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embankment dam core materials is influenced by soil compaction and by the 
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fied triaxial cell which was able to apply confining pressure to compacted 
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embankment dam. In addition, tests were performed to develop a method for 
testing the effectiveness of filters in preventing erosion from (Continued) 
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cracked embankment dam core materials. 
Five typical embankment dam core materials ranging from silty to c layey 

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 cor e 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. 

e. 

f. 

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. 

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 350. 

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 
t est data into embankment dam design criteria. 

Unclassified 

SI!CU"ITY CL ASSIFICATION OF THIS PAGE(II'hen Dale Entered) 



PREFACE 

The work described in this report was performed under Purchase Order No. 

DACW 39-80-M-4050, dated 31 July 1980, as part of work being performed at the 

U. S. Army Engineer Waterways Experiment Station (WES), Vicksburg, Mississippi, 

on "Design and Construction of Granular Filters for Embankment Dams," with 

funds provided by the Office, Chief of Engineers, U. S. Army, under Work Unit 

CWIS 31618 . 

This report was prepared by Mr. Roberto L. Sanchez , Mr. Andrew Strutynsky, 

and Dr . Marshall L. Silver. Ms. Meshkat S. Assian and Ms. Christyne Demos 

P,rovided laboratory technical assistance; Ms. Mary Alice DeViney prepared all 

I 

drawings and summary plots for the report and Ms. Charmagne Lawson provided 

typing assistance . Mr . Raul Valdes- Perez supervised the writing of the 

computer program to analyse and present erosion test data. 

The work was monitored by Dr. Edward B. Perry, Soil Mechanics 

Division (SMD), Geotechnical Laboratory (GL), WES, under the general super-

vision of Mr. Clifford L. McAnear, Chief, SMD, and Dr . William F. Marcuson III, 

Chief, GL. 

COL Nelson P . Conover, CE, and COL Tilford C. Creel, CE, were Command-

ers and Directors of WES during the period of study. Mr . F . R. Brown was 

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

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

to metric (SI) units as follows : 

Multiply By 

cubic feet 0.02831685 

cubic inches 16 . 38706 

feet 0. 3048 

gallons (U . S. liquid) 3. 785412 

inches 2. 54 

pounds (for ce) 4 . 448222 

pounds (force) per squar e foot 47 . 88026 

pounds (for ce) per square inch 6894 . 757 

pounds (mass) 0. 4535924 
I 

square feet 0. 09290304 

squar e inches 6. 4516 

tons (2000 pounds , mass) 907 . 1847 
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cubic metres 

cubic centimetres 

metres 

cubic decimetres 

centimetres 

newtons 

pascals 
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kilograms 
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kilograms 



EVALuATION OF THE EROSION POTEt-.'TIAL OF E~tBANKNENT 

CORE ~1ATERIALS USING THE LABORATORY TRIAXIAL 

EROSIO~ 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). 
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2. Hsu (1981) 1n Table 1 provides a list of 49 more dams ~hich have 

experieuced eros1on problems 1n the las~ 100 years; in 33 of ~hose dams, 

erosion occured through the embankment ~hile in the remaining dams ero-

sion occured through the foundation. For~una~ely, for most of these 

dams, there ~as adequate ~arning and catastrophic damage ~as avoided by 

lo~eri11g the reservoir ~aLer level and by performing remedial repairs. 

Current StacP of Knowledge 

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

of case hisLories have heen presented in the litera~ure describing em-

bankment dam seepage and erosion (Bertram, 1967; Sherard, 1973; USCOLD, 

1975) 0 Table 2 • summarizes these and other field observations of dams 

which hcn•e experienced erosion problems and provides useful quantitative 

design values. 

4. As may be seen in Table 2, measurements of the volume of leakage 

flo~ a~ a function of time are usually available. In many cases, erosion 

problems are firs~ detecLed by noticing rapid increases in leakage flows 

and/or ~h~ appearance of longitudinal cracks or crater like depressions 

at. the crest of a dam. ln most cases, these observations provided ade-

quate warning time to perform remedial work to prevent breaching of the 

dam. 

5. Ho~ever, Lhere is almost a complete lack of da~a describing the 

rate aL ~hich solids are removed from an eroding dam. As may be seen in 

Table 2, "d 0 1 k ,, it is common to find express1ons such as 1rty ea·age , or 

"from clear to chocolate milk" as the onlv a\·ailable data describing the 
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amount of solids being washed out from the core of a dam. Also, there 

is very little informat1on on the s1ze of the erosion channel. 

6. The authors recognize that there is great difficulty in (1) ob-

taining measurements of the amount of solids be1ng 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 embankment darn core materials. 

7 . Cracking and erosion: Based upon the field observations men-

t1oned above. 1nvest1gators have concluded that it is possible that core 

materials will crack regardless of design provisions. In general , 

cracks are caused by differential s~ttlement 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). 

8. 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 rema1n open due to the un -

drained strength of the material (Vaughan, 1976). Pressurized water 

from the reservoir may £101•: through these cracks and cause concentrated 

leaks to appear downstream. It is this concentrated flow which has led 

to the eros1on of core and tran~it1on materials in a number of dams. At 

present, h " f ,, . t e sa e assumpttons to make in the design of an embankment 
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dam arc: "Regardless of the design considerations involved, it is pos 

sible that the embankment dam material ~ill crack" (Sherard, 1973), and 

It 
some erosion ~ill occur from the walls of a crack ~ith water flo~-

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 -

ri~ed by Hsu (1~81). Filters, however, are costly to install and main-

tain which makes their use oftentimes unfeasible, especially for small 

dams such as those assoc1ated v.•ith small agricul tura 1 projects. 

Requirements of a Suco~ssful Erosion Test ~lethodology 

9. Based upon field oi:>sen·ations and the prE'\SCilt. state of know] edge 

of erosion in dams, investigators have concluded t.hat the follo~ing fac 

tors correlate \>.'ith the incidence of erosion failures (Aitchison and 

~oods, 1965: Sherard, 1976: Parkin, 1976): 

• Rapid reservoir filliHg 

• The prPsencc of cracks and discontinuities 

• Compact1on on the dry side of optimum 

• Lo~ ion concentration of the eroding fluid 

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

10 . Any laboratory t est must take into account these facto rs as ~ell 

as modHl 1 ) the stat£' of stress. and 2 ) the hydraulic conditions unde!" 

1 .. :h1 c h embankment dam ero~ ion occurs. 

9 



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 soi ls with 

open cracks has been recognized (Sherard, 1977; Vaughan, 1978; Gori bel-

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

Limitations of Existing Test ~ethods 

12. The previous d1scussion suggests that the following two charac

teristics must Le combined to properly model the erosion behavior of 

cracked embankment core materials in the laboratory: 

• The phys1cal and chemical characteristics of the soil and of 

the eroding flu1d. 

• The insitu state of stress and hydraulic conditions acting 

on tl1e cracked so1l. 

13. An indepth revie~ of eqttipment and procedures availablE' to s tudy 

tl1e erosion potential of clays, prepared by Perry (1975) , provided in 

fol·mat ion that. shot..ed that fct.. if any current testing procedures sue-

cessfully combine both of these te-sting requirements. In general, this 

revie~o.· sho~o.·ed that t.her:e arE-' bos1cally four classe~ of test. equipment: 

aud mP.thodologics used to measure ttu• erosjon potem:ial of soi 1 materi 

als. Th0se-- utclude: l l r;h~· ptnholc test and the similar , phvsica1 ero -

10 



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

4 ) the ltollo~<.' cyllud~r test. These existin0 procedures do not adequate-

ly model thP insit.u stat£- of stress , thP effectiveness of filters, or 

the mechanisms o! flo~ th r ough a crack as described ir1 Table 4. 

Purpose of the Triaxial Erosion Tes t: 

14. To minimize the limitations discussed previously, a triaxial 

erosion test \..'as developed by the authors (Sanchez and Silver, 198~; 

based on the physical model presented be low. Subsequent sections de -

scribe tlli~ laLoratory tr1axial erosjon test. methodology and present: tht 

results of tests performed on typica l embankment dam ma t erials using 

this tes t me t hod . 

~ode] of th~ Phvs ical Problem -
15. The physical conditions in an embankment dam during first f ill -

iug ar~ prPsented d1agramma:ically in Figure la. If a transverse crac¥ 

exists in the core , i t l.' ill be unde r a s ta te of s tress as s hown in Fig-

un· lb. Th~ total vertical stress , o ~.'ill tend to close tl1e crack 
\'. 

while the total horizontal stress, crh , will tend to keep the crack open . 

The magnitude of both the vert.1cal and horizontal stress is influence~ 

by load transfe r !arch1ngl caused by differential settlement be t l.'een the 

slud l and thE' core. Th~ compacted soil element is initially in a par -

tially !>aturat.ed ~tate under t:hese t:otal stress condit1ons. 

16. As t.IIE' resen·oir is filled, a 1.-ater force, u, ~.o:ill act on t:he 

upstream side of t.h£> crack. The wat:e.r pr essure act1ng on t hf' do\..'nst:rearn 

11 



side of the crack ~ill be zero. The resulting pres urc he3d, h, along 

the length of the crack, 1 
e 

and the grad1.ent , hile, 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 • (defined rate. !: 85- the we1.ght lost per unit area of 

crack per unit t1.me) as a function of the fluid shearing stress, 1: ' 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. f. is affected h~ change~ in the following variables: 

• soil compaction water content and dry density 

• crack dimensions, surface roughness , and tortuosity 

• confin1.ng pressure, 

• eroding fluid gradient::., and 

• the- chemistry both of the port:: aud eroding fluid. 

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

ment and proc..edures described in detail elsev.:ltere (Sanchez and Silver, 

1982) and summarized in the foJlowing sections. 

12 



PART I I: TRIAXIAL EROSIOt'\ TEST ~1ETHODOLOGY 

Description of thP, Testing Equipment 

19. Tl1e components of the test1ng equipment arc pictured and sche-

matically represented in Figures ~ and 3. The follo~ing paragraphs 

briefly describe the tr1axial erosion test equ1pment: 

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

cell with an enlarged drainage system and modified 1..op and bottom pla-

tens. Picture~ of the top and bottom platens are providPd in Figure 4. 

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

I 

cal pressure tanks were independently controlled to pro\ide a continuous 

h1gh rate of flo~ to the tr1axial specimen at a desired constant pres -

sure head. 

22. Effluent Beakers: Effluent conta1ning eroded particles flo~ing 

out of the specimen was collectP.d and volumeLrically measured in 2000 ml 

and 4000 ml capacity graduated beakers. Tlw v.eight of the solids eroded 

was determined hy decanting the fluid from the bPakers and then arying 

aud weiglnng the solid residue. A screen equivalent in size to a Ko.lO 

sievp ~3~ mounted on the bottom platen of the triaxial cell to help sup-

port the specimen. The ma:nmum pan:.:.cle SIZe of d 11 specimens tested 

v.as smaller than the No.lO sieve, so therefore the bottom platen screen 

did not iutcrfere v.•itb the erosion of particles. 

23. Comoac tior. ~!old: A split. compa ct iou mold i. 1 en. Ill diameter and 

1.5.5 em ill heigh-. \.:as u"Pd to form ~pec imens . A fo rm i ng nozzle. having 

* A table of fac t ors for converting U. S. customary units of measurement 
to met r ic (Sl) units is pr esented 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 em wide by 0 . 2 em 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 . 

1est f'roc~dure 

.,, ..... The tests ~ere performed using standard triaxial specimens which 

~ere compacted in the special mold described above. A triangular orif-

1ce was molded 1.nto OIH' end of the specimen by t.he forming nozzle. This 

orifice directed the flo~ of water through the specimen and prevented 

the f 10\,: of ~.·at.cr arouud the circumference of the specimen or between 

the specimen and the confining membrane. The compaction procedure, de -

scrihed in detail b) Silver !197bJ. wcis used to minimize specimen preps-

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

soi! iu layers ( 3 layers for t.h is 1.nvesU gat ion) with each layer com-

pncted to a prP.~cribed dry d~nsity. The procedure makes corrections for 

the fact thAt in comnacting a material in lavers. each succeeding laye~ 

dcnsifie~ tl1e matnrtal in the layers below. 

..,. 
- l . After a 1 1 the layers compacted,tllc forming blade ~as 

jackt'd-up through thP spectmen to preform a tlow channel for t.he erod1ng 

fluid. Tr1c spectm<·u \\a~ theu placed 1nsidt> the triax1al cell and the, 

c;pecirnen '-tl'- surroundt'd h\' a t.riaxial membrane so that both axial anc: 

14 



lat~ral confining pressur~s could be applied to simulate ~n 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. 
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PART III: TEST PROGRAM 

Ohjr>r.tives of this StudY 

~6. The need to understand hot.: v.:~rious factors com:ribute to internal 

eros1on or p1p1ng fa~lure of a cracked core in an embankment dam has 

long been rccogn1zed. Hm.:e\·er. many indepenaent and related factors 1.11 -

fluence erosion test results. Therefore, the scope of this report was 

limlted to an e\·aluation of the influence of tile folloto:ing 1mport.ant 

factors ~ithin the range of values given in Table 5: 

• Compnct1on water content and dry density 

• Ionic concentrat1on of t he e roding fluid 

'27. To minimize t:he number of variables, the inH.ial slot. dimensions 

of ~.~ em ~ide by C.~ em thick, a confining cell pressure of qa kPa 

(14.2 psi) . and a hvdraulic head of 12 kPa (1.75 psi) equal to a hydrau-

lic gradient of 10. ~o.;ere all kept con5 t.ant fo r this imest.igation. The 

effect of hydraulic gradient on Brosion values measured in the test was 

described in detail by Sanchez and Si lver (1982) . Varying the hydraulic 

gradient over the range 17 to 75 was found to have littl e effec t on the erosion 

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

28. In additiou , thH 1nves t igat1on studied t he validity of assump

t i ons made to model t he physical processes occuring in the triaxial e r o 

sion test.. The i nvest.1gatjon al!'.o determined the possibility of using 

t:his test method i n evaluating the performance of filte r s for the pro

tection of cracked fine - grained soils. 
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Description of the Materials Tested 

29. The study consisted of a series of triaxial erosion tests per -

formed on five embankment dam core materials, designated A,B,C,D, and E. 

