __ () 0. P
s Artificial Blended  Artifictal wiform S < —2— < 10 (22) Other .
1947/38/14 matarials of various filtems sy ] L 1008 passing Jin.sieve
ranges including . paromnt pasaing sieve ## 200
uniform satecial Dﬂ,r < S8
12 ¢« =22 ¢ S8 (23) J.finer section of base and
Dg,. filtar matarial should be
- apgproximataly parallel
<P w0 (20 4 use &3. 22 for atural
%5' matecial
o P S. for natural graded filters
,<_2__ < (25) use e3. 23 amd 24
%b' 6 for crushed rock filters use
Ty ej. 25 ad 26
6<-2_ <13 (26) 170 avald movesant of filter
D.. B into drain pipe opsning use
19 auation (27)
[ P 4
$ 22 an
afx. opsning of
pipe dratn
Sherard ot [ I 4 Other requirements:
13
4 (1% Dic B e an 1. 1008 passing 3 inch sieve
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TABLE 5
EROSION TEST PROGRAM PARAMETERS

A) CONSTANT PARAMETERS

FACTCR VALUE
Specimen Size 711 cm diameter
i 15.5 cm high
| Initial Slot Dimensions 2.3 cm wide
% 0.2 cm thick
priaxial Cell Confining Pressure 98 Kn/m?
(14.2 psi)

Hydraulis Head 1.3 meters

Eroded length 11.5 ¢em

Hydraulic Gradient 10

B) VARIABLE PARAMETERS

FACTOR LOWER LIMIT UPPER LIMIT
+4%

percent of Optimun =43
Compaction Water Content
(95% of Maximum std. Proctor)

percert of Maximum 90% 99%

standard Proctor Density
(At Optimum Molding w/C)

fon Concentration of 0 meq/l 6 meq/l
Eroding Water

standard Concrete sand No Filter Filter Present

Filter

qi ;

i 1
!

i
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Physical conditions modeled in cracked earth dam core

material erosion studies.
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Fig. 2 Photographs of Erosion Test Equipment and Erosion

Test Cell.
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(a)

(b)

i Fig. 4 Photographs of top {a) and bottom (b) erosion
test platens.




(a)

(b)

Fig. 5 Photographs of a) mold used to prepare reconstituted
specimens showing the nozzle insert and b) specimen
extruder modified to form a crack in the erosion
specimen. :
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APPENDIX A

DETAILS OF TEST RESULTS
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