
TECHNICAL REPORT GL-83-4 

EVALUATION OF THE EROSION POTENTIAL 
OF EMBANKMENT CORE MATERIALS 
USING THE LABORATORY TRIAXIAL 

EROSION TEST PROCEDURE 
by 

Roberto L. Sanchez, Andrew I. Strutynsky, 
Marshall L. Silver 

Marshall L. Silver, Civil Engineer 
151 Belle Avenue, Highland Park, III.   60035 

April 1983 

Final Report 

Approved For Public Release. Distribution Unlimited 

Hf 
AUG 2    1983 

prepared tor Office, Chief of Engineers, U. S. Army 
Washington, D. C.   20314 

under Purchase Order No. DACW-39-80-M-4050; 
CWIS Work Unit 31618 

Monitorec by   Geotechnical Laboratory 
U. S. Army Engineer Waterways Experiment Station 

P. O. Box 631, Vicksburg, Miss.    39180 

83   08   01    925 

. ~s> 

*«****N«B*rf 
'■ tV ■ 



Destroy this report when no longer needed.   Do not return 
it to the originator. 

The findings in this report are not to be construed as an official 
Department of the Army position unless so designated 

by other authorized documents. 

The content« of this report are not to be used for 
advertising, publication, or promotional purposes. 
Citation of trade names does not constitute on 
official endorsement or approval of the use of 

such commercial products. 

-I 

The covers of U S Army Engineer Waterways Experiment Station 
(WES) engineering and scientific reports have been redesigned Each 
WES Laboratory and support organization will have its own distinctive 
color imprinted on white coverstock This standardizes WES publica- 
tions and enhances their professional appearance 

i-< i*]^ifi^^.^tj^*^i^ia^#^3»m^ ;--   .^^-v.,...-.-;*■«■*■■>•■ 



ünclaaalflad 
SECURITY CLASSIFICATION OF THIS PAGE JWhan Om Enf»r«Q 

REPORT DOCUMENTATION PAGE READ INSTRUCTIONS 
BEFORE COMPLETING FORM 

1.   REPORT NUMBER 

Technical Report GL-83-4 
2. OOVT ACCESSIQN.NO> 

MSoWt 
■3.   RECIPIENT'S CATALOG NUMBER 

4.   TITLE (and Submit) 

EVALUATION OF THE EROSION POTENTIAL OF 
EMBANKMENT CORE MATERIALS USING THE LABORATORY 
TRIAXIAL EROSION TEST PROCEDURE 

S.   TYPE OF REPORT a PERIOD COVERED 

Final report 
t.   PERFORMING ORG. REPORT NUMBER 

7.   AUTHOR)» 

Roberto L.  Sanchez 
Andrew I.  Strutynsky 
Marshall L.  Silver 

t.   CONTRACT OR GRANT NUMBERi» 

t.   PERFORMING ORGANIZATION NAME AND ADDRESS 

Marshall L.  Silver,  Civil Engineer 
151 Belle Avenue 
Highland Park,  111.    60035 

ID.   PROGRAM ELEMENT. PROJECT, TASK 
AREA » WORK UNIT NUMBF.RS 
Purchase Order No.  DACW 
39-80-M-4050;  CWIS Work 
Unit  31618 

II.   CONTROLLING OFFICE NAME AND ADDRESS 

Office, Chief of Engineers, U.  S. Army 
Washington, D.  C.    20314 

II.   REPORT DATE 

April 1983 
IS.   NUMBER OF PAGES 

335 
14.   MONITORING AGENCY NAME » AOORESSfff dlllmtmnl In Contrallln« Olllcm) 

U.   S.  Army Engineer Waterways Experiment Station 
Geotechnical Laboratory 
P.  0.   Box 631, Vicksburg, Miss.     39180 

IS.   SECURITY CLASS, (ml Ulla raport) 

Unclassified 
ISa.   OECLASSIFICATION/DOWNGRADINO 

SCHEDULE 

t«.   DISTRIBUTION STATEMENT (ml Ulla ftaawt) 

Approved for public release; distribution unlimited. 

17.   DISTRIBUTION STATEMENT (ml tha abalract «itaratf to »I«* W, II SllmnM ftaai RapertJ 

It.   SUPPLEMENTARY NOTES 

Available from National Technical Information Service,  5285 Port Royal Road, 
Springfield, Va.    22151. 

1*.   KEY WORDS fCantliMM «i rnvii mlmm II »Kuwr mtt Hmntltr my Mack mmmmt) 

Density                    Filter                                    Water content 
Earth dams              Hydraulic gradient 
Eroding fluid        Piping 
Erosion                   Triaxial erosion test 

M.   ABSTRACT (Cmwfmm a» rmrmrm mmtt M mmmw—mj mmt ntmmttr my Mart nmmmtj 
Triaxial erosion tests were used to study how the erosion rate in typical 

embankment dam core materials is influenced by soil compaction and by the 
chemistry of the eroding fluid.    The tests were performed in a specially modi- 
fied triaxial cell which was able to apply confining pressure to compacted 
embankment dam materials and to direct the flow of the eroding fluid through a 
preformed erosion channel to model the conditions that exist in the core of an 
embankment dam.    In addition, tests were performed to develop a method for 
testing the effectiveness ol filters in preventing erosion from    (Continued) 

DO 
rosa« 

i nmn 1473     eomoM or i NOW «t it OBSOLETE Unclassified 
SECURITY ILAS*FIXATION OF TNI« PUS (SSm ESm"Eumrm4) 

n 



Unclassified 
MCUWITV CLASSIFICATION OF THIS PAO«(WW Ott» SnWQ 

A 

20.     ABSTRACT  (Continued). 

.cracked embankment dam core materials. 
Five typical embankment dam core materials ranging from silty to clayey 

soils were studied. The results of the investigation may be summarized as 
follows: 

a. Varying the compacted density had little effect on erosion for silt 
materials compacted at the optimum molding water content. For clay 
materials, the erosion rate increased as the density decreased from 
95 to 90 percent of standard Proctor maximum density. 

b. Varying the molding water content had a significant effect on the 
erodibility of silt core material, but this effect was less important 
for clay core material. 

c. The minimum erosion occurred when soil was compacted at or slightly 
above the optimum compaction water content. Significantly higher 
erosion occurred in specimens compacted dry of optimum. 

d. Erosion rates increased slightly with a decrease in eroding fluid 
ionic concentration. This increase was more significant for silt 
core materials than for clay core materials. 

e. Tests performed to study the effectiveness of using standard con- 
crete sand (ASTM C 33) as a filter material for the downstream 
protection of cracked core materials showed that the filter sand 
was able to stop the erosion of even a highly erosive silt material 
under the action of hydraulic heads of up to 40 m, which was equiva- 
lent to a hydraulic gradient of 3S0. 

t_.    The soil erosion rate asymptotically approached a material and erod- 
ing fluid dependent constant defined as the Maximum Erosion Rate. 
This constant facilitates the Incorporation of laboratory erosion 
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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  

cubic feet 

cubic inches 

feet 

gallons (U. S. liquid) 

inches 

pounds (force) 

pounds (force) per square foot 

pounds (force) per square inch 

pounds (mass) 

square feet 

square inches 

tons (2000 pounds, mass) 

_Bv_ 

0.02831685 

16.38706 

0.3048 

3.785412 

2.54 

4.448222 

47.88026 

6894.757 

0.4535924 

0.09290304 

6.4516 

907.1847 

To Obtain 

cubic metres 

cubic centimetres 

metres 

cubic decimetres 

centimetres 

newtons 

pascals 

pascals 

kilograms 

square metres 

square centimetres 

kilograms 
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EVALUATION OF THE EROSION POTENTIAL OF EMBANKMENT 

CORE MATERIALS USING THE LABORATORY TRIAXIAL 

EROSION TEST PROCEDURE 

PART I: INTRODUCTION 

Background 

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 devastating 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 Idaho 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). 



2. Hsu (1981) in Table 1 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 

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

of case histories have been 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 quantitative 

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 

Tr 



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. 
j 

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 emlankment 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 a crack due to the fluid pressure of the reservoir water (hydraulic 

fracture). 

6. It is also currently assumed that for cohesionless materials 

(such as filter materials) cracks will collapse upon saturation. 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 of core and transition materials in * number of dams. At 

present, the "safe" assumptions to make in the design of an embankment 
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dam are: "Regardless of the design considerations involved, it is pos- 

sible that the. embankment dam material will crack" (Sherard, 1973), and 

"... 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 list of design criteria as summa- 

rized by Hsu (1981). 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- 

tors correlate with the incidence of erosion failures (Aitchison and 

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

• Rapid 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 21 the hydraulic conditions under 

which embankment dam erosion occurs. 

I 
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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 on 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 hel- 

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 physical and chemic.il characteristics of the soil and of 

the eroding fluid. 

* The insitu state of stress and hydraulic conditions acting 

on the. cracked soil. 