These materials represent a w1de range of soil types, from a moderately 

plastic clay to a silt, as may be seem from their index properties list -

ed in Table b. Material E is a slightly clayey silt from the core of 

the Teton Dam. Figures 6 through 10 sho~t.: 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. Ho~t.ever, it has 

been cxtensiv~ly reported in both the Soil Science and Geotechnical En-

gineering literature that the chemistry of the soil pore ~t.ater may give 

a better indication of the soil erosion characteristics. Table 7 pres-

ents the results of pore water chemistry tests for ~laterials A through 

E. These results can be used t.o compare tl1e qualitative erosion behav1or 

predicted by identification charts given in the literature (e.g. Sherard 

et.al.. 1976) to thn quantitative values obtained i11 this investigation. 

Appendix C describes the procedure for obtaining soil pore t-•ater ex-

tracts. 
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PART IV: METHOD OF DATA COLLECTION 

31. Data obtained for each test included 1) a description of the 

physical character1st1cs 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. Me~hods used to obtain and calculate these values are de-

scribed in morP detail in the follo~ing paragraphs. 

Specimen Characteristics 

3~. Atterberg Lim]t tests, hydrometer tests and compaction tests were 

p~rformed on all materials tested. Initial specimeu density was deter-

mined using m~asurements 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. Aft.er th<> tPst.. the> shape of the £>roded crack was qualita-

tivel~ described. ThP dimension~ of the specimen were aga1n measured 

and the spcc1men was oven dr]ed and weighed to determine its f1nal 

~~ight. 

Erosion Test Parameters 

33. TesL parameters measured and monitored during the erosion test 

i11cluded: 1 ) fluid pressure ~t the top of the specimen; 2) volume of 

erodPd fluid and solids a5 functior.s of t1mc; and 3) height. change of 

tht· spr c 1men. Bot:b ce 11 pressure and head t.later pressure t•:ere measured 

to an accurt~cy o;' :> kPa 10.7 psi). Tue volume of the eroded fluid was 
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recorded to an accuracy of 50 ml. Time was measured to the nearest 0.01 

m111 at1d dry ~eight of the eroded sol1ds t<>as recorded to thl:! nearest 0. 01 

gram. 

34. Prior to the test, the confining cell pressure and lo"ater !'upply 

head pressure ~o"ere read lo"ith a calibrated gage or pressure transducer. 

During the test, flow 1nto the effluent receiving beakers was continu -

ou5ly timed at. flat<> intervals of betweeu 400 and 500 ml. The t1me ~;.as 

recorded wheu a beaker ,;.•as filled to capacity with fluid and eroded ma -

tcrial. and thP next. beaker bugan to fill. 

35. The test parameters described above were used to determine the 
' 

relationship between material properties , hydraulic parameters, and the 

tim~ rate of material cros1on. Typ1cal data showing these relationsh1ps 

is presented in subsequent. sections. 

19 



PART V: ~IETHOD OF DATA ASALYSIS 

36. Data from each erosion test was analyzed t o obtain values of the ero-

sion rate, € (defined as the weight lost per unit cross-s ectional area of the 

crack per unit time) as a function of the erodi ng fluid shear str ess, T • To 

obtain thes e parameters , calculations were fir s t made to determine the varia-

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

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

37. Computa t ion o f Hydrau lic Gradient : The hydr au l ic pressure a t 

the P.nd of the out.flot• bne was maintained at atmospheric pressure. 

Therefor e , t he hydraulic gr adient was: 

whe r e: 

i- - ---
1 
e 

i - hydraulic gradient; 

(1) 

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

ters; 

bb = head of wat~r applied at: the end of the outflot..· line 

tequa) to ze r o in this study) 

1, = eroded crack length 1n meters (obtalned 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 
x. 

area of the crack after confining pressure ~as applied to the specimen, 

but before initiating the flo~, A (0), ~ere equivalent and equal to 
X 

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

where: 

A - A (0) - d • ~ 
X X 

(2) 

A = initial cross - sectional a~ea of the crack, equal to the 
X 

cross-sectional area of the forming blade; 

A (0 ) = crac~ cross-sectional area at t1me equal to zero, 
X 

after application of confining pressure; 

d - thickness of the forming blade and of the crack; 

~ - ~idth of the forming blade and of the crack. 

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

crack a~ e result of apply1ng the conf1n1ng pressure. 

39. Variation of Cross-Se~tional Area ~it~ Time: To compute erosion 

rates and fluid shear stresses, numer1cal values for the surface area 

and cross - sectional area of the crack ~ere required as a function of 

t1mc. Assumptions ~ere requ1red to compute these areas as no direct 

meaburemcnt could be made during tl1e test . One of these assumptlOI\S was 

made ba~ed on &lle obsen·a~::.:::=: ::~:~'-
'?_ .. C' _ -· -- · 

21 

t!le completiota of a test. the 



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) I with time can be shown to be (Sanchez and Silver, 

1982): 

where: 

X 

A (t) -
X 

p • t 

p • 1 
e 

+ A (0) 
X 

(3) 

A ( t) 
X - cross-sectional area of crack as a function of 

time in cm 2 ; 

P = slope of cumulat~ve dry weight eroded versus time plot in 

g/min: 

t - time in minutes; 

p - dry denstty of specimen in g / cml 

1 = eroded length of the specimen at the end of the test in (' 

em; and 

A 10) -cross - sectional area at t- 0 in cm 2 • X 

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

. 
height of the specimen minus the nozzle length and the final vert

1
cal 

dial g~ugc reac~ng1 ~as regarded as a constant since it varied less th~1 
anout 0.1 em dur~ng any test. 
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41. Variation of Erosional Surface Area: After the cross-sectional 

area wa~ computed, the t..:etted perimeter of the erosion channel, and 

hence the erosional surface area was calculated. Observations made at 

the end of a test indicated that 1n almost all cases the final eroded 

shape t..:as rollghly elliptical. Ho~ever, for this report it ~as assumed 

that the crack enlarged in a rectangular tashior.. us sho~n itt Figure 1. 

The rectangle was assumed to have a constant width equal to the width of 

the slo~ - forming blade; only the thickness was assumed to vary t..:ith time 

to account for the soil volume being eroded. Using this assumption, the 

erosioraal surface area as a funct~on of time, A (t), can be shown to 
s 

be equal to: 

where: 

A 
s 

(t) - 2 • [ A 
X 

(t)/w + I.') • 1 
e 

A (t ) 
s 

erosional surface area of crack as 

time 1r1 cm2 
; 

( 4) 

a function of 

w - width of t he forming blade and of the crack ~n em ; and 

1 - eroded length of the specimen at the end of test in em. 
e 

42. Ita Appendix 0. other assumptions were made for the time rate of 

change of the shape of the erosion cbannel. Results of analyses assum-

ing a constant \<."idth ellipt.ical erosion chaunel and a variable width el -

Uptical erosiou channel were compared to the constant ~.·idth rectangular 

h · ntea· -oua~, ~- -~·nes. e ana 1 ,_·ses indicated that s ape assumption prese :.: t.. --~·· -. 

23 



using the simpl~ rectangular assumption resulted in erosion channel s~ze 

parame~ers ~itl1in + 15~ of the possibly more accurate elliptical erosion 

channel size parameters. This s~all difference ~as felt to be insignif -

icant for the purposes of this study. 

43. Eroding Fluid Shear Stress: The flo~ through the crack was ana -

lyzed as a closed channel pipe flow. Reynold's numbers were calculated 

and in all cases they were less tha r1 about 2000 indicating laminar flow. 

Assuming tl1at laminar flow did indeed occur, the fluid shear stress, t, 

was derived as (John and Habcrmat., 1971): 

T = 

where: 

r = fluid shnar stress in ~/m 2 

\' - averag~ fluid velocjty { equal to Q/Ax (t)] in em/min ; 

~ - viscosity of water 1n N • secjm 2 , 

Dh - hydraulic diameter of the crack in em 

4 A (t) 
X 

A (t)/1 
s e 

equal to 

( - conversion factor equal to 60 sec/min ; and 

~- flow parameter (equal to 12 for this study). 
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44. Appendix E presen~s detailed results of a series of hydraulic ex-

periments performed to check the validity of the assumption that flow 

through the erosion channel ~as lam1nar. These experiments sho~ed that 

some flo~ separation could be introduced into the flo~ at the abrupt 

transition bet~een the narro~ injecting flo~ nozzle and the rapidly en -

larging flo~ channel. 

45. An analysis of this flow separation indicated that the equations 

for laminar shear stress were still applicable if the value of the shear 

stress was increased (Olson. 1980). Thus, the value of the flow parame-

ter, •· in Equation 5 was 1ncreased by 30~ over its average lam1nar val -

ue of 9.3 to an adjusted value of 12 to account for this possible flow 

separation. Appendix E presents more details of thi~ analysis. 

46. Erosion Rate: The erosion rate. £,~as computed ds: 

where: 

• !: -

p 

A (t ) 
s 

i - erosion rate g/(cm 2 
• min) , 

(7) 

P = slope of cumulative ~eight eroded versus L1me curve (g ' 

min l : 

A ( t ) -erosional surface area of crack in cm 2
• 

!'. 
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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 flow~ng 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 may be used to compare the results of this investigation to the re-

sults obt:a~ned by others is the percent erosion per unit time, a. Th~s 

valul" is defined as follows: 

where: 

a = 
P • lOO~o 

w 
i 

a = the percent eros1ou per unit time in percent/min 

(8) 

P = slope of cumulative dry weight eroded versus time plot ~n 

g/ min: and 

~i - Dr: weight a: the s~ccimen at the beginning of a test 

in grams. 

lt should be noted t.:hat n !->imllar erosiou qui.lntity 1s ofteu g~ven ~n t.he 

literature. That qu-'lntity is c;imply c3lled "Percent Erosion" and is de-

fl.ncd a~ tltl' cuntulative t<clght: of materiCil c>1·ode>d divided by the in~tial 
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~eight of th~ specimen, W. (e.g. Lewis and Schmidt, 1977). It may be 
l 

seen th.:lt "Percent Crosion" does not include the effect of test dura-

tion. It tlu~rcfore has limited use in quantifying erosion, unless all 

sp~cimens are tested for the same amount of time. 
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PART \'I: PRESENTATION OF DATA 

49. The results of ~ypical triaxial erosion tests for specimens of 

different embankment core material types are shown in Figures 11 through 

15. These f~gures 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 ~alls of the crack, both a~ functions of time. Plotted in each 

figure are typical result~ (or a silt (high erodibility) and for a clay 

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

1ng program. 

50. For example, Figure 11 gives the form of test results sho~ing 

t:he volume of fluid flo~-.·ing through a crack as a function of time. This 

straight line relationship. w-ith a small range of variation in all 

tests, iudicates that th~ flo~-. rate i!' con~tant under any applied con

stant gradient. The slope of this line which is the flow rate, Q 

Ccm 3 / m1n) , has been computed by linear regres s1on for each test and is 

given in Table 8. 

51. F1gure 1:! shows typical result!- giv1ng the cumulative dry weight 

of solids eroded from the walls of the crack as a function of time. 

Thh. relationship in a 11 tests was also found to be linear. The slope, 

denoted by P ( g / min), for each test wa~ computed and is also shown in 

Tab]P 8. ValllCS for P were high for thP silt core materials and lower 

for the clay core materials . 
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51. Typical plots of the cumulative dry weight of solids eroded as a 

function of volume of flo~ are shown in Figure 13. The slopes of th~se 

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 1n 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 criter1a for the evaluation of cracking and erosion in existing 

and future dams. These test results found high values of S for the silt 

core matP.rials 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 crnck surface as a function of time. This data 

may be used ~ith Equation ; to calculate the erosion rate, • E . Higher 

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

materials. 

54 Figure 15 plots typ1cal curves o f erosion rate, f. as a funct10n 

of the fluid shear stress, t. Typical computations for these quantities 

arP sho~n in Table 9. ~ote that both the fluid shear stress and the 

erosiott rate were highest at the beginning of a test and decreased ~ith 

time t.•hich on thcsP. plots increases to~ard!' the left of thP. figure. 

55. Detailed test results of the form presented above for all speci-

mens testl!d are giveu in Appendix A. Sote that th~ p1ot3 presented in 

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

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

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-

~meu m(!asurements and test values for the flow rate, Q, the rate of 

~eight erosion, P. and the ratio of solids eroded to the volume of flow, 

S, at any timu t. lt may be noted that these values of Q, P, and S were 

obtained ~ithout making any assumption about the shape of the erosion 

channcd. Therefore, these values provide comparative data with which to 

relate results obtained from this test method ~ith results obtained from 

other laboratory and field test methods that do not include measurements 

of the erosional surface area. 

Si . An interesting hypothesis may be made based upon the results giv -

en in Appendix A by noting that the erosion rate asymptotically ap-

proachcd a const.ant \"d lue as the fluid shear st.ress increased . There-

fore, the erosion rate at ~o:hich the slope of the erosion rate versus 

fluid shear stress curve was a minimum, ""as defined as "the maximum ero -

sion rate'' for each specimen. It should be noted that the maximum ero-

sion rat~ ~~:ill vary trom one specimen to another depending on the com-

p~ct.lon and erodiug fluid used to test thP material. Typical values of 

the maximum erosion rate, • E max are shown in Figure 15 and given in 

Table 6. It snould also bP. noted that this maximum erosion rate value 

is a simple constant ~hict& takes into account the erosional surface 

area. Therefore, the maximum erosion rate provides a better method of 

quantifying erosion than ot.her paramct.ers which do not include the ero-

s1onal surtace area such a~ percent erosion, percent erosion per unit 

time Ia l. and the rat.1o of solid" to volume of fluid factor (S). Appen -

di:, r presents .1 possible method in \o:l&ich the maximum erosion rate pa -

rameter may b~ us~d for dcs1gn. 
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PART \'II: TEST RESULTS n~ \"ARIABLES STUDIED 

58. The effect of material and fluid parameters (including mold1ng 

wat.er content, dry deushy, and eroding fluid ionic concentrat.ion) ou 

thl:' erosion potential of a 1.-irle range of P.mbankment core material types 

~as investigated. Detailed test results are reported for Material 8 

which was a slightly silty clay , and tor materials D and E which were 

slightly clayey silts. 

59. Two more materials, A and C, were also tested in this experimen -

t.al program. The results of testb performed on ~aterials A and C are 

presented in Table 10. ~aterial A was a clay, while Material C was a 

sandy clay. When tested, ~laterial A exh i bited extremely high resistance 

to ~rosion. For example. after 5 hours in th£> triaxial erosion te5.t ap -

oaratus, 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 tmd 133 

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

tht bPginning of a test. Thi5. large difference in the erosion charac-

ter1stics of Material A as compared to the other materials tested may be 

also observed by comparir1g tl1e maximum eros1on rate ~alues measured for 

each material. Th~ maximum erosion rate for ~aterial A was only 0.0004 

I ' 2 g mJ.n-crr. , whereas the maximum erosion rate values ranged from a mini -

mum of 0.01 g mirt - cm 2 for Material R to a max1mum value of about 0.35 

g/min-cm 2 for ~lat.erial D or E. Thus, further tests with ~laterial A were 

not performed. 

nO. Tests were also performed on a sandy clay, Material C, but the 

flow rate during a typical test decreased rapidly trom tl1e usual average 
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of about 500 cml/min to a low value of only 100 cml/min . Almost no 

weight erosiOI• took p1ace at this very lo\o.· flow rate. It was observed 

tl1at the high percentage of sand particles (32~ coarser than the No.200 

sieve) in this material was causing the crack to clog up. Therefore, 

addit1onal tests \o.ere p~rformcd on ~taterial C to study the effect of re 

movlng som~ SiJnd irom the material. It. was fouud that the flow rate and 

thus erosion increased when material greater than the No.50 sieve (23~ 

reta1ncd) was removed. 

bl . Further tests aru needed to determine whether the sand particles 

1n ~1aterial 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 au upstream sandy filter has been recommeuded by dam 

consultants for many years (Wilso~ and ~arsal, 1979). Test results on 

~taterial C suggests that such filters might have been effective in pre

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

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

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

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

dix A have bPen summarized in Append1x B for each material tested tL 

show the effects of molding water content, dry density, and eroding flu-

id ionic concentration 011 erosion. A listing of the specimP.ns 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 i n Appendix B the effect 

o f specimen moldiug ~ater content on the erosion characteristics of typ-

ical embankment core materials was investigated. 

65. Figure 16 sho~s the effect of molding ~ater content on the maxi -

mum erosion r a t e , £ , for ~taterials B, D, and E. max Figure 17 shows 

the e ffect of molding water cont ent on another erosion parameter , per -

cent e rosion per uni t t ime ( a ). TI1is quantity provides comparative 

data between the triaxial erosion t es t and other laboratory test methods 

t hat do not take into account the eros1onal surface area. 

66 . t he dat a p r esented in Figures 16 
' 

and 17 shows A compar ison o f 

t hat the mold ing ~ater content has a large influence on the erosion of 

sil t materials (Materials nand E). This effect, ho~ever, is less pro-

nounced for clay materials (Material B). These r esults sugges t that close 

control of the compac tion water content during cons truc tion (if f eas ible from 

a practical viewpoint) may minimize t he erosion po tential of silt but not clay. 

oi. Dn· Den:.1 t ,. : - The effect of spec1men dry density on the erodi-

bility of typ1cal embankment core materials was also investigated using 

the data in Appendix B. 

68. F1gur e 18 shows the effect. ot specimen dry densir.y on the maxi -

mum erosion rat~. c max 

optimum moisture content. 

for ~aterials B. D, and E compacted at the 

Another indication of the effect of sp~cime~ 

dry density on crosio11 for these m3terials lS pr~sented on Figurv 19 

~ltich plots percent eros1on 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 sil~ specimens compacted at che optimum molding 

water content. However, the clay ma~erial (Nacerial B) was more eroda -

ble as the density decreased. 

70. Eroding Fluid Concentration: The effect of the ionic concen~ra-

tion of the eroding fluid on the erodibility of a clay, Material B, and 

of a silt, Material E, was also inves~igated. Two ion concentrations 

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

the range of typical reservoir wa~ers. The 3 meq/1 solution used in the 

s~udy was tap water with ~t3 calcium 1ons , 1/3 magnesium ions and a 

trace of sodium. The 6 mcq/1 concentration was prepared on the basis of 

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

.... 
I .1. • 

• Figure 20 sho~-.s that the maximun1 erosion rate. t , decreased 
max 

slightly las expected) ~ncn the crod1ng fluid ion1c concentration was 

increased from 3 meq/1 to 6 meq/1. Thi~ effect ~as slightly more pro-

nouuced for silt than for clay. 

72. l,;se of St.andard Concrete Sand <JS Filter ~laterial: The possibil-

i~ies of applying the tr1axial erosion test methodology to test the ef-

fcctiveness of fil~er mater1als for the protect1on of cracked f1ne -

grained soils was inve~tigated. 

73. F1gure 21 shows the grain s1ze limits for a standard concrete 

sand material ( AST~ C-33). This figurE> also sho~-.•s th~ grain size dis-

tributiou of the st.Jndard concrctP sand us12d a:; the filter for this in -

n~~L1~a~ion. aud t.nt~ gr:1in s1.zc dJstrinut i on ot a typical basP so1l C:la-

tcrial EJ. 
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74. The filter material ~as compacted in three layers to a dry den

sity 01 1.763 ~g/ml (110 lb/ftl) at a ~ater 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 ~as then placed on top of the 

filter specimen in the triaxial erosion cell and the filter ~as a]lo~ec 

to tha~.o.· for abou~ t~.o.·o hours pr1.or to t.P.Sting. The direction of flo~ in 

the test ~as do~n~ard 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: saud 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 ~hich ~as equivalent to a gradient of 

350. 
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PART VIII: DISCUSSfON OF THE TEST RESLLTS 

7o. Results of this study were compared to results obtained by other 

re:searchers. ThP follo~ing paragraphs describe these comparisons and 

d1scuss the test results in more detail. 

77. Effect. of ~lolding "'1ater Content: Figures lo and 17, summarizing 

the effect of molding water content on erosion, show an initial de-

crease, an inflection point, and thert an 1ncrease in both the maximum 

• erosion rate, £ 
max 

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

ter content 1ncreases. 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 ~.:ere g1ven as l5°o c.md 3l 0o, rcspecti\•ely. Their results ar~> presented 

HI FigurE.! ..,., The results of their investigation and the results ob-

tained 1n this rrport tor a s1milar material (Material B) have also been 

replotted in terms of percent erosion pe~ unit time. a, as shown in Fig-

ure ::!3. 

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

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

s1on potential of a Grenadd silt loam (Perry, 1975). The plastic and 

liquid limits for this material were given as 20 and 31 percent, respec-

t.Jvely. Th£· optimum war.er content ~as not provided, but an estimated 

value of 21~ was cal~ulatcd from the Atterberg Limits (Bowles. 1970). 

The results of Gr1ss1nger's invest.J.gation have been replor.ted in terms 

of the max1mum erosion rate and are sho~.:n in Figure 24. This figure 

shot,•::. that the erosion beha\·1or of the Grenada silt loam was similar to 

the behavior measured for ~later1als 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 

rcpuls1ve (or Osmotic) forc~s bet~een the electrical double layer sur-

rounding each particle. Higher compaction ~ater content results ~n a 

larger distance between the clay particles. Therefore, since the attrac

tive Van der ~all forces are inversely proportional to some high power 

of th~ interparticle distance, the attractive forces decrease with in -

creasing ~ater content due to the increased particle distance. 

the erosion should have increased as the ~ater content increased. 

Thus, 

80. In addition, higher compaction water content should y1eld a lower 

ionic concentration. This lower ionic concentration has been reported 

to produce a stronger repulsion, or an increase 1n osmotic forces, be-

tween particles (Resendiz. 19/7). Therefore, this lo~er ionic concen -

tration should have also rebulted in an increase in erosion. This du-

cuss1on may explain the beha\ior shown in Figures lb. 17, 2~. 23, and 24 

for water contents abovP optimum, but lt does not explab1 the decrease 

in erosion observed for ~ater contents belo~ optimum. 

81. The initial decrease in erosion 1or water contents below optimum 

was attriouted by Lewis and Schmidt to slaking. Slaking is the break-

down of soil upon immersio11 in a fluid. On~ of the mechanisn1s that con 

tributes to this soil breakdown is the act1011 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 ~oil part1cle~ together , causing slaking. A reduction in slaking 

and therefore 1n eros1on should occur as the amount of entrapped ai r 

available for compression decreases as the water content increases. 

82. The inflection point, shown in Figures 16, 17, and 22, is o f 

particular interest since it corresponded to the point of minimal ero

sion. For thP. tests performed by Lewis and Schmidt on the Oklahoma sil 

ty clay, this iuflection point coincided with the water content at both 

the plastic limit (15~) and the standard Proctor optimum moisture con 

tent ( l4°o). Therefore, the change from d~creas ing eros ion to increasing 

erosion was attributed to thP. amount of water within the voids at or 

above the plastic limit. 

83. It may be seen that Grissinger's results are of t he same form , 

and t.hat the 1nflect1on point. also coincides with the water content at 

both the plastic limit (20~) and at the standard Proctor optimum mois -

cure content (21~). Ho~ever . Lewis and Schmidt's results for specimens 

compacted by the modified Proctor method, as shown in curve B of Figur e 

23, shot.7cd the inflection point being somewhat shif t ed t owards the modi 

fied Proctor optimum water content. of 10~. 

84. For the materials t.est.ed for this report , hotvever, the inflection 

point did not. co1ncirlc with the plastic limit; the inflection point was 

1 or 2 pcrcentagP po1nt.s abov~ the optimum water content of each materi 

al wl11le the plastic limit was about b percentage points above the opti -

mum water cout.ent for all three materials. Thus. it appears that the 

opt.1mun1 compdLtlon mo1~ture content i~ a better indicat or of the mecha 

nlsm affect1ng eros1on than the plast.1c l1m1t. 
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85. Effect of Nolc!ing \.'ater Content on Teton Dam Material: 1 t is - -
interesting to not.e that. the core of tile Teton dam embankment ~.·as com-

pacted at. art average ~atcr content. of 16.5~. or 1~ drv of the core's av-
• 

crage optimum ~.·ater cont.enr; of 19. o•o (t.:. S Department of the Interior, 

19i7). lt. may be seen in Figure 16, that compacting Teton Dam specimens 

(i'l;n:erial £) llt a molthng • .. ;nter co11t.cnt l 0o dry of opt1mum, gave an ero-

sion rate of 0.3 g/min-cm 2 which was t~ice as high as tile minimum meas-

urcd crosiou rate obta1ued +, - • f . at ~.J o ~et o opt1mum of 0. 1o g/ min-cm 2
• 

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 Uens1ty ~ Erosion: Figures 1~ and 19 summarize the 

effect of variation in ~pecimen density on erosion. Limited data sho~s 

that there ~as little eftect of spectmen density on eroston from 95~ to 

99~ of stanoard Proctor maximum density tor tile silt materials D and E. 

However, thern ~.1s some decrease in ~rosio11 when the density of clay 

l~aterial BJ was increased from 90~ to 98~ of standard Proctor density. 

Bi. Figure 25 further evaluates the effect of density on erosion by 

plotting percPnt erosion per unit time versus percent standard Proctor 

density for the clay material B and an Oklahoma silty clay scudied by 

Le~is and Schmidt (1977). Data from Le~is and Schmidt were replot~ed 

using only specimens ~ltich were at about the same moiscure content of 

either 13~ to 15~ or 7~ to 8~. The ~1gher moisture content corresponded 

with both the pl~stic limit and the standard Proctor optimum moiscure 

f 1 ~o content o ~ .... 
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88. ~o ~ffcct of density on erosion was noted for specimens at a wa 

ter coutent of 13~ to 15~ which wa~ at about the standard optimum and 

the plastic limit. However, at a water content of 7~ to 8~, decreasing 

density had an effect of 1ncreasing erosion by over 1.5 times. This wa

ter content \o.=as belo\o.= both the modified optimum of 10°o and the plastic 

limit of 15°.,. 

89. Data from Naterial B was obtained from tests performed on mater

ial compacted at its optimum water content of 15~, which \,;aS 6~ below 

thP plastic limit of 21~. Th~ dens1ty 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. I n 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

fluenc~ erosion for fabr1c sensitive materials such as clays. 

91 . Effect o~ 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 thP eroding fluid. Arula 

nandan , et. al. (1975) pro\·ided an explanation for this behavior. Thev 
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noted that ~hen the ionic concentration of the fluid is lo~er than the 

ion1c concen~ratiou of the pore fluid, water may move into the surface 

of the soil by osmosis. This increase in water content would increase 

tl1e interparticle distance at the surface, and thus reduce bonding be-

t~een particles such that the erodibility of the mater1al ~auld be 1n-

creased. Thi!' expl anat.ion 1s in accord td th the explanation offered 

previously for the increase in erosion observed when the molding water 

content 1s above the optimum water content of the material. 