13. An indepth review of equipment and procedures available to study 

tue erosion potential of clays, prepared by Perry (1975), provided in- 

formation that showed that fev if any current testing procedures suc- 

cessfully combine both of these testing requirements. In general, this 

review showed that there arc basically four classes of test equipment 

and methodologies us«d to measure tiie erosion potential of soil materi- 

als.  These include: li the pinhole test and the similar, phvsxcal ero- 

10 



sion test (PET), 2) the rotating cylinder test, 3) the flume test, and 

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 triaxial 

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. 

Model of the Physical 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- 

ur« lb.  The total vertical stress, o , will tend to close the crack 
v 

while the total horizontal stress, o. , 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 and 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 

i 
11 



side of the crack will be zero.  The resulting pressure head, h, along 

the length of the crack, 1 , and the gradient , h/le, will 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, l (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. I, is affected by changes in the following variables: 

• soil compaction water content and dry density 

• crack dimensions, surface roughness, and tortuosity 

• confining pressure, 

• eroding fluid gradients, and 

• the chemistry both of the pore and eroding fluid 

18. Two of these factors were investigated using the test equip- 

ment and procedures described in detail 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 system 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 tanks were independently controlled to provide a continuous 

high rate of flow to the triaxial specimen at a desired constant pres- 

sure head. 

-41 

+• 

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 drying 

and weighing the solid residue. A screen equivalent in size to a No.10 

sieve was mounted on the bottom platen of the triaxial cell to help sup- 

port the specimen. The maximum particle size of all specimens tested 

was smaller than the No.10 sieve, so therefore the bottom platen screen 

did not interfere with the erosion of particles. 

23. Compaction Mold: A split compaction mold 7.1 cm in diameter and 

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

* A table of factors for couvorting U. S. customary units of measurement 
to »«trie (SI) «salts is presented on page 5. 
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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. By this 

process an erosion channel having known dimensions was formed in the specimen. 

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). was used to minimize specimen prepa- 

ration effects on soil behavior; the method consists of tamping moist 

soil in layers (3 layers for this investigation) with each layer com- 

pacted to a prescribed dry density. The procedure makes corrections for 

the fact that in compacting a material in layers, each succeeding lay««* 

densifies the material in the layers below. 

2">. After all the layers were compacted,the forming blade was 

jackod-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 
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lateral confining pressures could be applied to simulate an insitu 

stress condition (Fig. 1). Hydraulic 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. 

IS 



PART III: 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 

long 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 

• Ionic concentration of the eroding fluid 

27. To minimize the number of variables, the initial slot dimensions 

of 2.3 cm wide by 0.2 cm thick, a confining cell pressure of 98 kPa 

(14.2 psi), and a hydraulic head of 12 kPa (1.75 psi) equal to a hydrau- 

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 waa found to have little effect on the erosion 

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

26. In 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 £. 

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 £ 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 



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 with 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 5 kPa (0.7 psi). The volume of the eroded fluid was 

18 
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recorded to an accuracy of 50 ml. Time was measured to the nearest 0.01 

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. 

19 
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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, c (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, T . 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 

3 
passing through the crack versus time (cm /min). 

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: 

(1) 
l = 

where: 

i ■ hydraulic gradient; 

h * head of water applied to the top of the specimen in me- 

ters; 

h. * head of water applied at the end of the outflow line 

(.equal to zero in this study) ; 

1 * eroded crack length in meters (obtained by subtracting 

the nozzle height from the final height of the specimen). 
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38.  Initial Crack Cross-Section:  It was assumed that 1) the initial 

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, A (0), were equivalent and equal to 

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

A = A (0) = d • w 
x   x 

(2) 

where: 

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

cross-sectional area of the forming blade; 

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

after application of confining pressure; 

d = thickness of the forming blade 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 the surface area 

and cross-sectiona. area of the crack were required as a function of 

time. Assumptions were required to compute these areas as no direct 

measurement could be made during the test. One of these assumptions was 

made based on the observation that srter tne completion of a test, the 
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erosion surface did not vary significantly along the length of the 

crack. For this condition, the variation of the cross-sectional area of 

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

1982): 

P • t 
Ax (t) =  ;— + Ax (0) 

p . 1 

(3) 

where: 

A  (t) -  crosf-sectional area of crack as a function of x 

time in cm1 : 

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 ; i . 

1 = 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, 1 (equal to the initial 

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-sectional 

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 indicated that in almost all cases the final eroded 

shape was roughly elliptical.  However, for this report it was assumed 

that the crack enlarged in a recta-igular 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, A (t), can be shown to 
s 

be equal to: 

A (t) ■ 2 • [ A (t)/w + w] • 1 
S X ß (4) 

where: 

A ft') - erosional surface area of crack as a function of 
s 

time xn cm' ; 

w = width of the forming blade and of the crack in en; and 

1 * 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 channel and a variable width el- 

liptical erosion channel were compared to the constant width rectangular 

shape assumption presented ii: 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 all cases they were less than about 2000 indicating laminar flow. 

Assuming that laminar flow did indeed occur, the fluid shear stress, x, 

was derived as (John and Haberman. 1971): 

where: 

* V v (5) 
T = 

Dh  « 

t = fluid sh«ar stress in N/m* ; 

V = average fluid velocity [ equal to Q/A (t)] in cm/min ; 

V * viscosity of water in N • sec/m1 ; 

D.  s hydraulic diameter of the crack in cm ; equal to 

4 Ax (t) (6) 

As (t)/le 

£ s conversion factor equal to .60 sec/min ; and 

♦ * 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, i>, 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, t, was computed as: 

(7) 

As (t) 

where: 

i  * erosion rate g/(cm* • min) ; 

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

min) : 

A (t) * erosional surface area of crack in cm1. 

15 

• 



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 dam (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 m,ty be used to compare the results of this investigation to the re- 

sults obtained by others is the percent erosion per unit time, a. This 

value if defined as follows: 

a = 
P • 100°«. 

V. 
l 

(8) 

where: 

a = the percent erosion per unit time in percent/min ; 

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

g/min; and 

W. = 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, W.  (e.g. Lewis and Schmidt, 1977).  It may be 

seen that "Percent Erosion" does not include the effect of test dura- 

tion.  It 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 

U9. 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 specimen characteristics and experimental 

values measured in the erosion 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 program. 

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 applied 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. 

51. Figure 12 shows typical 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 also 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 a 

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 furire 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, I. Higher 

erosion values were measured for silt core materials than for clay core 

materials. 

54. Figure 15 plots typical curves of erosion rate, I, 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 scale« because flow quantities before failure (when the speci- 

men 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, i ,  are shown in Figure 15 and given in max " • 

Table 8. It 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 F 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 performed 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 135 

grams of solids were eroded from the specimens within 30 minutes after 

the beginning of a test. This large difference in the erosion charac- 

teristics of Material A as compared to the other materials tested may be 

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-crc* , whereas the maximum erosion rate values ranged from a mini- 

mum of 0.01 g/min-cm1 for Material F 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 clay, Material C, but the 

flow rate during a typical test decreased rapidly from the usual average 
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of about 500 einJ/min to a low value of only 100 cm1 /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 

sieve) 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 years (Wilson and Marsal, 1979). Test results on 

Material C suggests that such filters might have been effective in pre- 

venting total failure in damr. which had cracking problems. The behavior 

of Material C suggests that if enough sand particles are washed into a 

crack, the crack will clog resulting in reduced seepage and erosion. 

63. The erosion rate versus shear stress curves presented in Appen- 

dix A have bt-en 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, e   , for Materials B, D, and E.  Figure 17 shows 
max 

the effect of molding water content on another erosion parameter, per- 

cent erosion per unit time ( a ). 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 dry density on the erodi- 

bility of typical embankment core materials was also investigated using 

the data in Appendix B. 

66. Figure 18 shows the effect of specimen dry density on the maxi' 

mum erosion rate, c   , for Meteriais B. D, and E compacted at the 
max 

optimum moisture content.  Another indication of the effect of specimen 

dry density on erosion for these materials is presented on Figure 1«* 

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. Eroding Fluid Concentration: The effect of the ionic concentra- 

tion of the eroding fluid on the erodibility of a clay, Materiel b, and 

of a silt, Material E, was also investigated. Two ion concentrations 

were used (3 meq/1 and 6 meq/1). These concentrations values are within 

the range of typical reservoir waters. The 3 meq/1 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/1 concentration was prepared on the basis of 

one third equal parts of sodium, magnesium and calcium ions. 

71. Figure 20 shows that the maximum erosion rate, t , decreased 
° max 

slightly (as expected.) when the eroding fluid ionic concentration was 

increased from 3 meq/1 to 6 meq/1. This effect was slightly more pro- 

nounced for silt than for clay. 

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

ities of applying the triaxial erosion 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 also shows the grain size dis- 

tribution of the standard concrete sand used as the filter for this in- 

vest igation. and tn* grain size distribution of a typical base soil (Ma- 

terial E). 
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74.  The filter material was compacted in three layers to a dry den- 

sity of 1.763 Mg/m5 (110 lb/ftJ) 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. 
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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, c , and percent erosion per unit time, o, as the wa- 

ter content increases. Similar behavior 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, a, as shown in Fig- 

ure 23. 