93. On the other hand. similar investigations by Arulan;mdan. ~t. 

al. (1973) have shown that although t~o erodiltg fluids may have the same 
' 

ionic concentratior., calcium cations have a larger effect on reducing 

t.he amount: of erosion thau sodium cations. ~!arcover, it is interesting 

to note that altltouglt the total concentrations of the two erod1ng fluids 

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

cacions presen~ in each eroding fluid ~as the same (2 meq/1). There -

fore. it is possible that the relative erosion 1nsensitivit:y o! the rna-

terials test~d to different 1onic conceittrations was due co the equiva-

Jent amount of calcium cations present in the eroding fluids. 

q:.. Effect of l.Jsjng St:andard f.oncrct.e Sands as Filter Naterial: ln 

1977, Sherman proposed the use of standard concr-eu sand (ASnt C- 33) a" 

a filter for all finc - grcHned materials (\\' ilson and ~tarsal, 1979). Rc-

!'ttlts of t.!le limite>d amount of data from the filter tests performed for 

this report suggested t.hat st.andard concret~ sand filters arE.' effective 

in prc\·ent.~ng t!rosiou of 3 h1ghly erosi\·<· silt (~laterial E) at pressure 

heads of up to ~0 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 te~t flo~ channel eroded as a constant 

width rectangle. It may be remembered that it was assumed that only the 

thickness of the rectangular flo~ channel varied with time to account 

for the soil volume be1ng eroded. The results of calculations performed 

us1ng this simple model ~ere numerically compared to results obtained 

using two different flow channel shape models: 1) a constant width el -

liptical shape, and 2) a variable ~idth elliptical shape having both the 

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

ing eroded. 

Qb. The results of the numerical comparison showed tl1at parameters 

calculated using the simple constant width rectangle shape model varied 

by le~s than +13~ from thr param~ter~ calculatAd using either of the two 

more sophi~t1cated shape models. Th1s variation was felt to be insig-

nificant for the re~ults presented in this report. Therefore, the sim-

ple rectangular channel was used. 

97. Effect of As~umed Hvdraulic Beha\'ior: Appendix E presents the 

results of an experimental study to observe a11d characterize the flo~ 

occuring through n plexi~l<ls model of th(' t:riaxial erosion test. flm,; 

ciwnnel. Oi.>servat1ons of Lhes~ hydraulic exper1ment.s iudicated that 
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flo~ separation could be introduced during an erosion test at the top of 

t.i1c ero~ioual cltanuel at. the abrupt transit..1on bet~o;een the narro\o' in-

JUCl.lng flo~o; nozzlt• and th~ rapidly enlarging erosional chanrwl. This 

flo\o' separ.1tion ~as not severe at gradient.~ belo\o' approximately 35 and 

tor crack thicknesses less than about 0.7 em. 

9b. An equation for duct entrance effects on fluid wall shear stress 

was used to estimatP a 30~ increase over laminar ~all shear due to flo~ 

separation cffvct.s (Olson, 1980). This 30•. increase it. shear was ac -

cour1t~d for ir1 tht· flo~ oaramet.er • 1n Eq.S of PART V. 

99. Some additional experiments ~ere performed to investigate opti -
' 

mization of the triaxial erosion test hydraulic design so that flow sep -

arat10r1 would 1>£• less ened . Replacing the top platen and injecting flo~o; 

nozzle ~ith a to~ platen having a gradual transition conical flow en -

:raneE' rcsult.ed 1n a marked suppress1or1 of flo~ separation. Some addi -

tional study is recommended to optimize the hydraulic design of the tri -

axial Presion test apparatus. 
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PART IX: SUM~~RY A~D CO~CLUSIO~S 

A trtaxial 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 flo~ of ~ater 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 r~ached based on the results of 

the investigation: 

1) High erosion took plac~ in silt soils, moderate erosion took place 

in clayey silt soils and effecti~ely no erosion took place in clay 

soils. These results are in agreement with results obtained by others 

using the pinitolc test. and other sim1lar test procedures. 

2) The erodibility of silt materials is greatly influenced by varia

tlon 1n the mold1ng water content. However, the effect of mold1ng water 

content on erodibility is less pronounced for clayey materials. These 

results st1ggest that control of tl1e compaction water content during con

struction may reduce the erosion potential of embankments w1th silt 

cores, but not for embankments W1tt1 ctay cores. 

3) The water content at the plastic limit has been suggest~d in the 

literature as an indicator of the moisture content at which minimum ero-

sion will occur. In contrast, tl1e results of this investigatlon indi-

cate tltat tl1e opt1mum compaction water content is a better indicator 

tl1ar1 the plastic limit of the moisture content at which minimal erosion 

~ill occur. This inconsistancy can he explained ~hen 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 \'ery close to the optimum compaction moisture con

tent. 

4) Limir. ed data obtained indicated that density has little cff~ct on 

the erosion potential of silt embankment dam core material compacted at 

the optimum molding water content. Ho~ever, clayey materials were some

what sensitive to variations 1n density: tor clays erodibility irtcreased 

a5 density decreased. 

5) Tesr.s also show~d that the 10n1c cortccntration measurably influ

enced the erodibility of silt core rraterials but had less effect on the 

erodibility of clay core materials. The higher the ionic concentration 

of the eroding fluid, the J01.:er t:he crosiou. 

6) Tests indicated that standard concrete sand ma~erial CAST~ C-33) 

as a downstream filter, clogs core cracks by collecting core material 

part.icles downstream. Such dowt.s.tre8m filters effectively prevented ~ro 

S1on even for ltighly erosive material5 under ltyriraulic heads of up to 40 

meters. Such sand filter materials may provide more economical protec -

tion of cracked embankment dam core mater1als than filters des1gned us

ing criteria based upon the grain - sizP. distribution of cor~ and tran 

sitlon materials. 

7) It was found that the erosion rate, t, asymptotically approached 

a max1mum value for irtcreas1ng values of fluid shear stress. lf a maxi 

mum value of erosion rate does in fact exist a& a material constant un -

der kno~n comnaction and enviromental conditior1s, 

material parameter for ~mbankmeu~ dam dc~igu. 
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8) It is recommended that more research be conducted to: 

a) Optimize the hydraulic characteristics of the triaxial erosion 
test apparatu~. 

b) Further study the inter-relationship between moisture content, 
density and the eros1on rate. 

c) Further study the possibil1ty that a maximum erosion rate ex 
ists, and ho~ this concept may be used in embankment dam design. 
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~ 
Y!'AA 

,..., 

1 - 1890 

2 1895 1895 
3 - 1896 

• 1899 1a99 
5 1893 1904 
6 1901 1904 
7 1907 1909 

8 1905 1910 

' 1911 1913 

10 1912 1914 

11 1913 1914 

12 1913 1915 

13 1902 1916 
14 1920 1921 

15 1920 1923 

16 1927 1928 

17 1929 1929 
18 1930 1930 

19 1903 1932 

20 1899 1935 
21 1938 1939 

22 1946 1948 

2.3 1947 1948 
24 1949 1949 

25 1949 1950 

26 1940 1954 

27 1899 1957 

28 1959 1960 
29 1960 1960 

lO 1959 1962 

31 1951 1963 
32 1962 1963 

33 - 1963 

34 1962 1963 

35 1960 1964 

l6 1964 1964 
37 - 1964 

TABLE 1 

LIST OF DAMS WHICH HAVE 
EXPERIENCED EROSION PROBLEMS 

IEIQfl' cx:s:::tJI!EKE at 
NH£ ~'DE tw4 TYPE (X CWI L&.C!rl CXISE • 
~. Cal1!., lt:ittJ9a.crua dml 6,60 Piping ~cS. 
IS 
AniJI.lt I IS f' IN JWWOWI dam 17,40 PipJ..nq tl\rcUgh dial 
lkw1tcrd, EnglAnd lb'* J&IICIUI d8 29,70 Pip.t..nq tl\rcUgh da 
LAke Ftauc:1a, r.aH# lba::qa- darl 25,40 Piping through da 
!Avalm, IS r.cn.1 cia 19,40 P~inq ~&. 
cr-uidt, IS B "' JW a:::ua "- 20,40 P1p1rq tl\rcUgh diD 
Bla:bodt, USA Zaw:S cia 2.3,10 Piplnq tl\rcUgh da 

fcll.l1dat10"1 
JalwbtrCJ, (,Q lbtiJ9iiWOUI daa 19,80 Pipinq tl\rcUgh 

fcudat10"1 
Bhcir~oot, USA r.cn.1 da 16,20 Pipinq through 

fcudat10"1 
lti:rM Cneit 1 Q)1, ltJto:j& I8Q1I din 18,20 Piplnq through 
USA fcudat10"1 
Hllba:a•, t& lbiOjti*llll doD 18,20 Pipinq t.hroJqh 

tcunat10"1 
~,IS fl!ti+ ,...,.. din 21,50 Piplnq .thrcugh 

fcudat10"1 
LAke 'l':c Y!l'f, USA lbi0jti110.18 dsn 20,50 Piplnq tl\rcUgh dsn 
~.U9. lbi01elle0Ja ~ 21,50 Pipinq t.hroJqh 

fcudat10"1 
11fl!Mwlpe , Cbl. , USA tbccqeswo.a daD 37,00 Pipinq tl\rcUgh ~ ':radc.irq ~ to dUterenti&l 

settl.arent 
LAke~. U5A fl!!ii J61e0.1a ~ 42,90 Pipirq tl\rcUgh 

foundatia"l 
Little Field USA lblcJgeleO.Ia din 41,30 Piplnq tl\rcUgh dam 
Cbr-pu.s 0\rtati , USA lblogeleO.Ia din 20,20 PipJ..nq thro.lgh 

founda t10"1 
On•bt. fi:Xet.y ,Cal l\Jiuger- d.1lll 17, 50 Ptplnq tl\rcUgh ~ 
U5A 
LAk.e n• ids, llSA A •a J&WOU. dam 25,40 P1p1nq thro.lgh dam 
Dl:y Creek, ~t. lbi0jti110.18 d.1lll 15,20 Pipin9 thro.Jgtt dam 
USA and foundatia"l 
Wi.star, Cit~. lbtOjti.CUS dam 16,00 Piping thro.lgh dam 
llSA 

' Fnd !lJrr. llSA "'Ill :I'* leOla din 19.80 p tplnq tl\roJqh din 
wtatar, USA 1t •• Jti e:::ua da 29,70 Piplnq throJqh 

fQn!atiO"' 
Stodc tO"', Calif • I ltJtOjti- dsn 26, 70 Piping tM:Iuqh dam <:radc.1.ncJ due to differenti&l 
USA SetUments 
P~. acnu ltJcugw ..cus dam 11,50 P1pin9 tM:Iuqh dam IUqh qndients due to rapture 

with cuaete lc:arplete f&ilurel of cuaete plate ..C 
slab 0"1 ~tree 
face 

~t.e internal draMCJe 

Mill Creek. llSA ltJIOjtileO.Ia ~ 22,10 Ptplnq th.ro.lqh 
fourda tiO"' 

Pwvl f'orest, US'- ltJtOjtiiiDlS dam 49 ,50 Piping tM:Iuqh dam 
~ Acroojo, SJ. ta l\Jiuger oeou.a dam 22,50 Pip 1ng th.ro.lqh I 2 fCU"da t 1on • 
Q:lbb <:nat $ 1 ltJIOjti.aua danl l 24 ,80 Piping tM:Iuqh I fo.u-datton 
Ba.ldot1J\ IUU. I USA lt:m:lqerw:ua dam I 86, SO Piplng th.ro.lqh dam 
L1tUe [)eer cr.lt, ltliOJti.CUS darn 28,00 IPipinq throJqh dam 
USA . I 
<b '9" r, 01:690"1, USA llodlttll daa 174 Ptpi.na tM:Iuqh c!.D Cr.O.S c:b! to differential 

'ilth CUy OJt'e I setU-t 
Jemirqa er.k tbte; • ii80IJ8 &n 22.80 I Ptptrq thro.lqh 
Mlt.tia">ed l, llSA fCU"da t1on 
J.-ninqa c::r.k ltltoqe.crua cSIItl 18,2 p ip!rq th.ro.lqh 
Mltanhed 16, USA !CU"da tlO"' 
x.su- "'&1A. !ndi• "l(l ,.. - cSIItl i 6,6 P1plnq thrwqtl dam 
bnt autt.a. o,.,..., llodlt1ll ~ 147 Pipinq thrwqtl dam Transvene cracb due to 
USA 'ilth ~Ooi.S 1rnqul.Ar plGC&te• o f rodtfill 

OOA 
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TABLE l (continued) 

YDJt HEiatr CXl:\R)O; at 
tR NH£ " 11(£ !».M 'tYPE C6' !».M OUSE 

CD61'SU:!'I~ <XXl1RDCZ • uulrr 

38 1961 1965 Bel"e t .J,ed, D"Jland ltldtt 111 din 52,4 Pipinq throJ9h d.ln Pax f11tar c;nd1nq ani 
with ~ious wp.,.Uon 
<Xllnl 

)9 - 1965 DjaUllftlr, ltldtt ill din U 4 P1p1nq ~dan ltld JICI'It&l f1.Nurell c. to c:r:1ft 
Ini::uilu with CUy ~ <Zlr*:ll.i.da t.ion 

40 1964 1965 ltyt t.e j\Jiolet, lb WCf ltldtt ill dan 100 P1pJ./IIJ ~ ¥nul.11; U.saurtnq 1n con:, 
with~l~ core of U'ot' d.ln wp.,.Uon o.t t 11 tar 
CXlt'e 

41 196) 1~' Yud' a er.. Upper ltldtt 111 dan 26,70 p 1p1nq thrO.Iqt'l d-. Crao:::k1roJ 1n <Xllnl ani t 11 ter cb: 
~Lr. N. Y., lwith~h to Cl'O"d w ts.r.e. 1n filter 
lQ OOn! 