78. Another similar study, conducted by Grissiuger (1962), used the 

flume test to study the effect of compaction water content on the ero- 

sion potential 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 

ionic 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, tUis 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 soil upon 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, is 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?i)- 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 &lso 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 IS.5%, or 1% dry of the core's av- 

erage optimum water content of 19.6% (Ü.S Department of the Interior, 

1977). It may be seen in Figure 16, that compacting Teton Dam specimens 

(Material E) at a molding water content 1% dry of optimum, gave an ero- 

sion rate of 0.3 g/min-cm2 which was twice as high as the minimum meas- 

ured erosion rate obtained at +1.5 % vet  of optimum of 0.16 g/min-cm2. 

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 moisture 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%. 

3» 

4 



8f. 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 pi.-.stic 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 is 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 although the total concentrations of the two eroding fluids 

used in this study were different (3 and 6 meq/1), the amount of calcium 

cations present in each eroding fluid was the same (2 meq/1). There- 

fore, it is possible that the relative erosion insensitivity of the ma- 

terials tested to different ionic concentrations was due to the equiva- 

lent amount of calcium cations present in the eroding fluids. 

9^- Effect of Using Standard Concrete Sands as Filter Material: In 

1977, Sherman proposed the use of standard concrete sand (ASTM C-33) a* 

a filter for all fine-grained materials (Wilson and Marsal, 1979). 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 preventing 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 varied 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. 

'7- Effect of Assum. ' Hydraulic Behavior: Appendix E presents the 

results of an experimental study to observe and characterize the flow 

occuring through a plexiglas model of the triaxial erosion test flow 

channel.  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°o 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 ty  in Eq.5 of PART V. 

99. Some additional experiments were performed to investigate opti- 

mization of the triaxial erosion test hydraulic design so 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 clayey 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 ciay 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 or 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 hydraulic heads of up to 40 

meters. Such sand filter materials may provide more economical 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, i, asymptotically approached 

a maximum value for increasing values of fluid shear stress. If a maxi- 

mum value of erosion rate doss in fact exist as a material constant un- 

der known compaction and enviromental conditions, it would be a useful 

material parameter 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. 

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

46 



REFERENCES 

1. Aitchison, G.D., and Wood, C.C. (1965), "Some interactions of Com- 
paction, Permeability, and Post-Construction Deflocculation Affecting 
the Probability of Piping Failure in Small Earth Dams," Sixth Interna- 
tional Conference on Soil Mechanics and Foundation Engineering, 
al, Vol.1, pp.442-446. 

Montre- 

2. Arulanandan, K., Loganathan, P., and Krone, R.B. (.1975), "Pore and 
Eroding Fluid Influences on Surface Erosion of Soil," Journal of the 
Geotechnical Engineering Division, American Society of Civil Engineers, 
Vol. 100, No. GT1, January, pp.51-65. 

3. Arulanandan, K., Loganathan, P. and Krone, R.B. (1976), Closure to 
the Paper: "Pore and Eroding Fluid Influences on Surface Erosion of 
Soil," Journal of the Geotechnical Engineering Division, American Socie- 
ty of Civil Engineers, Vol.102, N0.GT8, August, pp.883-884. 

4. Arulanandan, K. (1978), "Erosion in Relation to Filter Design Cri- 
teria for Earth Dams," Presented for Conference on New Perspective on 
Dam Safety, Stanford University, August. 

5. Arulanandan, K., Gillogley, E., and Tully, R. (1980), "Development 
of a Quantitative Method to Predict Critical Shear Stress and Rate of 
Erosion of Natural Undisturbed Cohesive Soils," Technical Report No. 
GL-80-5, U.S. Army Engineer Waterways Experiment Station, CE, 
Vicksburg, Mississippi, July. 

6. Bertram, G.E. (1967), "Experiences with Seepage Control Measures in 
Earth and Rockfill Dams," Ninth International Congress On Large Dams, 
Instanbul, Turkey, Vol.3, pp.91-110. 

7. Bowles, J.E. (1970). Engineering Properties of Soils and their Meas- 
urement, 2nd Edition, McGraw Hill Book Company, New York. 

8. Brater, E.F., and King, H.V.  (1976), Handbook of Hydraulics, 6th 
Edition, McGraw Hill Book Company, New York. 

9. Gori Bello, J.I., Lei Lam, S.F.A. (1979), "Filtros Protectores En 
Presas De Tierra," Trabajo Presentado Ante La L'niversidad Catolica An- 
dres Bello Cooo Parte De Lc* Requisitos Para Optar Al Titulo De Ingenie- 
ro Civil, Caracas, Venezuela, November. 

47 



10.  Grisinger, E.H.  (1966),  "Resistance of Selected Clay Systems to 
Erosion by Water," Water Resources Research, Vol.2, no.l, pp.131-138. 

11. Hjeldnes, E.I., and Lavania, B.V.K. (1980), "Cracking Leakage and 
Erosion of Earth Dam Materials," Journal of the Geotechnical Engineering 
Division, American Society of Civil Engineers, Vol.105, No.GTZ, Febru- 
ary, pp.117-135. 

12. Hsu, S.J.C. (1981), "Aspects of Piping Resistance to Seepage in 
Clayey Soils," Tenth International Conference on Soil Mechanics and 
Foundation Engineering, Stockholm, Vol.1, pp.421-428. 

13.  Iwai, K. (1976), Fundamental Studies of Fluid Flow Through a Single 
Fracture, Ph.D. thesis, University of California, Berkeley. 

14. Jaworski, G.W., Duncan J.M., and Seed H.B. (1981), "Laboratory 
Study of Hydraulic Fracturing," Journal of the Geotechnical Engineering 
Division, American Society of Civil Engineers, Vol.107, No.GTb, June, 
pp.713-732. 

15. John, J.E.A., and Haberman, W.L.  (1971). Introduction to Fluid Me- 
chanics, Prentice-Hall, Inc., Englewood Cliffs, New Jersey. 

16. Kjaernsli, B., and Torblaa, I. (1968). "Leakage Through Horizontal 
Cracks in the Core of Hyttejuvet Dam," Publication No.80, Norwegian Geo- 
technical Institute, Oslo, pp.39-47. 

17. Lewis, D. A. and Schmidt, N. 0. (1977), "Erosion of Unsaturated 
Clay in a Pinhole Test," Dispersive Clays. Related Piping, and Eros ion 
AS Geotechnical Projects, ASTM STP 623. Edited by J.L. Sherard and R.S. 
Decker, American Society for Testing and Materials, Philadelphia, 
pp.260-273. 

18.  Lu, P.C.  (1979), Fluid Mechanics.  Iowa State University Press, 
Ames, pp.468. 

19. Olson. R.M. (1980). Essentials of Engineering Fluid Mechanics. Har- 
per and Row Publishers, New York. 

48 

-H 



20. Ofoegbu Iroanya, G. (1981), "Design Procedures for the Protection 
of Earth Dam Cores Against Piping Damage," a thesis submitted in con- 
formity with the requirements for the Degree of Master of Applied Sci- 
ence at the University of Toronto, Ontario. 

21.  Parkin, A.K.  (1976), "A Review of Hydraulic Fracturing in Dams,' 
Internal Report 53103-1, Norwegian Geotechnical Institute, November. 

22. Perry, E.B. (1975), "Piping in Earth Dams Constructed of Dispersive 
Clay; Literature Review and Design of Laboratory Tests," Technical Re- 
port No. S-75-15, U.S. Army Engineer Waterways Experiment Station, CE, 
Vicksburg, Mississippi, November. 

23. Perry, E.B., and Postol, G.J. (1977), "Dispersion Characteristics 
of Clay from Mushroom Cave, Meramec Park Lake Project, Meramec River 
Missouri," Dispersive Clays, Related Piping and Erosion in Geotechnical 
Projects, ASTM STP 623, Edited by J.L. Sherard and R.S. Decker, Ameri- 
can Society for Testing and Materials. Philadelphia, pp.313-329. 

24. Perry, E.B. (1979), "Susceptibility of Dispersive Clay at Grenada 
Dam, Mississippi, to Piping and Rainfall Erosion," Technical Report No. 
GL-79-14, U.S. Army Engineer Waterways Experiment Station, CE. 
Vicksburg, Mississippi, September. 

25. Petry, T.M., and Haliburton T.A. (1975), "Determination of Disper- 
sive Clay Soil Erodibility by Using a Physical Test," Transportation Re- 
search Record Publication 532. Washington, D.C., pp.95-104. 

26. Resendiz, D. (1977), "Relevance of Atterberg Limits in Evaluating 
Piping and Breaching Potential," Dispersive Clays. Related Piping and 
Erosion ir Geotechnical Projects. ASTM STP 623, Edited by J.L. Sherard 
and R.S. Decker, American Society for Testing and Materials, Philadel- 
phia, pp.341-353. 

27. Richards, L.A..Ed. (1954), Diagnosis and Improvement of Saline and 
Alkali Soils, Agriculture Handbook No.60, U.S. Deparment of Agriculture, 
Washington.D.C. 

28. Sanchez. R.L., and Silver, M.L. (1982). "Laboratory Triaxial Ero- 
sion Test Procedure for the Evaluation of the Erosion Potential of Em- 
bankment Dam Materials," U.S. Army Engineer Waterways Experiment Sta- 
tion, CE, Vicksburg, Mississippi (unpublished). 

49 

■f-t - 4 



29. Sherard, J.L. (1973), "Embankment Dam Cracking," Embankment Dam En- 
gineering, Casagrande Volume, edited by R.C. Hirschfeld and S.J. Poulos, 
Wiley, N.Y., pp.272-353. 

30. Sherard, J.L., Dunnigan, L.P., Decker, R.S., and Steele, E.F. 
(1976), "Pinhole Test For Identifying Dispersive Soils," Journal of the 
Geotechnical Engineering Division, American Society of Civil Engineers, 
Vol.102, No.GTl, January, pp.69-85. 

31. Sherard, J.L., Decker. R.S., and Ryker, N.L. (1972), "Piping Damage 
in Earth Dams of Dispersive Clay," Performance of Earth and Earth-Sup- 
ported Structures, American Society of Civil Engineers, Vol.1, 
pp.589-626. 

32. Silver, M.L. (1976), "Laboratory Triaxial Testing Procedures to De- 
termine the Cyclic Strength of Soils," Report No. NUREG-31, U.S. Nuclear 
Regulatory Commission, Washington, D.C. 

33. Swanberg, N.E. (1966), "An Experimental Study of the Relation of 
Soil Strength Properties to Erodibility of Soil," a thesis submitted in 
conformity with the requirements for the Degree of Master of Science at 
the 'university of Minnesota. Minneapolis, Minnesota. 

34. U.S. Department of the Interior (1976), "Failure of Teton Dam," In- 
dependent Panel to Review Cause of Teton Dam Failure, Denver, Colorado, 
December. 

35. U.S. Deparment of the Interior. (1977). "Failure of Teton Dam: A 
Report of Findings," Teton Dam Failure Review Group, Denver, Colorado, 
April. 

36.  USCOLD (1975), Lessons from Dam Incidents. USA. American Society of 
Civil Engineers, Sew York. 

37. Vdughan, P.R.. and Soares. K.F. (1982), "Design of Filters for Clay 
Cores of Dams," Journal of the Geotechnical Engineering Division. Ameri- 
can Society of Civil Engineers, Vol.108, No.GTl, January, pp. 17-31. 

38. Vaughaii. P.K. (l^'e;, "Cracking of Embankment Dam Cores and the De- 
sign of Filters for their Protection," Sociedad Espanola De Mecanica De 
Sueio y Cimentaciones, Nurr.tr-- Zl.  .*::ir:_. sept.-Oct. 

50 

i 



39. Wilson, S.D., and Marsal, R.J. (1979), Current Trends in Design and 
Construction of Embankment Dams, American Society of Civil Engineers, 

New York. 

51 

1 



TABLE 1 
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TABLE 1 (continued) 
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TABLE 3 

SUMMARY OF FILTER 

DESIGN CRITERIA 
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L  ■ lanaht of path 
P  ■ penalty 
S  • apadflc gravity 

U.JO                            1,13 
0,35                   1.07 
0,40                   0.99 
O.SO                   0.125 

Cmoar, Jiatln 
Hind* (1945) 

h 
-   » lot 10 
L 
h ■ dUf aranea in haad 
L * Itfftn of pMn 

(3A> 
for hiohly parvtoua foundation, 
without outof f proviaiona or 
fUtar pcotaetlon 

(1973) •v 

«••7 (4) If walohtad fUtar U provldad. 

0. • factor of aafaty with raaaact te "blowup* or 
"    "bulk ham* 

o„ • tha total vartleal straaa at any point 

u   • aorraapandlna pora praawai 

• • Plltar Oaalan Crltarla Bawd on Utooration TaatUaj 

wm •MB MMDtXM.      nUBHOHN. 
(■>                m aamnwma mm» 

Tanaohl 
(1922) 

Critarta probably baaad on aaaartanca 
and raaaoning — < 4 

°isr 

— > 4 

(S) tUBaoripta 15 and 05 rate «0 tha 
oarcamaaa finar by walaht than 
«rain alaa 0. P and B indicata 
PUtar and Ban aatarlal 
raapactlvaly 

e  . -K . (ooaffirtant 

™      ml parity) 
(•) 

From Hsu (1981) 
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TABLE 3 (continued) 

SUMMARY OF FILTER 
DESIGN CRITERIA 

NflKK BftSEMUBOM. 
(8) 

nUBtMOERIM. 
<P) OUTER» DEVmCKD                                  RBMKS 

Bartrsa 
(13») 

Silt, flm amd 
(quarts, Ottawa 
Sand) 

Uüfoni quarts 
t Ottawa Sand °isr 

< « (7) 

D15P 

°15» 
< 9 (C) 

a» mi » 
Itarlay 
(U40) 

Mall «ratal travaly 
•and 

Natural bank 
qxavals, fairly 
unlfon flnaa 
•craanadout 

°15r 

"is1 
< 32 (») - do not agraa with l«na*tt's and 

Bartraa's critaria. 

°15f 

< IS (10) 

0.3. Acay Carp«      lands* aatarlal 
of tnafeiaara           alltypaa. flm 
Naterways               «o ooarsa tmlfora 
bqarlsant Station und 
Usus - mi 
|l»41/42/4a/53) 

Randoatypi 
natural pit-run 
aravala 

°isr 

°13F 

°is" 
°»p 

> 4 

«20 

< 25 

(11) - «radatlon of filters shcvld ba 
aproxlaataly parallal to baaa. 
fUtar ahould ba waU «radad 

(-U) - lb avoid aon'iiiL of flltar 

Joints Ma aquation* (20) and 
(21) 

(13) 

°ts» 
< S (14) 

°isr 

hi* 
< « (IS): cm < l.S 

°isr 

°1S« 
<40(U)i Cut < 4.0 

IMS ahaatva aolla ooncrata sand» °llr 
(aU typat) rSSlSS*" V» 

> s (IV Pot aadlua to hltfi plastic days 
discard aquation (IT) and usa, 

< 2S 

BJJ f • 0,4 a>. provldad 

(in cur < 20.0 

°ts» 
< s (U) 

D» r (20) 
•let width  " 

DtS p 
(21) 

haladlaa. 

Fron Hsu (1981) 



TABLE 3 (continued) 

SUMMARY OF FILTER 

DESIGN CRITERIA 

WHO» 
MEt NOSUM. 

(11 
rXUBtNUERML 

(« 
CXXTQUA CCVEXCKS IBM» 

IBM 
1947/55/74 

Artlf leUI UnM 
aatariala of varloua 
tangaa Including 
unlfon aatarlal 

Artificial unlfora 
flltcn 

5<r»i < 
D50» 

12 <-22—  < 

°». 
°l5r 

D
1S» 

10 

5S 

(22) 

(23) 

Othar raquarlaantti 
L 100% paaalnj 3 ln.aiawa 
2. jaroant paaalng alawa # 200 

< 5% 
3.finer aactlon of baaa and 

flltar aatartal ahould ba 
aum.wlaaialy parallal 

40 (24) 4. uaa aq. 22 fix natural 
tubEOundad unlfcca aatarlal 

°!0» 
30 (25) 

S.fer natural grated flltara 
uaa «q. 23 and 24 

(. for cruahad reck flltara uaa 
aq. 25 and 2« 

°15» 
18 (2«) 7.1b avoid aovaaant of filtar 

Into drain plpa opining uaa 
aquation (27) 

oBr 
(27) 

■fee. opanlng of ~ 
plot drain 

al (13*1) fill   ,$ 
»IS»  " 

(28) 
Othar raqulratntt» 

1. 100% paaalng 3 inch alawa 
2. pareant paaalng alawa i¥ 200 

< 5% 
3. grain eurwaa «pproxlMtaly 

parallel 
4. uaa baaa aatarlal paaalng 

1 In. alawa 

(23) 

Vaughan 
(1»78) 

aonaaiwi aeUa nan plaatlc 
■Ut,   aand 

'partact flltar" 
ratalnlng day In 
•«■Danalan or day 
flockt 

Tatting n x—andad   to 
•ttabllah criteria 

From Hsu (1981) 
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TABLE  5 

EROSION TEST PROGRAM PARAMETERS 

A)     CONSTANT PARAMETERS 

FACTOR 

Specimen Size 

Initial Slot Dimensions 

Triaxial Cell Confining Pressure 

Hydraulis Head 

Eroded Length 

Hydraulic Gradient 

71.1 cm diameter 
15.5 cm high 

2.3 cm wide 
0.2 cm thick 

98 Kn/m* 
(14.2 psi) 

1.3 meters 

11.5 cm 

10 

B)     VARIABLE PARAMETERS 

percent of Optimum 
romDaction Water Content 
UM of Maximum Std. Proctor) 