42 1965 1966 ~.Net ltldtt ill dare 66 '80 P1p1nq ~ .S.. Cr adtJ:r'9 1n <Xllnl ani til t.u cb: 
Zfllard with~le ~ to Cl'O"t ive t l..nea 1n !11 t.u 

4) 1970 197l v lxidla.l.avatn. ltldtt ill dare 76,80 P1p1nq thrtaJgh don Cnc:lt1rq 1n care ani t i1tu dl.. 
~· with~le to .,.,...11 w ! l..nea in filter 

CXlt'e 

44 1970 197l 5&1~, 9 ec\en llock! ill dara 116,90 Pipinq ~h CcrantraUon o.t hi¢! c;r.Uenu 
fo.ardaUon due to dbo:nU.ruit.iee 1n 

!o.ardaUon pe111 -b• Uty 
45 1970 197l 8u~1. 9 ......... ltldt!Ul dara 44 ,00 Pipinq ~ OUoonU.rui 'e( 1n fo.rdaUon 

with ~calS fc:undaUon lead.inq to M :l'eqe an:entrat.i.a 
core 

44 • 00 I Pipinq thrtaJgh dara ~ c:nka 1n rodt, cradtinq 46 1970 1971 f'IAqatafC Q111y, l'b::X f u 1 dara 
T&sNit\1.a' "'--trilla with IJrflerv l.o.1s I 1n t u t.u, en:xUble c:.lay 1n 

' ~ con: 
47 1975 1976 ~. Idaho, USA ltldttill din 100 PipUiog ~ E:ro:iible Ntul&l, open joi.nts 

with ~i.o.Js I <Xll'l~ t.:o.ee. in rodt. Ir!ldequau f 11 ter 
CXlre oore ani fo.n:l.at.1cf1 qr~Ucr ard Low ~Uty 

' lMdJ.nq to t.ouJ 

I failure 
48 1975 - 19n 1978 CbffucS.I 1n ' " "'"' ltldt!Ul dike 15 Piplrq ard fUlure H19h qradients, pear transition 

Aagian, an.zu .-d CXJ pa."ud of a sect.1on ard filter , _.,, "'J to !allure 
CUy ,~~ of a aect.1on 

clay core 

,. 9 1970 197) Tutela. West llock!Ul dow 147 1Pip1nq 1n ~t.re.n P1p1nq of Nrd, cay~ 
Paltilun with clay core day bl.ank.et ~k bcJ.•lderyg:ta~l 

I fo.ardaUon 
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noc .. uonl 

B•ldorhe• d 
(Engl•l"'dl 

CltUI 

Hyt.te]uvet 
CHon~•y) 

cnuc 

Teton 0.• 
Cld•ho. u.s. A.! 

119161 

£JeMKIO£HT CWO 

TYPE DJ Mt"SJOMS 

He tqh t. C ce at. ... . ... 
IIOC~ Illl U 

v tth 
cl• y 
core 

Rockhll tO 
... til 

,.._,. C"lll(' •.b le 
core 

IIOCk li II tl 
"' lUt 

u~~oper1110•ble 
CO<O 

1000 

400 

,,. 

lllla t e r llo.:M)e IY' ou a 17 IHO 
COk 1 .vt.0111•. 
u.s ..... 

119491 

Ya rct• a 
Creek 
f Hew Je c eey 
U.S. A. I 

CltUI 

l'.ock t•ll 1 4 
Wlth 

i•pq: rnoJbl e 
C'O CO 

* litere/eeeond. 

COllE MTEIU At. 

0.•cctpt10n At terber9 
0 t LJ.Ial t,.l 

Co..-
Ka tect • l LL PJ 

I\ I 

Cr•ve lly, 
S•ndy 
Chy 

Cr aV411y. 
Cl•t•Y 
S•nd 

(ql•ct•l 
.arau~) 

Shqhtly 
CI•Y•t 

Stlt. 

Silty 
Cloy 

l0-4 0 II 

Z1 6 

27 2 

Coap...c:ted 
water 

Cont.enc 

l l I 

Stand.Atd 
AASHTO 
Optl•1a 

1.0\ 
below to 
Z\ •bo"e 
~ ..... . 
AASKTO 
OPT. 

l.O' 
below Std. 
AASHTO 
Optaru. 

At •bou t 
Std. 
MSHTO 
Opta•ua 

C u veJ ly 
Cla yey 
S • nd 

tql.sc:i. • l 
-.oralne ) 

2S-ll '-10 • Nea r Std. 
MSHTO 
Opt. illwn• 

TABLE 2 
SUMMARY OF FIELD 

OBSERVATIONS FOR DAMS 
WHICH HAVE EXPERIENCED 

EROSION PROBLEMS 

N. A 

, , 
to 
103\ o f 
Std . 
N\St:TO ..... 

t .a'-1-.'-ed 
Mead Eatia.ated 
Above Crack 
c~ack 01 .. ni10nl 

zo 

lonqttt>d I no! 
crack• ,_ 
w1de • nd 
Jenqt~1 ot 
ll .. ~..,. 
• lo"9 crelt 

or eta• 

s to 
ss 

2 to 
~3 

FJEU> 08StAVATI~iS 
.Jolldl 

In 
t.e•ka9• 
r 1"1" 

•cle•r- to 
ahqhtly 

clot>dy" 

•) . 1 '! C\ll ... 

:-c lit,ce 
•nd ve rJ 
t; r • y• 

WAft.NINC Or 
PIPING PPODLI:N 

Potu bl• C•uae 
For hplnq 
Probhfl 

s .. tl de~r•••1on -(oncentc•ted 
at dovnatre... 1••.,• dev.l oped 
e4q• ot crest . thro uqh hOrl • 
Another c r•t•r zontal c:r• ~'' 
(l -.t~rl ln di••· due t o 
•nd 2't •ter deep) dtff•renu•l 
d•velopod . ••tt le•nt • 

.. Poor t 1l ter 

Concentc.ued 
lo•"•i• of .. · ,r-J 
w•ter ... ~r·e~ •t 
dcw •• a t rt .. tOf' 
dva- a 1~ C a a•\. 
ftl11ng:-

qr.d•nq. 
.. Concv ntru~rll 

...... 10 de-· 
vel o~~ thtOUI!Jh 
d1ff . aettle-.nt 
~,., ka •••wl~~ n1 

tc~ •rctunq of 
the co~re 

' " of S t d. 
) 0 Sec~~· ,.~ 60 to 

"-•eloped f~ S70 
• ~~~et spot on 
eab&nkNnt to 

•ctea r to 
to turtud 
wate r · 

·SNll le•1ta 
noted down
atre~• two 
d;ay• be tore f., l~o~re 

-ttoat .,rob•ble 
Col~IO ot 'aLlun 
Vol& e iOCkJ.n;. M SHTO 

"-··· 

" ' of 
Std. 
MSIITO 
K.1x1•u.. 

"·" I .0 

• tunne l u 
•ten lonq by 
l Mter tn d.i.-. 

,.,. 
cr•cka a t. 
c:ceat 
Oblecved 

ero•ton 
tUAnela 
0.6 .. t . r' l 
"'ule obaerved 

"·" 

14 2 t.O 
570 
over 
• apan 
of lSO a 

19 to tO 
over • 
lenqth of 
91 .. 

· Huddy •nd 
c:acryt.nq 
auspen14td 
101 tds• 

•c: le•n to 
c:hoco hte 

lllllk . 

·Wot epot on 
e.ean.k .. nt 2 
hOvra Loetore 
htlure 

by ... a.:tt' •ntt•l 
•• .":. .oAMnt or 
hydc•ullC: 
f rac tvnnCJ 

- oaf ter•nt 1ol L 
Sat t.le~~~~ent 
crac k•n'l 

Conc•ntc•t•d 
le•k•q• dur-tnq 
fleet tllUnq 
obae~rved •~ about 
l ••t•~r •bOve toe· Dupecstve 

"·n•n•l 
C•u.aed b'/ 
Tunt~eh 

o-. rty le•k411qe 
• t downs t ~ro•" 
toe of d•• 
dunnq first 
fklllnq 
SiVi" lndavtdual 
•ceas oC le•kaqe 
•PP•arod 

.. ,_"''"'d ru1n9 
ot :-es~rvo1 r 
d"nnq tlcst. 
fllllnq 

•Ho~rrov c oca 
-fl•ter pen.Lr•ti 
core throuqh 
'""a.c roc:rac aa · 

l"l•o rn• U 1nd 
Tocbl•. 1'47 : 
~hera rd .. Ull 

u .s. Oc!pc . ot 
tnto uo_. .. U16 
and 1971 

Grrttu• • .,61: 
ShOt.lc<l .l97l 



Stems Ill 
119001 

Bll<#l 
U9l01 

lAne 
119351 

H&nA 
C19lSI 

'l'enagr\1 
(19221 

TABLE 3 

SUMMARY OF FILTER 
DESIG~ CRITERIA 

Icleu to p.rov1de filter protACtiat to p~t -sl\1.rq ~t 
of fllvw by I pNY 

c · e her 

ce • enep nuo 

L • puo:~Laticn p&th 

hc:r • IIIUiAn pemlsal.blA head 

• hydr&Uie qradl.ent 
1 
J 8 + t c • ...:.... ___ _ 

'tl her 

1 

cw • we.l.<l\~ c:~ ratio 

B • lerqttl of pucol.aticn 111 rori:zcntal dln!et.1cn 

t • lerqttl of parcol.aticn 111 vutieal di.nJc:ticn 

1 • hydnulle qT&Uent 

h 
1 f • - (I - PI CS - 11 

L 

lf • flot.aticn 91'&\J.ent 
h • d1 fference 1n h6id 
L • le-l;t\ t of pa ttl 
p • poro.lty 
S • ~tie qr.vlty 

h 
- >llorlO 
L 

h • difference 111 h6id 
L • 1.-qth of p&ttl 

"v G • -
• u 

G • factor of safety witt\ cespact to ·~· oc 
• "bulle h61Ye. 

"v • the total vutic:al su.sa at .ny point 

u • co~ pxe Fesaun 

f'U.TER l9.lt:lUAL 
CFI 

olS r 
< 

oas a -
ou r 
--> 
o15 B -

4 

4 

()) 

14) 

C5l 

(6) 

IID1MIG 

( ll TrlUW. ASIC%. I.Ql . 48 
P. 267. 

~" aded ce V&.l~l 

1'ype of matart&l c e 1 

- Silt • sand 
lall<l\t.lY CXJI9. I 18 0,06 

- F 1ne lllle¥*" •• , 
sand 15 0,07 

- ():)ArM sand l2 0,08 
- BculdeMI, qToiiVOtl, 

sand II\1JCT:1.InS ~9 0,2 tD 
O,ll 

~cuerded C 
'tl 

V&.lus: 

Type of Ntert&l <;, 1 

Very f 1ne .-111 oc 
aUt 11,5 o.u 
Fl.J'e ..-d 7,0 0,14 
~UII..-d 6,0 0,17 
Ckloa.r'M sand 5,0 0,20 
cnv.u. f 1.ne 4,0 0,25 
!W:11 161\, 91'-1 3,5 0,285 
Ckloa.r'M qT-1 ),0 0,33 
Bo•lders, ataw, 
qr-1 2,5 0,40 

roc s • 2,65 

~lty CPI 
o. )() 
0,35 
0,40 
0,50 

Crttiea111 
1,15 
1,07 
0,99 
0,1125 

foe 1\i<Jh.). y puvtooa fo.l'dationa, 
w1 tilcut o.rcot t pcovtsicna or 
f Uter pi'Ot«ticn 

1t -.l<l\ted filter 1a pn:M.ded, 

c • .?. 1,5 

I 
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HJ'l1a IWiE I'P.1ERIAL 
(8) 

8ertnn Silt, fine -.1 
(1939) (~, etta. 

5aR:1) 

tleasta:AI & Wall qta:Sa:S qrawly 
!Wley aard 
(19<40) 

u.s. AD/If ecxp. Ran:bl MterU.l 
of ~.t.n.n &ll typa, fine 
Wac:en.ys tD Q)U'M I.W\1f01'111 
~inwlt St at.ia\ 
h.W...- lo£5) 

~ 

1941/42/48~3) 

1955 CXIt..t\118 aoils 
(&ll typu) 

TABLE 3 (continued ) 

SilliMARY OF FILTER 
DESIGN CRITERIA 

FILn:R~ OU'IDUA Clf.VD..CHD {F) 

t.h1.fona quart% ol.S r 
• Ottae SaRi ( 6 (7) 

oa5 8 

015 f' 
( 9 (C) 

015 8 
-

Natw:al biNt ol.S F 
~.fairly ( J2 (9) 
I.W\1fom f inu 

ol.S 8 ...... _oect out 

o
15 

F 

( lS I lDl 
050 8 

Rlnba type 
ol.S F natural pit:-Nn 

<jrawls > 4 llll 
o

15 
8 

ols r 
( 20 lUI 

o15 8 

o
50 

F 

< 25 (lJ) 
0so 8 

our 

< 5 (14) 

o85 a 

ol.S F 
< 6 115); CUB< 1,5 

o85 8 

olS r 
< 40 116): CUB < 4,0 

015 8 

concrete sand, o
15 

F 
cnacse ~·~tl! ) 5 (11) reo::mnerded o

15 
8 

o50 r 

llflNI(S 

-do not~ With~·· and 
Bert::nllll' • crt teria. 

- qradaUm of filters showld be 
apl'Oidtlll!tely parallel tD baM. 
Filter should be well qucled 

- 'l\) aYOJ.d n:M!ml!flt of filter 
1nto dnJ.n pipe perlorat.iaw cr 
jo1n ts see equa tJ.ons ( 20 l and 
(21) 

EW ...U1111 to high pwuc cl.aya 
dt vard equat.ia\ 117) and 11M, 

OLS F • 0, 4 11111, 5ZOV1ded 

< 25 118) CUE' ~ 20,0 
o

50 
8 

015 F 
< 5 119) 

085 8 

. o85 r 
~ 1,2 1201 

slot Widt:h 

o85 r 
> 1,0 121) 

hole di•. 
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AUDtJR 
IWiZ~ 

II 

ISIR Art1!1c1&l. llt.md 
1947/SS/74 •tll.r1.W of vart~ 

~- 1.nc:lud1rq 
l.l'\11oDI - tert&l. 