Percent of Maximum 
Standard doctor Density 
(At Optimum Molding w/o 

Ion Concentration of 
Eroding Water 

Standard Concrete Sand 
Filter 

-4% 

90« 

0 meq/1 

No Filter 

99% 

6 meq/1 

Filter Present 

-f-i 
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Rising     rasarvolr     Itvtl 

during filling 

•m 

Downstraam   shall 

Upstraam   ahall 

Cor« 

Crack     and 
crackad    alamant 

Note:    Not to scale 

\^WtfWV7* WBIW) 

a:    ln-aitu      condition 

u«hlw 

Flow 
diraction —< 

0*KO* 
h      v 

'Partially     aaturatad 
spaclman 

Note:    Not to scale 

b:      Laboratory     simulation     of    crackad     alamant 

Fig. 1 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) 

Pig. 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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Fig. 21 Grain size distribution for concrete sand filter 
and base (Material E), used in filter tests. 
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APPENDIX B 

SUMMARY OP TEST  RESULTS  GIVEN  IN APPENDIX A 



1 

TABLE B1 

SPECIMENS TESTED TO OBSERVE THE EFFECT OF WATER CONTENT 
ON EROSION * 

Spoeimon 
Numbar 

Rata of 
Watght 
Erosion 
(g/mln)  _ 

P 

Initial 
Spaclman 
Dry Maaa 

(a) 

Pareant 
Eroalon/Tima 

« 
(%/mln) 

Max. Eroaion 
'Max 

(fl/em - min) 

% from 
Optimum w/G 

(») 

% of Max. 
Dry Oanslty 

<«> 

B110 0.5 995 o.ns 0.01 +2.0 95 

Bill 1.0 1004 0.10 0.02 0.0 95 

B113 2.5 998 0.25 O.nL -2.0 95 

B117 1.2 1002 0.12 0.03 +3.0 95 

B119 1.1 1002 0.11 0.02 +3.0 95 

B120 1.7 998 0.17 0.03 +4.0 95 

B121 0.5 989 0.05 0.01 +1.5 95 

D170 13.9 1014 1.37 0.16 -0.5 95 

01T1 18.8 1013' 1.86 0.25 +1.0 95 

D173 36.6 1015 3.60 0.16 -3.0 95 

D175 11.0 1018 1.08 0.18 -1.0 95 



TABLE B1   (continued) 

SPECIMENS TESTED TO OBSERVE THE EFFECT OF WATER CONTENT 
ON EROSION 

Spaciman 
Number 

Rat« of 
Waigftt 
Erosion 
(g/mln)   _ 

P 

Initial 
Spaciman 
Ory Mass 

(g) 

Parcant 
Erj>alon/Tlma 

* 
(%/mln) 

Max. Eroalon 
•Mas 

(9/emr- mln) 

% from 
Optimum w/c 

(«) 

* of Max. 
Ory Oanalty 

(«) 

E102 26.5 928 2.86 0.35 -2.0 95 

E103 22.0 929 2.36 0.31 -1.0 94 

E104 9.9 921 1.07 0.15 +2.0 95 

E106 11.9 923 1.29 0.18 +2.S 9\ 

E107 11.1 935 1.19 0.18 0.0 95 

. 

4 
+. ' — 



TABLE B2 

SPECIMENS TESTED TO OBSERVE THE EFFECT OF DENSITY 
ON EROSION 

Spaelman 
Number 

Rata of 
W tight 
Eroalon 
(g/min)   . 

• 

Initial 
Spaelman 
Ory Maas 

(g) 

Percent 
Eroalon/Tlma 

« 
(%/min) 

Max. Erosion 
'Max 

(g/cm - mln) 

% from 
Optimum w/c 

(*) 

% of Max. 
Dry Density 

(%) 

Bill 1.0 1Q04 0.10 0.02 0.0 95 

B114 0.8 1042 0.08 0.01 0.0 98 

B123 3.2 946 0.33 0.05 0.0 90 

imn 13.9 1014 1.37 O.lfi -0.5 «5 

D172 14.2 1035 1.37 0.19 -0.5 98 

E105 11.8 4M 1.22 0.1«. 99 

E107 11.1 935 1.10 O.IR n.o 9* 

-4- 
-t-i 
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APPENDIX C: PROCEDURE FOR OBTAINING SOIL WATER EXTRACTS 

This appendix describes the procedure recommended by Sherard (1972) 

and extensively described by Richards (1954) for obtaining soil-water 

extracts. These extracts are used to determine the amount of metallic 

cations (sodium, calcium, magnesium and potassium) present in the soil, 

expressed in milliequivalents per liter. These ionic concentrations may 

be used to determine the relative activity of sodium ions in exchange 

reactions with soil. 

A high activity of sodium cations relative to the other ions in the 

porewater has been found to correlate to the incidence of erosion damage 

in many embankment dams. One widely used relationship to quantify this 

activity is the Sodium Adsorption Ratio (SAR), defined as: 

Na (1) 
SAR - 

/ 0.5 ( Ca + Mg ) 

The SAR may be plotted versus the total cation concentration of the 

eroding fluid to possibly predict the erosion failure of a dam embank- 

ment. To obtain the soil-water extracts required to compute the SAR, 

the following procedure is recommended: 

1. Distilled water is added to a 250 gram soil sample and mixed with a 

spatula until the consistency of the soil paste is about the same as at 

the liquid limit. The mixing process may be facilitated if the soil is 

first allowed to air dry and then passed through a U.S. Standard No. 70 

(2mm) sieve. 
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2. The soil paste is allowed to sit for a few hours in order to allow 

equilibrium to occur between the salts in the pore water and the salts 

on the cation complex. 

3. After allowing the paste to sit for a few hours, the paste should be 

checked to see that free water does not collect on the soil surface. If 

the paste is too wet, dry soil may be added. The paste should not 

stiffen or loose its glister. If the paste is too dry, it may be remix- 

ed with additional water. The consistency of the paste should be about 

the same as at the liquid limit. 

4. The soil paste is transfered to a vacuum filter funnel system, as 

shown in Figure Cl. Vacuum is applied and a small quantity (10 to 25 

milliliters) of soil-water extract is collected in a bottle or test 

tube. The collection process is stopped when air begins to pass through 

the filter. 

5. The amount of metallic cations is determined by chemical analysis. 

A detailed description of the procedures available for determining pore 

water chemistry and other properties of the soils may be found in texts 

edited by Richards (1954) and Black (1965). 
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APPENDIX D: NUMERICAL ANALYSIS OF THE EFFECT OF ASSUMED FLOW 

CHANNEL SHAPE ON TRIAXIAL EROSION TEST RESULTS 

Studies were performed to evaluate the effect of flow channel shape 

on parameters calculated for the triaxial erosion test. As discussed in 

the report, test results were computed assuming the flow channel shape 

was rectangular during a test. This rectangular channel was assumed to 

have a constant width; only the thickness varied with time to account 

for the soil volume being eroded. Possibly more accurate assumptions 

could also have been made by assuming the flow channel eroded as an el- 

lipse with either a constant width or with both width and thickness var- 

ying with time. Therefore comparison calculations were performed by as- 

suming these differently shaped flow channels. Flow channel size 

parameters compared were:  width (w), thickness (d), hydraulic diameter 

(D. ), and erosional surface area (A (t)). The effects of the flow 
n s 

channel shape assumption on the erosion rate and fluid shear stress were 

also compared. 

Method of Study 

Erosion test values calculated for the two different elliptical shape 

flow channels were compared to test values calculated for the constant 

width rectangular shape flow-channel on the basis of equal cross-sec- 

tional areas, A (t).  This was done because the area of any cross- 

section is independent of cross-sectional shape. 

The constant width solutions were selected based on observation of 

the eroded flow channels after a test.  These observations indicated 
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that the increase in crack width was much smaller than the increase in 

crack thickness. The variable width solution attempted to model this by 

using an empirical function to generate values of the small increase in 

crack width during an erosion test. 

Constant Width Rectangular Shape Flow Channel:  The solution for the 

constant width rectangular shape flow channel is described in PART IV of 

this report.  The expressions for the channel thickness d and the chan- 

nel area A (t) as functions of time were: 
s 

d (t) = Ax (t)/w (Dl) 

and 

A (t) ■ 1 * 2 * ( A (t) /w + w ) (D2) 

where: 

1 = eroded length of specimen, in cm. 

d (t) * crack thickness at time ■ t, in cm, 

w = original crack width at time ■ 0, in cm. 

A (t) * crack surface area at time * t, in sq. cm 

A (t) = crack cross-sectional area at time ■ t, in sq. cm. 
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Constant Width Elliptical Shape Flow Channel: The constant width el- 

lipse solution was based on mensuration formulae which were used to ob- 

tain values of d and A (t) as functions of w and A (t).  These 
s x 

mensuration formulae were: 

d (t) - ( 4/1 ) * Ax (t)/w (D3) 

and 

A (t) ■ 1 * ( t/2 ) * ( w+d ) * ( 64- 3* Z* ) / ( 64- 16* Z2 )  (D4) 
S 6 

where: 

Z - I w- d (tj J / I w+ d(t) ] 

Variable Width Elliptical Shape Flow Channel: This solution utilized 

basically the same mensuration formulae as above, but required an addi- 

tional function to generate values of w and d as the cross-sectional 

area A (t) varied with time.  For our computations, we empirically 

derived a function based on observed behavior of erosion channels such 

that: 

Aw * t AA (t)/At ] * Ad * RATE (D5) 

where: 

Aw = incremental change in crack width in cm, 

Ad s incremental change in crack thickness in cm, 
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AA /At = change in cross-sectional area with time, cm /min, 

and 

RATE = constant, min/cm2. 

[ The value of AA , (t)/At was equal to P (the slope of the 

cumulative weight eroded vs. time curve) divided by p (the 

specimen dry density) and 1 (the eroded length of the spec- 

imen) . ] 

Equation D5, with a suitable choice for the value of RATE, could fit 

a wide range of crack dimensions measured at the end of an erosion test. 

This equation was incrementally solved by using consecutive values of 

A (t) and by starting with initial values of w and d at time = 0. 

Once these incremental values were known, the elliptical mensuration 

formulae could be used to compute flow channel size parameters. 

The RATE parameter was used to evaluate t»e time history of the the 

shape of the flow channel based on measurements of flow channel dimen- 

sions at the end of a triaxial erosion test. Therefore values for RATE 

necessary to match the the test results were calculated analytically us- 

ing measured test end values of d, w, time (or A (t)) and AA /At. 

An example of this tabulation is given in Table Dl. Tables D2 through 

D& present the measured test end crack dimensions and best fit values of 

RATE for most of the specimens tested. 
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Results of Study 

Constant Width Ellipse: A numerical comparison of erosion test val- 

ues calculated using the constant width ellipse solution and the con- 

stant width rectangle solution is presented in Tables D5 through D7 for 

each of the materials studied. The analysis indicated that for all of 

the materials, the constant width ellipse crack size parameters vary 

from the rectangular by less than ± 15%. It should also be noted that 

the ratio of the results between solutions were about the same for all 

of the materials studied. 

Figure Dl shows graphically the effect of the assumed flow channel 

shape on values of erosion rate, t, versus fluid shear stress, t. Ero- 

sion rate values for the constant width ellipse solution were consis- 

tently higher than the values for rectangular solution of the materials 

tested. Plots of erosion rate verses fluid shear stress for Material B 

were not sensitive to the choice of assumed flow channel shape because 

the measured erosion rates were small. 

Erosion test values for the highly erosive Material E were more sen* 

sitive to the choice of assumed flow channel shape for the less erosive 

materials. The slopes of the constant width ellipse solution were sig- 

nificantly greater than the slopes of the rectangular solution for this 

material. Calculated erosion values for the two solutions diverged mod- 

erately with increr~ing values of fluid sh«ar stresses. 

Calculated erosion values for the two solutions fo* the moderately 

erosive Material D were generally parallel except at low fluid shear 
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Stresses. At low shear stress the slope of the constant width ellipse 

solution was slightly greater than the slope of the rectangular solu- 

tion. 

Variable Width Ellipse: The numerical comparison of the variable 

width ellipse solution to the constant width rectangle solution is pre- 

sented in Tables D8 through D10 for each of the materials studied. The 

variable width ellipse solution also varied from the rectangle solution 

by less than ± 15% for all of the materials tested. 

Figure Dl presents graphical comparisons of the effect of assumed 

flow channel shape on values of erosion rate, E, versus fluid shear 

stress, t. For each of the tested materials the variable width ellipse 

solution resulted in curves higher than, but generally parallel to, the 

curves for the rectangle solution. Further, it may be seen in Figure Dl 

that the shapes of the curves for the two solutions are quite similar. 

Conclusions 

The results of the numerical analyses indicated that the simple con- 

stant width rectangular solution was reasonable. Another encouraging 

finding is that erosion values calculated using the possibly most accu- 

rate shape assumption of a variable width ellipse may be related to the 

constant width rectangle by using a simple constant. 

An alternative test method that would avoid all of these shape as- 

sumptions would be to start the erosion test with a circular flow chan- 

nel shape. Such tests were actually performed by making flow channels 

in specimens by drilling with a small (0.7 cm diameter) auger bit. Ob- 
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servations indicated that the resulting flow channel eroded circularly. 

The mathematics for calculating the change in size of an eroding circu- 

lar flow channel are very simple and no flow channel shape assumptions 

are required. Also, since the aspect ratio of the circular channel does 

not vary, computation of fluid wall shear stress as a function of aspect 

ratio is simplified. Additional study is required to see if erosion pa- 

rameters measured using a circular flow channel compare favorably with 

values measured using a rectangular flow channel. 
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APPENDIX E: EXPERIMENTAL STUDY OF TRIAXIAL EROSION TEST 

HYDRAULIC BEHAVIOR 

A series of hydraulic experiments was performed to observe flow 

through a model of the erosional flow channel. These experiments were 

performed to investigate the validity of the assumption of laminar flow 

occuring in the triaxial erosion test. Additionally some experiments 

were performed to possibly optimize the hydraulic design of the top and 

bottom platens presently used in the triaxial erosion test. 

Experimental Apparatus 

A clear rectangular plexiglas channel was constructed to model the 

erosional flow channel. The model channel dimensions were 11.5 cm long, 

by 2.9 cm wide, by 1.2 cm thick. These dimensions approximately corre- 

spond to the values of 1 , w and d used for the tests performed in 

this report. The model channel thickness could be varied by placing 

plexiglas inserts 0.5 cm thick into the channel. Gradients of approxi- 

mately 10, 35, 50 and 100 m/m were applied to each of the three model 

channel configurations possible: 0.2 cm, 0.7 cm and 1.2 cm thick by 2.9 

cm wide. 

The resulting flow regime was observed by mixing light reflective 

polyethylene beads with the water flowing through the model channel. The 

average diameter of the beads was between 0.03 and 0.05 cm. The beads 

had a specific gravity of slightly greater than 1. Observations were 

recorded by sketching and by photography. 
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Flows were channeled through the plexiglas model with either the same 

top and bottom platens used for the triaxial erosion test or with alter- 

native platens. The platens were sealed to the model channel using mod- 

eling clay. Figure El shows a photograph of the experimental apparatus 

during use. 

To see the effect of entrance and exit geometry on the flow regime, a 

platen with a gradual transition conical flow entrance (0.8 cm expanding 

out to 2.2 cm in diameter over a length of 1.2 cm) was substituted for 

either of the top or bottom platens. Figure E2 shows details of the 

conical flow entrance platen. An "infinitely large" exit was also stud- 

ied by discharging the flow from the model channel dire "vy into a large 

beaker. This was done for both the original top platen and the conical 

flaw entrance top platen. 

Experimental Observations, Triaxial Erosion Test Model 

Crack Thickness ■ 0.2 cm (This thickness is analogous to the specimen 

flow channel thickness at the start of the erosion test). Flows were 

observed to be quite linear and regular at all applied gradients. Some 

small vortices, about 1 cm in diameter, were noticed along the edges of 

the model channel just below the injecting flow nozzle. 

Crack Thickness = 0.7 cm (This approximately corresponds to A (t) 

* 2.0 cm2 ). Two vortices were observed: one large (1.5 cm wide by 3 

cm long) well-defined vortex occured just below one corner of the in- 

jecting flow nozzle, and a smaller (1 cm wide by 2 cm long) poorly 

formed vortex occured below and to the other side of the model channel 
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opposite to the first vortex. This asymmetric arrangement became more 

and more symmetrical as applied gradients were increased. Random flow 

patterns with a length of about 2 cm occured just below the vortices. 

The vortex fields took place over about 25% of the area of the model 

channel. 

Crack Thickness f 1.2 cm (This approximately corresponds to A (t) 

=3.5 cm2 ). An intense vortex field filled the top 1/4 of the model 

channel. At gradients below 35, the flow in the rest of the model chan- 

nel was about equally divided between an upper random non-linear flow 

region and a lower linear flow region. As gradients were increased, the 

vortex field in the top of the model channel became more intense, but 

did not change appreciably in extent; the random flow zone increased in 

length with a corresponding decrease in the linear flow zone. At a gra- 

dient of abcut 100, the linear flow zone disappeared entirely. 

•4 

The observation of the intense vortex field at the top of the model 

channel corresponded with test observations that most erosion test spec- 

imens failed at a locally severely eroded area generally within the top 

1/3 of the specimen. The intense vortex field may have caused increased 

erosion due to locally increased flow velocities in this region. 

Saturation of Flow Channel Another experimental observation was that 

air pockets tended to form in the plexiglas model of the flow channel. 