Sherard et 
&l. ( 1963) 

v~ 
(19781" 

ca-tw .,1l.a 

TABLE 3 (con tinued) 

SUMMARY OF FILTER 

DESIGN CRITERIA 

riL't!:R ~'IEIUAL OU'lDUA crJELCI'fl) 

An.if1ciAl \IQ1fODI 
0 50 F 

S<- < lO 1221 
f 11 t.f'!"'l 050 8 

o50 r 
U < - • sa 1231 

0 so 8 

015 F 
12 ( -- ( 40 1241 

DlS 8 

' 
o

50 
F ·- ( )) 1251 

050 8 

D1S F 
6 < - ( 18 1261 

o
15 

8 

o
65 

F 
) 2 1271 

mix. open1rq ot -
pipe dr&in 

OlS F ) s 1281 
ols 8 

o
15 

F 

< s 1211 
Des 8 

ncn plaat.le •perlett filter• 
ailt, sand retaininq e l.ay 1n 

Fwp!Nim or elAy 
flodt.s 

IID4MICS 

Other ~i:."lta: 
l. 100\ puail'q ) 1.1\. ai..,. 
2. ~t pMiil'q •1- " 200 

< S\ 
J. filwr -=t.1a\ of bue M"d 

f U tar Nteri.&l thcW.c1 t:. 
~taly pa.rallal 

4. 11M eq. 22 for natw'&l. 
aubco.u'ded un.lfOCII INit.ert&l. 

S. tor na t=&l. CJr .sed til ten 
11M eq. 2J ard 24 

6. for cruaha1 rode filters ~ 
eq . 2S ard 26 

7. To .wid 1110\Siellt of filter 
intO dn.1n pipe~~ 
equAtim 127) 

Other ~ta: 

l. 1\10\ pasairq ) 1.ndl 11-
2. jOEiOdlt pusirq •1- H 200 

< S\ 
). <;r&.ln C'\Z'YIS ~tely 

parellel 
4 • ~ bue Ntert&l. pauil'q 

1 111. liell'e 

,...tirq~ tO 

atebi!M\ eritert.a 
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.. ,,,,, ,. ,re.••· &allt\7 , • • ,,, 

""'' ~a,... ,..\4. tl ~ . u. ........ u . ,... .. ,.,.. at••' tlov .-... wWe ,..,,w co_.ltloaa 
,..... o r .,..,..dl• 
.,...leMa 

PlAM1o .. '"'c-1 ...... . , .... t~ •• t• \ •'laec .. 
• ..., rr• ,.LJ1 n 
.. .,... laat. Z..SO 

......... .. .... ft..w ,., .. 

._,_Tea'\. .. .... • ,.,. at. .. uoe .. 
,._ D-.lOa 

.. ,,... ... Cl-1,0 

liMa d .. n- ,.., ........... 
eru .. .,. " .... ..., _, .. .. .... -n--· • lAra• ""' •f flow ,. .. ,~ ... (.,..a.o.n, .. 

el •p \o 1.1e/MC) ... ,,..,., ... , _, _, .. --
lollow .. low tlov rat•• 
c::ru•u ll ... , ... , •• .... .. ....... ta., ... ... ,. """ ..... ,... 
ftolu.h.l ... '"f' flow rete• 
aro.Je• 19rt n c-'l •w ) , .. (No,.,..., ... ..... -wr a t. 

et •• t.o SO • .. " 
---.:~ ..... ... ,...hate of •P te 

""' 

Jallltt \a propetlp 
.od•l tile • ro• lo• 
Uov paU 

f••• ........ .-.elM .... ..,.. . . , .\N \.0 
,, ... or tiM: d.r-.t.rt.,. 
,._,.. aa.an.u 

.._ u ptaMb , .. , 
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TABLE 5 

EROSION TEST PROGRA..\1 PARA..'iETERS 

~) CONSTANT PAR.A.'1ETERS 

FACTOR 

Specimen Size 

Initial Slot Dimensions 

Triaxial Cell Confining Pressure 

Hydraulic Head 

Eroded Length 

Hydraulic Gradient 

B) VARIABLE PARA11ETERS 

FACTOR LOWER LIMIT 

Percent of Optimum -4% 
Compaction Water Content 
(95% of Maximum Std. Proctor) 

Percer.t of Maximum 90~ 
Standard Proctor Density 
(At Optimum ~olding W/C) 

Ion Concentration of 0 meq/1 
Eroding ~vater 

Standard Concrete Sand No Filter 
Filter 

VALUE 

7.1 em diameter 
15.5 em high 

2. 3 em wide 
0.2 em thick 

98 Kn/m 2 

(14. 2 psi) 

l. 3 meters 

11.5 em 

10 

UPPER LDUT 

+4% 

99% 

6 =req/ i 

Filter Present 



t-taterial 
Re terence 
Letter 

A 

B 

c 

D 

E 

TABLE 6 

SUMMARY OF INDEX PROPERTIES OF ALL MATERIALS TESTED 

Description 
of Material 

Grey Clay 

Tan Silty Clay 

Reddish Sandy 
Lean Clay 

Tan Clayey Silt 

Tan Clayey Silt 

44 

35 

63 

24 

27 

Atterberg Limits 

20 24 

21 14 

45 18 

2 1 3 

25 2 

Speci fie 
Gravity 
of Solids 

Gs 

2 . 64 

2 . 65 

2. 72 

2 . 68 

2.67 

Maximwn 
Dry Density 
(Std . Proctor) 

(Mg/m 3
) (lb/ft 3

) 

1.579 98 . 5 

1 . 731 108 . 0 

1.611 100.5 

1. 761 109.9 

1.615 101.0 

Optimwn 
Moisture 
Content 

(%) 

19.0 

15 .0 

22 .0 

15 .3 

19 .0 



' TABLE 7 

SOIL CHEMISTRY TEST RESULTS FROM PORE WATER EXTRACTS 

Material 

A 

l3 

c 

D 

E 

Sodium Calcium 
Na Ca 

(meq/1) (meq/1) 

1.17 10.28 

4.12 32.04 

0 . 60 0.14 

2 . 60 8.28 

1.55 l. 70 

TOS : Na + Ca + Mg + K 

Na 
GAR = ;:::::.=======::

~ 0.6(Ca + Mg) 

Magnesium Potassium To tal Percent 
Mg K· Dleeolved Sodh.om 

Batte 

(meq/1) (meq/1) TDS (%) 

0.30 0.20 12 . 03 9.7 

17.93 0.95 55.04 7.5 

0.05 0.05 0.92 73.9 

2.27 0 . 54 13.69 19.0 

1. 82 0 .17 5.24 29.6 

(from Richards, 195 .. ) 

Sodium 
Adsorption 
R .'ltlo 

SAR 

0 . 51 

0.82 

2.21 

1.13 

1.17 



CONFINING PRESSURE : 9 8. 0 k P a 

HEAD OF WATEn:.:;; 1.3 m 

Speelman Percent ot 
Specimen 
Number Dry O•n•IIY t.tax Oenalty 

(t.tg/m3) ("A' 

IIJ 10 l fi48 95 

R I I I 1.656 95 

lill 2 1. 61>9 93 

6111 1 .61.6 . 95 

IH 14 1 702 98 

R I I 5 1.617 94 

lll17 1 64.5 _9.5. 

6119 I 641 95 

Ill 20 1 .640 _2.5. 

8121 I. 618 95 

Ull1 ] .551 90 

8701 1.642 95 

TABLE 8 
SUMMARY OF EROSION TEST RESULTS 

MATERIAL: s (silty clay) 

Percent of Initial F Ina I Average 

Opt. w/c Specimen Specimen FIQW Rete 

("A) Dry t.taaa Dry t.taaa (~ ms /min) 

WI (g) w, (g) a 

+2.0 995 95_2_ __5_li 

0.0 1004 936 __lt5li 

-4.0 917 857 _9_111_ 

_, () QQR 896 541 

0 0 1042 971 440 

+4.0 987 934 486 

+3.0 1002 _2_5_6 515 

+1. 0 I 002 929 519 

+4.0 998 879 551 

+1 .5 989 _2.2_2. 495 

0.0 Q41 875 487 

+1.5 995 ..2.0.a. 268. 
1t 0(!tlmum oldln water tu:~nLan 0 

ERODED LENGTH a 0.12m 
HYDRAULIC GRADIENT a 10. m/m 

Rete of Sol~da to t.tax Eroalon 

Weight Volume Rata 
Eroalon Ratio (g/crn2-mln) 

p (g/mln) 8 (ppm) ~. 

0 .5 976 0.01 

1.0 2100 . 0.02 

2 .7 5700 10.04 

2.5 4500 0.04 

0.8 1800 0.01 

1.2 ~400 0.02 

1.2 2300 0 .01 

l.1 2100 0.02 

1. 7 'BOO 0.03 

0 .5 1100 10.01 

'I.? 6500 0.05 

O.R 1 '· ()() ~LOl 



CONFINING PRESSURE - 8 8 o 0 k P a 
HE A D OF WAl En; l o3 m 

Spee l man P e r cen t o f 
Sp e e lma n 
N umb e r D r y 0 • I) a I t y IM• x O a n a l ty 

(Mg / m3) ('4 ~ 

0170 1.676 95 

[} 171 1 .659 95 

lll72 .. .L1.22 __2.8_ 

017] 1 682 9.5 

0175 1 '688 95 

TABLE 8 (continued) 
SUMM AR Y OF EROSION TEST RESULTS 

MATERIAL: o (clayey silt) 

Percont o f Initial FInal Average 

Opt. w /e Spa~ l men Sp e elman F lo w Rat e 

( '4 ) Dry M a tt Dry Mat a (~ m3 / mln) 

WI ( g ) wf (g ) a 

-0 5 1014 A92 56A 

+1.0 1011 880 585 

-1 .0 1035 948 500 
. 

-100 1015 884 616 

-1.0 1018 892 550 

-

•Op t imum moldi ng water con t en t = 15.0% 

ERODED LE N G T H • Oo I 2 m 
HYDRAULIC G R ADIE N T : 1 0. mlm 

Rate o f Sol \ da t o Ma • Eroalon 

Weig ht Volum e Rata 
Ero a lon R a llo ( g I c m2 - m I n ) 

p (g/mln) s (ppm) 0 
La~ 

llQ 24 000 Oo16 

lA.R 1? .000 0 ?') 

14.2 280000 0 19 

16 . 6 590000 0 .36 

lloO 20 000 J1 .18. 
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0 
I 1 I 
H. I . SANCIIll 

3 26 62 

I . 611 '> C/CC 

3.0 I'(RCCN r 

2. 30 CH 

0.23 CH 

11.50 CH 

cnoss 
Sl C T I ON 

All LA 
I SQ. Cl-11 

U.9 

1.3 

1.8 

2.2 

2.3 

2.'> 

2.6 

VLLOCIIY 
Of 

flow 
(CM/ HIN) 

511/. 

391. 

21)0. 

238. 

226. 

2 I(). 

196. 

AV(HAGl II OH RA IE ( Q): 

RAH Of WI ICIII lHOSION I P): 

OlNSIIY Ot [HOOINC flUID : 

VISCUSI IY Of LROOINC flUID : 

CONfiNING PRCSSURf: 

lltAO Of WAllH: 

IIYOHAU I I C GilA Ill [NT : 

I ROOLO 
SUit fACE 

AH(A 
(SQ.CM) 

62 . 

66. 

71. 

75. 

76. 

17. 

19. 

CUM. 
W(IGIIf 
lHOOlO 

PLH AHtA 
(C/Stl.CMI 

(). 12 

0. 18 

0.29 

0. 39 

0. '•3 

0. ,,, 

0. '•7 

LROSION 
RATl 

(GUAMS/ 
(MIN • 
SQ. CM I I 

0.02 

0.02 

0.02 

0.02 

0.02 

0.02 

O.tJ2 

515. CC./HIN 

1 . 2 C/H IN 

1. 000 C/CC 

0.001 N• SlC/SQ. H 

96.00 KN/SQ.H 

I. 30 M 

10. H/H 

II U I 0 
Sill AR 
SIHLSS 

(N/SQ.H) 
HfYNOLOS 
NUMillR 

0. 15' 633. 

0.085 597. 

0.050 5~6. 

0.036 530. 

0.033 521. 

0.029 510. 

0.026 499. 

------------------------------------------------------------------------------------------------------------------



'l'ABLE 10 

SUHr1A!lY SHO:HNG THE ERODIBILITY OF t1ATERIALS 

Mater1al Specimen No. 

A A-110 

u D-113 

c C-110 
(Sandy)* 

C-120 
(Coarse particles)** 

removed 
0 D-173 

l: E-102 

Description 
of 

Material 
Erodibility 

Extremely low 
erosion rate 

Low erosion 
rate 

Very low 
erosion rate 

Erosion rate 
increased 

High erosion 
rate 

High erosion 
rate 

•Bottom plc1tcn de~ign may have contributed to blockage 

•*Pcu:scd throuC)h No. 50 Sieve 

Rate of 
Weight 
Erosion 
(g/min) 

p 

0.022 

0.25 

0.9 

16.4 

3.60 

2.86 

Maximum 
Erosion 
Rate 
(g/cm2 -min) 
~max 

0.0004 

0.04 

0.01 

0.18 

0.36 

0.35 

Test 
Dura tim 

(min) 

303.45 

32.5 

76.71 

4. 78 

4.26 

3.65 



TABLE 11 

Sm.1MARY OF' FILTER TEST RESULTS 

Maximum Maximum Rate of Maximum 
Pressure Rate of Flow Weight Erosion 

Specimen Head Measured Erosion Rate 
Number Applied (cm 3 /min) (g/min) (g/cm2 - min) 

(m) Q p • 
Em ax 

E - 107 1.3 600 11.1 0.18 
(without filter) 

E - 800 40.0 10 0.0 0.0 
(with filter) 

E - 801 40.0 13 0.0 0.0 
(with filter) 

* For the filter specimens (E800, and EBOl) the hydraulic pressure was applied in 
5 meters per 10 minute intervals and allowed flow overnite. 

Test 
Duration 

(min) 

9 

410 

560 



Rlalng reaervolr lev II 

during filling 
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direction ........ 
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~-+----Crack and 
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Note: Not t o scale 

condition 

ar • P II lly saturated 
sp eclmen 

u = 

) Crack 

~ 

~-

Note : Not to scale 

Laboratory simulat ion of cracked element 

Fig. 1 Physical cond~tions ~od~led 1n crac~ed earth dam cor~ 
material erosion studi~s. 