Such air pockets could prevent the eroding fluid from acting on the ero- 

sional surface area of a specimen. An effective solution to this prob- 

lem was to pre-fill the model channel with fluid immediately before a 

flow test.  This was done by 1)  holding the end of the outflow line 
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above the level of the top of the plexiglas model,  2) by filling the 

outflow line with fluid, ard 3) by allowing the trapped air to escape 

from the disconnected inflow lin«..  It is recommended that the triaxial 

erosion testing procedure used in this study be slightly modified to include 

pre-filling the flow channel with the eroding fluid immediately before an 

erosion test. 

Experimental Observations, Optimization Models 

Gradual Transition Conical Flow Entrance Platen Replacing the triaxi- 

al erosion test top platen and its injecting flow nozzle with a platen 

with a gradual transition conical flow entrance had a marked effect on 

suppressing the onset of flow separation and minimized the formation of 

vortices. This was probably because the abrupt transition between the 

injecting flow nozzle and the model channel was eliminated. However it 

should also be noted that removing the 3.5 cm long injecting flow nozzle 

increased the effective length of the model channel from 11.5 cm to 15 

cm. This increase in length may have also tended to suppress the flow 

separation. 

The observed flow using the conical flow entrance was linear for 

crack thicknesses of 0.2 and 0.7 cm at gradients between 10 and 100. 

Some small, 1 cm in diameter, vortices formed just below the conical 

flow entrance at a crack thickness of 0.7 cm. Higher gradients had lit- 

tle effect on this flow regime. 

For a crack thickness of 1.2 cm, two vortices (3 cm long by 1 cm 

wide) symmetrically flanked the center line of the model channel just 
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beyond the conical flow entrance. A random flow area of about 3 cm long 

was present below the vortices, followed by linear flow throughout the 

rest of the model channel. Higher gradients had little effect on this 

regime. 

Alternative Discharge Methods: The triaxial erosion test bottom pla- 

ten with a 0.4 cm diameter discharge was replaced either by 1) the coni- 

cal flow platen or by 2) discharging directly into a large beaker. Lit- 

tle visible effect on the flow regime was noticed using these different 

discharge methods. However, it was noticed that coarser particles had a 

tendency to lodge on the flat area of the triaxial erosion test bottom 

platen. This did not occur for the alternative bottom platen as this dead area 

did not exist (see Fig. E2). To prevent the lodging of particles and possi- 

ble erosion channel sealing, the design of the discharge through the 

bottom platen may be modified in the future. 

Numerical Analysis of Hydraulic Behavior 

The plexiglas model, using the triaxial erosion test top and bottom 

platens, revealed that flow separation increased as the thickness of the 

model channel increased. This flow separation would tend to increase 

the wall shear stresses due to locally increased flow velocities. An 

explicit derivation for the exact amount of increase is not possible at 

present. However, an estimate of this increase in wall shear stress was 

obtained by using an equation for duct entrance effects on wall shear 

(Olson, 1980). The results of this analysis indicated that laminar flu- 

id wall shear could be increased up to about 30% due to flow separation. 
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In our analysis of the assumed fully developed laminar flow through 

the triaxial erosion test flow channel, the wall shear stress, t, varied 

with the aspect ratio of the flow channel (Olson, 1980). Thus the wall 

shear stress, t, was equal to 10.6 Vu/D. at the start of the erosion 

test when the aspect ratio was 1/10,  and decreased to a value of 8 

Vu/D,  when the flow channel eroded to an approximately  circular 

shape. The average value of wall shear stress T was thus equal to 9.3 

Vu/D, .  Therefore our test values for I were increased by 30% to ac- 

count for the flow separation observed in the plexiglas model of the 

triaxial erosion test flow channel. This correction results in the wall 

shear stress x  being equal to 12 Vy/D,  . This last value was used in 

the computation of wall shear stresses reported in the text. 

Conclusions 

Observations indicated that as the flow channel erodes, flow separa- 

tion occurs at the abrupt transition between the top platen injecting 

flow nozzle and the flow channel. The experiments indicated that upper 

bound solutions for wall shear stresses due to the assumed fully devel- 

oped laminar flow are more valid than solutions based on average condi- 

tions. To reflect this, wall shear stresses were increased by 30* over 

average values to obtain the results presented in this report. 

Some experiments were also conducted to investigate the triaxial ero- 

sion test apparatus hydraulics so that flow separation effects would be 

lessened. These experiments indicated that by changing the top platen 

having an abrupt flow nozzle to a top platen with a gradual transition 

conical flow entrance, a aarked «uppreaeion of flow aeparatlon resulted. 
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However, increasing the size or changing the geometry of the flow 

discharge through the bottom platen had little visible effect on flow 

separation. 

To improve the accuracy of the hydraulic analysis for the fluid wall 

shear stresses, further study is needed to optimize the configuration of 

the entrance to the flow channel. The goal of this optimization would 

be to lessen the flow separation occuring in the present entrance con- 

figuration. Another goal would be to prevent flow from occuring between 

the specimen and its membrane. The present top platen and injecting 

flow nozzle do prevent flow from occuring between the specimen and its 

membrane, but could better control flow separation in the transition be- 

tween the flow entrance and the flow channel. 

It is recommended, as previously discussed, that the triaxial erosion 
j 

testing procedure be slightly modified to include pre-filling the flow 

channel with the eroding fluid immediately before an erosion test. 
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Pig. El Experimental Apparatus Used to Investigate Triaxial 
Erosion Test Hydraulic Behavior. 
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APPENDIX F: ESTIMATES 
OF FIELD EROSION RATES 

FOR THE TETON DAM FAILURE AND POSSIBLE 
DESIGN APPLICATIONS 
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Background 

Based on field observations during the failure of the Teton Dam, 

calculations presented in this Appendix were made to obtain estimates 

of the erosion rate which may have occured while an erosion channel was 

enlarging during the dam failure. These estimates were compared to 

values of the maximum erosion rate obtained using the Triaxial Erosion 

Test to observe if laboratory data corresponded with field observations. 

The following paragraphs summarize key erosion events presented in a 

report on the failure of the Teton Dam on the corning of June 5, 1976 

(U.S. Department of the Interior, 1977). 

Earliest Time at which Significant Erosion may have begun: 

Testimony, presented on page F-37 of the aforementioned report, established 

that no serious leaks or seepage were observed during a routine inspection 

at 9:00 p.m. on June b, 1976. Therefore, the earliest time at which 

significant erosion could have begun would be subsequent to 9:00 p.m. 

on June 1», 1976 (Page 35). 

Latest Time at which Significant Erosion may have begun: The 

first leak was observed at about 7:^5 a.m., on June 5, 1976. This leak 

occured along the right abutment at El.501*5 (in feet) near the toe of 

the dam (Page 36). 

Observations and Dimension of the Path for a Second Leak: A second 

leak was observed between 10:00 a.m. and 10:30 a.m. at El.5195, approxi- 

mately 1*6 meters (150 ft) above the first leak at El.50b5. By 10:1*0 a.m., 

an eyewitness observed that the leak had developed into an erosion tunnel, 

about 1.8 meters (6 feet) in diameter, extending into the embankment 
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(Page 36). Unfortunately, that was the only quantitative description of 

Che erosion channel provided in the report. Moreover, available photo- 

graphs of the eroding dam for different times do not provide a useful 

scale that could be used to quantify the dimensions of the erosion 

channel. 

Progression of the Erosion Channel: Seed and his co-workers 

(U.S. Department of the Interior, 1976 Appendix D) described the pro- 

gression of flow and the development of the erosion channel through the 

Teton dam embankment. This progression is illustrated in Figures 

Fl and F2.  They concluded that flow first occured along the base of the 

dam, resulting in the first leak observed at E1.50U5 ft. This flow 

path later shortened and allowed water to flow out of the embankment at 

El.5195, resulting in a second leak. This second leak enlarged, into 

the 1.8 meter (6 ft) in diameter erosion channel deiicribed above, by 

10:U0 a.m. on June 5, 1976. 

It may be noted that the maximum reservoir level on the eve of the 

failure was given at EL. 5300 ft. Thus the head of water above the erosion 

channel at El.5195 ft. was approximately 32 m (105 ft). 

Calculations to Estimate Erosion Rates from Field Observations: 

Computations were performed to obtain estimates of the erosion rate from 

the information given above. These computations used the two procedures: 

1) A procedure similar to the one outlined in the text of this report 

using assumptions for the weight of material eroded, estimates of the 

duration of erosion, and assumptions for the erosional surface area; 2) 

A procedure outlined by Perry (1982) using a crack recession parameter, 

6, defined as the maximum erosion rate tMX divided by the dry density 

of the core material. This recession parameter, 6, simply describes 
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the linear enlargement of an erosion channel. Details for using these two 

procedures to calculate the quantity of material eroded from the Teton 

Dam are outlined below. 

Calculation of the Erosion Rate as Outlined in this Report (Method A): 

This procedure requires knowledge of the volume of material eroded from 

the core, the weight of this volume, the time for this erosion to occur, 

and the erosional surface area. For these computations it was assumed 

that l) the length of the erosion channel was 90 meters measured along 

the base of the core as shown in Fig. F2d, 2) the shape of the erosion 

channel was circular with a diameter of 1.8 meters, and 3) the duration 

of erosion ranged from a maximum time of 820 minutes (9:00 p.m. on June 

k  to 10:b0 a.m. on June 5, 1976) to a minimum time of 175 minutes (7:1+5 

a.m. to 10:U0 a.m. on June 5, 1976). 