Fig. 2 Photographs of Erosion Test Equipment and Erosion 

Test Cell. 
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( a ) 

( b ) 

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



( a ) 

(b) 

Fig . 5 Photographs of a) mold used to prepare reconstituted 
specimens showing the nozzle insert and b) specimen 
extruder modified to form a crack in the erosion 
speci~n. 
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TRIAXIAL EROSION TEST 

PLOTS OF TYPICAL RESULTS 

100.00 .... 
(") 

~ 
u 
0 
0 
0 75.00 .... .... AVERAGE RANGE OF 

VOLUME MEASURED 

~ 
0 
...J 
u. 50.00 

u. 
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UJ HYDRAULIC FLOW RATE 

~ 
:::> 25.00 ...J 

0 
> 

0.00 50.00 100.00 150.00 200.00 

TIME (MINUTES) 

i'tq. 1 1 Sunuu~u·•t :Jlot sho:..ting the cumulative volume of f low through d crack as a funct1on 
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:<lATERIAL TYPE: 
"5PF C Iti L:I~ NUi•ll\(ft : 
TE SYFO l\Y:• 

0 1\1[ TrSHD: 

5 I' ( C ltl[ Ill DRY DENSITY: 

•• or Or TI r·IUI4 \-/1\T[I{ CONTF.NT: ,. 

J r~ T TI Al SLOT ~JI Dnl: 

INITIAL SLOT TH I Cl( tJE SS: 

C:ROOL:O LENGTH: 

TABLE A3 

TEST RESULTS FOR TRIAXIAL EROSION TEST 

c. 
1 1 \ 
L L. ~MICHF.7. 

AVFr.Af-( rLOV RATE (0): UJ-'. CC/MIN 
3 3,CT 02 

1~ 1\ TE Of VEl GHT rrws toll (I' ) : I • 7 G 11·1 HI 

1.~7[] G/CC. 
OENf. lTV OF rRon 1 tH~ ru11o: t • tJfitr r, 1 C r: 

-4.!i PERCENT 
VI SCOS lTV OF r: llOO I Nr. fl\110: f1. f 1fl l !·1''!,1 C / ~0. M 

?..3H Cl.f 
CONF IN If~G PRESS UP..C: r.Jn. nn nil :.n .II 

J. 23 cr~ 
HEAD OF VATER: 1 • 3{1 f1 

11.611 CM 
HYDRAULIC GRADlf.NT: Hi. 11/M 

-------------------------------------------------------------- --- - --- - - ------------------------------ ·~- - - -- ------

CUf·1. rr.o;, xoN 
CUt-1. CROSS VELOCITY F. ROD ED \JfJr~ liT f•/\ tT rLUIO 

VOL eMF.: \JEIGHT SECTION OF surcrAcl: Fl~uut: n ( C.l '!\1•1:; / ~) llf- J\ I t 

OF F L r)'J T I 111E ERODED Alt(A FLO\/ ARFJ\ p [I( Jd !L'\ ( IIIII •• ..... ,·r•t; 
I • ., '" nr '!!II') I. o t: 

< UlfhJ rc > n1uo <G) (SO.CI1) (Ct-1/IIJM> (SO.CM) < c:; l!;o. c1 ; > !;II . t. f1 ) ) ( II / .. 0 • I~ l •. u:·! u· 

------ ----------------------------------------------------------··----------------------------------------- ·-· --- -

?.. • D ll.4J4 

3. 3 23.57 

10.6 

39.0 
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119. 
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IJ .27 

fl. 4 'J 

1 I G. 

t.:J.(f:t. J.JdiJ':J 

-------------------------------------------------------------------------------------------------------------- ·· -·· 
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MATERIAL TVPE: 
•sPECIMHI II:Jt·13ER : 
TESTeD l\V:' 

DATE TESTED: 

~I'CC It-lEN DRY DENSITY: 

X OF OPT It~ liM \./AlElt CONTE'NT: 

ltHTIAL SLOT \./tDTH: 

IIHTIAL SI.OT nt Jt:KNrr.s: 

Enoor.o L c rr.~111 : 

TABLE A4 

TEST RESULTS FOR TRIAXIAL EROSION TEST 

c 
120 
at. L . sAr~nu: z 

5 <.JJ Ci! 

1 • 423 G/CC: 

-l.IJ PERCFNT 

2 • 3.0' Ct-1 

f1.?.3 Cf1 

11. 4.9' n1 

1\VEI:M;E FLO\/ r..J\TI: < () >: 

I' r\ Tr (lF \.If: I GBT F 1'0'~ i Cll~ C ~ >: 

OrtiS I TV OF C ROIH Nr. fLit tO: 

V 1 SC0$1TV or rr•np t nr. ri.IIID: 

cnNF fIJI NG r lt r:. r; 11n1· : 

H(Ail OF 
'"" Tl r- : 

IIVOP..AIII. JC Gl'i\0 I rliT: 

1 . {I!J~; C/CC 

,, .f,)fl 11"5r:rt<-() , J-1 

'JU .JJSJ 1 oJ/' ro.11 

I • lfcJ II 

1.U. 1'1 /II 

------------------------------------------------------------------- ------··-----··---------------------------------
CltH. ,· ,_r)•; 1 ora 

CUM. CROSS VF.LOC lTV [ftoOEO \IE I r: i iT ! J.-\.l [ flti{O 
VOL lit1E ~..'E l GilT SCCTION ()f !Wt·rt.c:r Cl~· •vED < r.t·.\NS/ :, Ill /1. 1' 

01-" F L lfl./ Tlt-1E ERODED ARt A F I 0\·/ i\RU\ r~r ;\:~i"J\ C Ill N " ... I It L .:. :; nrv~JnL[)~ 
( 1 [Jjf,.j cc > (f.IIN> < G ) <SO.CJ.I) < Cl-1/1-1\ N > (f.tl.Ctl) ( G/SO. U·D ~ti.CM)) <llt ::n.ll> flh 11.il 

----------------------------------------------------------------------------··------------··-----------··- ----- ·----· 
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TABLE AS 

TEST RESULTS FOR TRIAXIAL EROSION TEST 

HATE RIAL TYPEr 8 
SPECIMEN HUMBER r liS 
TESTED 8YI R • L. SANCHEZ 

AVERAGE FLO\# RATE ( Q I'" 515. CCIHIH 
DATE TESTEDr 3 18 82 

RATE Of \#EIGHT EROSION ( p ) : 8.5 G/HIN 

SPECIMEN DRY DENSITY I 1. 648 GICC 
DENSITY OF ERODING FLUIDs 1.881 "cc 

X OF OPTIMUM \lATER CONTENTr 2 .• PERCEnT 
VISCOSITY Of ERODING FLUID I 8.BB1 H"SEC/SQ.H 

INITIAL SLOT \IIDTH1 2.32 CH 
CONFINING PRESSUREs 98. 18 KH/SQ.fol 

1 HI TIAL SLOT THICKNESS! •. 23 CM 
HEAD OF \IATERs l3 88 H 

ERODED LENGTHr 11.58 CH 
HYDRAULIC GRADIENT! ••• H/H 

-----------------------------------------------------------------------------------------------------------------

VOLUME 
OF FL0\1 

I 1BS8 CC) 
TIME 
I HIM) 

CUM. 
\IEI,HT 
ERODED 
(') 

CROSS 
SECTION 

AREA 
I SO.CM) 

VELOCITY 
OF 

FLO\# 
CCM/HINI 

ERODED 
SURFACE 

AREA 
c sa .CM 1 

CUM. 
\#EIGHT 
ERODED 

PER AREA 
(G/SQ.CMI 

EROSION 
RATE 

IGRAHS/ 
(MIN • 
SQ.CM)) 

FLUID 
SHEAR 
STRESS 

(N/SQ.M) 
REYNOLDS 
HUMBEII 

--------------------------------------------------------------------------------------------------~--------------

3.5 4.98 2.7 •• 7 775. &B. •. 85 •. 81 ..384 658. 

7 •• 9.98 5.8 •• 8 644. 61. 8.89 8.81 8.215 644. 

I •. 5 15.23 7.5 •• 9 548. 63. • • 12 B.Bl 8. 1 S9 638. 

14 •• 2B. 71 lB. 4 1.1 474. 64. 8. 16 •.• 1 B. 122 616. 

17.5 26.61 13.8 1.2 414. 66. •. 21 ..81 B . .lf95 6Bl. 

21.8 32.61 17.6 1.4 367. 67. •. 26 8.11 • .877 587. 

24.5 38.91 2t.• 1.6 328. 69. •. 31 I.BI •.• 63 573. 

28 •• 45.45 24.3 1.7 295. 71. ..34 .... • .• 52 559. 

31.6 62.28 27.9 1.9 267. 72. ..39 8.81 •• 844 545. 

--------------------·--------------------------------------------------------------------------------------------• 



• 

TAILE FO- S~ECIMEN NUMIE-t 1111 CCONTINUESI 

------------------------------------------------------------------------------------------------------------------
CUM. EltOSION 

CUM. CltOSS VELOCITY EltOOEO \IEI(;HT RAT[ FlUID VOLUME \IEic;HT SECTION Of SUUACE Elt00[0 CUAHS/ SH£Ait Of H0\1 TIHE EltOOED AltEA FlO\/ AREA ~U AltEA C "II( • $Tit( SS IUYNOLDS c 1111 cc) C MilO C c; I C SO . CM I CCM/MIIO CSO .CMI cc; /SO.CMI SO .CHI) CN/SO.HI NUHI[ It 

------------------------------------------------------------------------------------------------------------------
35.1 59 . 55 31.2 Z. I zu . H . 1 . 42 1 . 11 1 .137 fiJI • 

31.15 15(1.17 3 .. , 2.3 222. 76 . I . U 1 . 11 1 .132 6 I 7. 

u .• 7~.31 37.1 2.5 215. 71. I.U 1 . 11 1.128 u~. 

u.s 12.12 U.l 2.7 119. ... I . 5I 1 .11 1.124 491. 

49 .1 91 . 115 .... z.t 175. 12 • 1 . 54 1.11 1.121 479 . 

152.5 ". 15 U.3 3. I IU. 16. ' ·" 1.11 1 . 119 U7. 

13. I "'·'' ILl 3.2 161. IS . t . U .... 1 .119 414 • 

------------------------------------------------------------------------------------------------------------------
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TABU: A6 

• 

TEST RESUI.TS FOI< TRIAXIAL EROS ION TEST 

KATUIAL TYII'£ 1 • SII'ECIH(N NUHIER 1 I I I 
TESTED IY I R. L. SANCHEZ 

AVE RACE flO\I UTE CO I! •sa. CC/HI N 
DATE HSTED• 3 19 IZ 

UT£ Of \1£ Jc;HT EROSION (II' I : 1. 1 C/ HIN 

SII'ECIHEN DAY DENSITY• I . 656 C:/CC 

I Of OII'TIHUN \IATU CONTENT 1 ••• II'E liCE NT 
DENSITY Of £ROOIHC fLUID • 1 . ... "cc 
VI SCOS I TV Of EROO INC: fLUID I . . .. 1 N"SlC/SO.H 

INITIAL SlOT \I lOTH• z. JZ CH 
COHFIHIHC: II'RESSURE• 91 . .. 101/SO, H 

INITIAl SlOT THICkNESS• I . 23 CH 
HEAD Of \lATER 1 I.J ff H (RODEO l(NCTHI I I . 61 CH 
HYDRAUliC CRADIEHT I II . H/ H 

-----------------------------------------------------------------------------------------------------------------

VOLUH[ 
or rLov 

C 1111 CCI 
TIH[ 
CHIN I 

CUH. 
\IEtc;HT 
ERODED 

<1: I 

CROSS 
SECTION 

AREA 
I SO .CH I 

VELOC ITY 
or 

fl0\1 
ICH/ HINI 

ERODED 
SURFACE 

AREA 
ISO. CHI 

CUH . 
\I£1GHT 
ERODED 

II'ER AREA 
I G/SO.CH I 

EROS ION 
RATE 

ICIIAHS/ 
I HI H " 
SO .CHII 

rl UI D 
SHlAR 
STilE SS 

CN/SO . HI 
IH VIC Ol DS 
HUHI£11 

-----------------------------------------------------------------------------------------------------------------
3.6 6 . 112 6 . I 1 . 9 us . 63 . .... • . • l f. I 'S I 56J. 

'·' I J." lZ •• I. 3 361. 61 . I . II t . IZ 1 . 111 532. 
II . 5 ZI . U 17.1 1.7 276 . 11. • . ~5 .... 1 . 151 sn. 
ILl 21 .11 ZLZ 2 . I 222. H . • • JZ . ... • • 134 H 5 • 

I 7. 5 35.U 31 . 6 2 . 5 I U. 79. • • 39 . ... 1 . 125 •s•. 
21 • • 0.11 31.7 Z. 9 156. n. f . H .... ... ,, H6. 

2• .s 51.12 U.9 J , , 136 . 17 . f.56 f.fl f . fiS HIS. 

27.6 59.11 '"' 3. 1 122 . 9 I • 1 .7 1 •••• .... ) 311 . 

------------------------------------------------------------- ------------------------~---------------------------



0 
0 

• 
lf) 

C\J 

0 
0 

• 
0 

......... 0 
u
u 

0 
Do 
oo 

0 
0 

• 

9J. 00 

......__ __ Figur e A6a 

"0 

I_ 

25.00 50 .00 
I 

75 .00 
TIME 

-
MATERIAL: B 
SPECIMEN NO.: l 1 1 
OAI OENSITI: l. 656 G/CC 
f. OF OP f. W/C: 0 .0 

.... ~ 

~-
/ 

SLOPE Q = 
0 . 458 td000 CC/MIN 

-
' I 

150 . 00 175. 00 200.00 100. 00 125 . 00 
(M I NUTESJ 



,. 