Volume of Material Eroded from the Core by lOtUO a.m. 

Vc « Ac Lc - 229 m* 

where: Vc * Volume of material eroded from the 
core at 10:U0 a.m.; 

Ac ■ Cross-sectional area of erosion tunnel 
observed at 10:U0 a.m. (equal to if (1.8)2 

or 2.51* sq. meters); k   " 

L<. ■ Approximate length of the core from upstream 
to downstream at El.5195 (equal to 90 metersj. 

Weight of Core Material Lost by 10 :M) a.m. 

«c - Pc 
vc ■ 362 Mg 

where: Wc ■ Total weight of core material lost by 
1C:M) a.m.; 

p   * Mean dry density obtained for the core 
material done l) during construction 
(equal to 1.583 Mg). 



v = Volume of material eroded from the core by 

10:U0 (equal to 225 m )■ 

Estimate of Rate o 
f Weight Erosion Until 10:U0 a.m. 

Wc < P < We. 
Tmin Tjnax 

or 

OM  < P < 1.98 Mg. 
min 

where: 
P = Rate of veight erosion; 

V - Total weight of core material 
C lost (equal to 356 Mg); 

W- Elapsed time between 9:00 p.m., on 
W June U, and 10:1*0 a.m., on June 5, 19T* 

(equal to 8U0 minutes); 

Erosion Rate at 10:UP a.m. 

or 

where: 

Pmin i fec 1 *»fi£ 
Asc *sc 

0.08 < ec < 0.39 g/cm2- min 

£c » Estimate of erosion rate at 10:U0 a.m. 

(g/cm2- ain); 

Pmin* Minimum estimated rate of weight erosion 

(0.U3 Mg/min); 

PM,« Maximum estimated rate of weight erosion 

(1.98 Mg/mia); 

ABe • Erosional surface area extending for 90 
meters through the core and with a diameter 
of 1.8 meters at 10:U0 a.m. (equal to 5.1 

• 10' cm2). 
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It is interesting to note that this calculated range of erosion 

rate values (0.08 to 0,39 g/cm2- min) is nearly identical to maximum 

erosion rate values obtained from Laboratory Triaxial Erosion Tests per- 

formed on Teton Dam specimens (Material E). These measured laboratory 

erosion rates ranged between 0.13 and 0.35 g/cm2- min. 

Calculation of Erosion Rate as Outlined by Perry (1982) (Method B): 

The maximum erosion rate values obtained from Laboratory Triaxial Erosion 

Tests presented in this report may be used to compute the recession of 

the wall of a crack due to erosion using the following expression 

(Perry 1982); 

(Fl) 6 = -p— C*T;2U ft/day) 
cm/min 

where: 

'max 

6 = recession of wall of crack due to 
erosion, ft/day; 

maximum erosion rate, g/cm - min; and 

p * dry density of soil, g/cm3. 

This relationship between the crack recession rate, 6, and the maximum 

erosion rate, c^ax» *-8 plotted i,i Figure F3 for various values of dry 

density. The recession rate calculated using Equation Fl may represent 

an upper bound for erosion for a dam having a downstream filter because 

it does not take into account accretion of eroded material at the inter- 

face between the cracked core and the downstream filter. On the other 

hand, this recession rate may represent a lower bound for erosion of a 

crack that is enlarging due to both wall erosion and the collapse of 

the embankment into the erosion channel. Thus, unless corrections are 

applied for filters and the rate of embankment collapse, Equation Fl 

will accurately model stable crack growth due to wall erosion in an em- 

bankment unprotected by a downstream filter. 
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Reviewing the design drawings and the field performance during 

the failure, it is clear that the Teton Dam embankment was not adequately- 

protected by a downstream filter. Further, from laboratory tests and 

from observations made during the failure of the dam, it is clear that 

the core material collapsed into the erosion channel. Thus, Equation Fl 

will appear to give a lower bound for values of the recession of the wall 

of a crack in the Teton Dam. 

Example Calculation of Maximum Erosion Rate 

The two methods presented above may be used to back calculate the 

erosion rate that took place during the Teton Dam failure. 

First, the recession rate, 6, may be computed for the Teton Dam 

assuming that the crack enlarged from a negligible thickness and only 

in the vertical direction. Further, it is reasonable to assume based 

on failure observations that the crack had a constant width of 1.8 meters 

(6 ft) and that it increased.only in thickness from 0 meters to 1.8 

meters (0 ft. to 6 ft.) during failure. This implies that the crack 

eroded as a constant width rectangle. This is a logical assumption 

if the crack was very wide compared to it's thickness. The time for 

recession of the crack ranged from a maximum of 0.57 days (820 min) to 

a minimum of 0.1? days (173 min). Thus the recession rate, 6, ranged 

from 3.2 m/day (10.35 ft/day) to 15 m/day (50 ft/day). 

Second, it is necessary to know the average dry density, p, of 

the eroding dam material. From field tests it is known that the average 

dry density of the core material (zone l) was 1.583 Mg/m*. 
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Range; of Estimated Maximum Erosion Rates: Using these values of 

the recession rate and the core material dry density, a range of values 

of the maximum erosion rate, e^x, can be read off from Figure F3 (Method 

B). The resulting values for the maximum erosion rate is from O.36 to 

1.7 g/cm2- min which is about 5 times greater than the range of values 

computed using the data and procedures developed in this report (Method 

A). This wide spread between calculated values using Method B and the 

values computed using Method A may be due to the effect of the implicit 

assumption made for the values obtained using Method B that the erosion 

channel enlarges only in one direction. Thus, Method B should be applied 

to estimate the erosion rates in dams where the crack enlarges such that 

the height and width of the crack remain approximately the same as in 

the case of circular erosion channel. 

Design Use 

These computations indicate that values for the maximum erosion 

rate as measured in the Triaxial Erosion Test are reasonable and may 

be used in design. However, the procedure for estimating the erosion 

rate of a eroding dam outlined in this Appendix requires that a variation 

of crack shape with time must be assumed. Method A, outlined in this 

Appendix, will be most useful for a wide variety of crack shapes. Method 

B, however, will be most useful if a crack is assumed (or measured) to 

be enlarging faster in one direction relative to it's other direction. 

An example of such a case is a long crack at the interface between the 

core and bedrock, or a long crack between compaction lifts. For such 

crack geometries, the recession rate analysis (Method B) will simplify 

computations and should result in reasonable values for estimated crack 

enlargement with time. 

F8 

<» 



Recommendations 

The autho-s believe that analyses of the rate of dam core erosion 

could become mox: credible if better eyewitness reports of embankment 

dam core erosion are provided in the literature. As a minimum these 

reports should in; lüde information on: l) Fluid flow rate values; 2) 

An estimate of the flow channel shape or span length; 3) The weight of 

solids being eroded as a function of time; and •*) Estimates of the en- 

largement of the erosion channel with time. 
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Fig.  F2 (continued)    Conceptual Mechanism for the progression 
of the erosion channel through the Teton 
Dan embankment  (from U.S. Department of 
the Interior,  1976) . 
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SYMBOL 

As(t) 

A8(0) 

Ax(t) 

Ax(0) 

d 

h 

hb 

i 

L 

le 

P 

Q 
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APPENDIX G: NOTATION 

DESCRIPTION 

Eroded surface area 
as a function of time 

Eroded surface area 
at time equal zero 

Cross sectional area 
of crack in specimen 
as a function of time 

Cross sectional area 
of crack in specimen 
at time equal zero 

Hydraulic diameter 

Thickness of crack- 
forming blade (crack 
thickness) 

Head of water applied to 
the top of the sample 

Head of water applied at 
the end of outflow line 
(equal to zero in these 
tests) 

Hydraulic gradient 

Initial length of the 
specimen 

Eroded (crack) length 

Rate of weight erosion 

Flow rate 

Reynold's number 

Ratio of solids eroded 
to volume of flow collected 
at any time t 
(Parts per million) 

Gl 

UNITS 

cm2 

cm2 

cm2 

cm2 

cm 

cm 

m 

m 

m/m 

cm 

cm 

g/min 

cm1/min 

mg/liter 
(ppm) 
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SYMBOL DESCRIPTION 

Elapsed time 

UNITS 

T minutes 

t time minutes 

Wi Dry weight of specimen 
at start of test 

grams 

w. 

w 

Dry weight of specimen 
after erosion test 

Width of slot-forming 
blade (crack) 

Percent erosion per unit 
time 

grams 

cm 

$/min 

e 

u 

P 

o 

T 

3c 

Erosion rate g/(cm2-min) 

Viscosity of Water N-Sec            i 
m 

Dry density of specimen g/cm* 

Triaxial Cell Pressure KN/m* 

Fluid Shear Stress N/m2 

Plow parameter - 
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