0 . 
0 
11 
C\1 

L:>o 
-o 

• 

og -lJJC'\1 
Cl 
0 
cc

0 
lJJo 

l.JJ 
0 

3:o 
• 

>-0 
a rr:_ 

l=:l 

..... -.. _ 

• 

-

-

-

-

0,-9 
_; 

- L' 

ClJ. 00 

Figure A6b 

G 

\ 

~ 

25.00 50.00 

• 

I 

75 . 00 
TIME 

HnTEnJnL: 0 
SPECIMEN NO . : 1 1 1 
OfH UENS I T'r: I . 656 G/CC 
;: OF OPT. W/C: 0 . 0 

. 
_L 

. 

-

SLOPE p .. 
I . 050 G/MlN 

- -,_ . c 
100.00 125.00 175.00 150.00 ?.00 . 00 

(M I NUTESl 



a 
0 

• 
a 
1.() 

C\J 

• 

og 
Wru 
0 
0 
a::: a 
Wa 

• ._a 
1.() :r: ... 

C) 

w 
>a 
1---io 
1-- • 
a: a 
_jl() 

::::::> 
L: 
::::::> 
Ua 

0 
• v 9J. 00 

Figure A6c 

. 

G 

.!. 
25.00 

MATERIAL: B 
SPECIMEN NO.: 1 l l 

/ 
DRY DENSITY: 1. G56 G/CC 
I. OF OPT. W/C: 0.0 

---

----

/ 

-

SLOPE S = 
2279 PPM 

- -'- I_ r 
50. 00 75. 00 1 00. 00 125. 00 1,50. 00 175 .00 200.00 

VOLUME OF FL(jW ( 1000 CCl 



0 
lf') 

......... 
L'\J 
u 

• 
Q 
(f) ,a 
(~0 

• 
- ru 

a: 
w 
a: 
a.:o 

\II 

z 
~ 
........ 
Clo wo 
a_: 
0 
a: 
tJJ 

._0 
::t: Ul 
t..:) • 
_o 
w 
- '-_ .... 

1 

-

-

G 
G 

-
· a 

:Lo 
:::::> · 
u~ . oo 

Figur\! A6d 

G 
G 

0 
G 

I 

25 . 00 

G 

G 

50.00 
I 

75.00 
TI ME 

- - ·-
HATERtnL: 0 
SPECIHEN NO. : I I I 
OfH OENSITl': 1 • GSG G/CC 
% OF OPT. W/C: 0.0 

- -

. 

--
-

--I r 
100.00 125 . 00 l SO .OO ?00 .00 

lMINUTF Sl 



0 
lf) . 
0 

"""'0 
L:::r 

• 
Uo 

• 

. 

Wo 
1--f\J 
<I' a:o 

0 
0 

• 

~.00 
0 0 

' l. 00 

MATERIAL : B 
SPECIMEN NO . : I 1 l 
DAY DENSITY: 1 . 656 G/CC 
I. OF OPT . W/C: 0 . 0 

0 0 G G G 

' I I ' 2 . 00 3 . 00 4.00 5 . 00 6 . 00 7 . 00 8 . 00 
FLU I 0 SHERR STRESS ( . 01 N/SQ . Ml 

____ Figure A6e ~-~--------~-~--------~----------~---



TABl.E A7 
• 

TEST RESULTS !.Q!! TRIAXIAL F.ROSION TEST 

HAT£RIAl TVI'[ : a 
SHC I HEN HUHBU I 112 
TESTED IYt lt. l • SAICCHEZ 

AVERAC:E HO\I RATE 101! ~H . CC/HIIC 
OAT£ TESTEOI 3 21 82 

RATE or \lElCHT EROS ION I 1'1 : 2 . 7 CIHIN 

SI'ECI H[N ORY OEICSITVt 1~6(), ;,JCC 
OEHS IT\' or EROOIHC: fl UIOt I . Ill CICC 

I Of OI'TIHUN \lATER CONTENT• -c.• HRCENT 
VISCOSITY OF EROOIICC: flU lOt 1 . 111 H•S£ C/SO. H 

IICITIAl SLOT \IIDTH t 2 .32 CH 
COICF'ININC I'RESSURE : U.ll .-_N/SO. H 

INITIAl SlOT THJCr.Hrss' t .23 CM 
HEAD or vAT£ R, 1.3 .. H 

ERODED l[ NiaH t II . 61 CM 
HYDRAULIC CRAOIENT• .. M/ M 

------------------------------------------------------------------------~-------- --------------------------------

VOL UM£ 
Of F"l0\1 

I 1111 CCI 
ruu 
I M I HI 

CUM. 
\lElCHT 
UOOEO 

(C) 

CROSS 
SECTION 

AIUA 
ISO.CHI 

VELOCITY 
Of 

H0\1 
ICH/MINI 

ERODED 
SURF' ACE 

ARFA 
CSO . CMI 

CUM. 
\IE u;HT 
EIIOOEO 

I'EitAMA 
C C/o$0.CM I 

EROS ION 
RATE 

I CRAMS I 
I HI N • 
SO.CH II 

HUIO 
SH[Ait 
surss 

IIC/SO . MI 

-----------------------------------------------------------------------------------------------------------------
3 .5 6 . 99 16 . 3 1.5 Jf6. 69. • • 23 1 . 14 1 . 1 69 529. 

7.1 13 . 13 26. 4 2.5 188 . 19. 1 . 33 1 .13 1 . 125 464 . 

11 .5 21 . 119 u . 7 3 .5 135 . "· I . S3 I . IJ 1 . 11 5 41 2 . 

IC.I 27 . 99 65.1 4 . 6 113 . .... 1 . 65 1 . 13 1 . 111 )67. 

17.5 35.17 87 . 4 5.7 83. Ill . 1 .19 1 .12 l . lt 1 Ul. 

19 .S ..... 111.. 6.4 H . Ill . I . 91 1 . 12 1 . 116 31•. 

-----------------------------------------------------------------------------------------------------------------
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TABU: A8 

TEST RESULTS fOR TRIAXIAL EROS ION TEST 

HATEIUAL TYPE 1 • SPECIMEN NUHIER 1 I I 3 
TE STED IY • R. l. SANCHEZ 

AVE RACE HOV UTE COl : 5H , CC/ HIH 
DATE TESTED• J 'Z I I'Z 

UTE Of VEICi:HT EROSI ON IP H 2 . 5 C/ HIH 

SPEC IMEN DRV DENSITY : I .646 C: / CC 
DENS ITV Of ERODINCi: flUID : l .n• C/CC 

I Of OP':" IHUH VATU COHTEHTI - 2.1 PERCENT 
VI SCOS ITY Of EltODINC: flUID: 1 . 111 H• S( C/ SO . H 

IN ITIAl SLOT VI DT Hr 2 . 32 CH 
CONfiNIHC Plt£SSUit' I 91 . II II:'H / $0 . H 

INITIAL SLOT THI CKH(SS• 1 . 23 CH 
HEAD Of VA TEit 1 I . 31 H 

ERODED l [ NC:TH• II . 61 CH 
HYDRAULIC C:RAOIENT • II . H/ H 

·-----------------------------------------------------------------------------------------------------------------

VOLUME 
Of H OV 

IIIII CCI ' 
TIH( 
CHilO. 

CUH. 
\lElCHT 
EROO'D 

c c I. ' 

CROSS 
SE CTION 

AfliA 
ISO.. CH I 

VELOCITY" 
Of 

n ov 
I CH/ HINI 

ERODED 
SURf.lC[ 

ARBA 
I SD , CH I 

CUH . 
\lEl CHT 
ERODED 

P(R,:AR.EA• 
C Ci:JSO . C~l 

EROS ION 
RATE 

ICRAHS/ 
I HI H " il 
SO , CH I·I 

fl UID 
SH£AR 
STilUS 

C N /SO'IH I 
R5'Y"OL DS 
NUHIU 

------------------------------------------------------------------------------------------------------------------
J.5 

7. 1 

II . 5 

14 • • 

I 7 . 6 

6 . 67 

13. 37 

1.9.85 

26 .2e 

l2.S I 

15 !5 

68 . t 

r.• 
2 . 3 

3 . I 

3 . 9 

41/ 7 

393 . 

175 t 

l l 9 •• 

115 ' 

68 . 

7fi I 

IS . 

93. 

1.1. 

... 23 

• . 38 

1 . 51 

1 . 65 

1 . 79 

•••• 
• . r. 

1 . 1:! 

1 . 13 

1 . 12 

... .. J 

• . us 
1 . 121 

• •• I I 

619 . 

541 , 

4 94 . 

45 1. 

4 I & • 

------------------------------------------------------------------------------------------------------------------
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TABU: A9 

. 
TEST RI:Slll.TS FOR TRIAXIAL EROSION TEST -

MATERIAL TYPE1 8 
SPECIMEN NUMBER I I I C 
TESTED BY1 R. L. SANCHEZ 

AVE RACE H0\1 RATE ( 0) : .... CC/HI'f DATE T£STE0 1 3 21 82 
RATE or \IE IC;HT £ ROS I ON ( p )I 8 . 8 C/MIN 

SPECIMEN DRY DENSITY I 1.782 CICC 
DENSITY OF ERODING FL UIDs I . 116 C/CC I OF OPTIMUN \lATER CONTENT: ••• PERCENT 
VISCOSITY OF ERODINC HUID 1 ..... H*S[ CISO. H 

INITIAl SlOT \IIDTHI 2 . 32 CH 
CONFINING PRESSURE: 118.1. I(H /SO.H INITIAL SLOT THICKNESS I • . 23 CH 
HEAD or \lATER' 13 8t H ERODED lENCTHI II . 81 CM 
HYDRAULIC GRADIENT: II. M/ H 

-----------------------------------------------------------------------------------------------------------------

VOLUME 
OF F"I0\1 

( .... cc) 
TIME 
I MIN I 

CUM . 
\lElCHT 
ERODED 

"' 

CROSS 
SECT ION 

AREA 
ISO.CHI 

VELOCITY 
OF 

H0\1 
ICM/HINI 

ERODED 
SURFACE 

AREA 
ISO .CHI 

CUH. 
\lElCHT 
ERODED 

PER AREA 
IC /SO.C,.O 

EROSION 
RAT£ 

I CRAMS/ 
( M I H • 
SO.C MII 

HUID 
SHEAR 
SlRfSS 

llf/SO . MI 
II[YNOLDS 
NUMBER 

-----------------------------------------------------------------------------------------------------------------
3 . !. 7 . 18 C . I 6 . 8 535. 63 . ••• 6 .... t . l H SC9 . 
7 •• I C. 21 9 . • 1.1 398 . 66 . • . I' • . • 1 • . If I 525 . 

lf.S 21.52 16 . 4 I. C 3U. 69 . • . 2C •••• • • t66 SIZ. 
IC.f 29 . I. 23.6 I • 7 258. 72. • • JJ ••• 1 ••• C6 cu . 
I 7 . 5 36 . 82 29 •• 2 •• 218 . 75. • • 38 .... 8 . 83C cu . 
21.f H . 59 34.6 2 . 3 189. 78. .... '.II 8.127 U I . 
24.5 52.6C U . l 2.7 166. 82. t . C9 .... t . 8?Z C2C. 
28 •• 61.1C c7 . e 3.1 IC 7. 85 . 1.55 8 . 81 e . 818 Ct6 • 
J 1. 5 69.65 54.2 3.3 I 32. 89. 8 . 61 •••• ' . 115 391. 

-----------------------------------------------------------------------------------------------------------------



TABlE FOR SPECIMEN NUMBER: B114 <CONTINUES) 

------------------------------------------------------------------------------------------------------------- ----

VOLUME 
OF FLOW 

C IBBB CC) 
TIME 
CHIN) 

CUM. 
WE!GHT 
ERODED 

C G ) 

CROSS 
SECTION 

AREA 
C SO. CH) 

VELOCITY 
OF 

FLOW 
CCH/ HIN) 

ERODED 
SURFACE 

AREA 
CSO.CH> 

CUM. 
WEIGHT 
ERODE D 

PER AREA 
(G /SO.CM) 

EROSION 
RATE 

<GRAMS/ 
<MIN * 
SO.CM)) 

FLUID 
SHEAR 
STRESS 

<NISQ.M) 
REYNOLDS 
NUMB£R 

-----------------------------------------------------------------------------------------------------------------
35.B 

36.3 

78.23 

8.8.82 

61.8 

65. 1 

3 . 7 

3.8 

119. 

116. 

92. 

93. 

B . 6 7 

B . 7B 

B.Bl 

B .B1 

8 • .91 3 

B.B12 

375. 

371. 

-----------------------------------------------------------------------------------------------------------------
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TABLE AlO 

TEST RESULTS FOR TRIAXIAL EROSION TEST 

MATERIAL TYPEr B 
SPECIMEN NUMBER I 116 
TESTED BY: R. l. SANCHEZ 

AVERAGE FLO\I RATE C Q I 1 486. CC/MIN 
DATE TESTED 1 3 28 82 

RATE OF \IEIC:HT ERO!;ION ( p ) I 1.2 G/HIN 

SPECIMEN DRY DENSITY I 1.617 G/CC 
DENSITY OF ERODING FLUIDI 1.111111 G/CC 

I OF CPTIMUN \lATER CONTENT: 4.11 PERCUT 
VISCOSITY OF ERODING FlU I Dr 11.11111 N*SEC/SO.H 

INITIAL SLOT \IIOTHt 2.32 CH 
CONFINING PRESSUREr 98. lll KN/SO.H 

INITIAL SLOT THICKNESS: 11.23 CH 
HEAD OF \lATER r 1.3 •• M 

ERODED LENGTHs 11.U CH 
HY~RAULIC GRADIENTr u. H/M 

-----------------------------------------------------------------------------------------------------------------

VOLUME 
OF FL0\1 

nn11 cc 1 
TIME 
CHIN) 

CUM. 
\lElGHT 
ERODED 

(G) 

CROSS 
SECTION 

AREA 
CSO.CH> 

VELOCITY 
OF 

FL0\1 
CCM/HIN) 

ERODED 
SURFACE 

AREA 
lSO.CH> 

CUH. 
\lElGHT 
ERODED 

PER AREA 
lG/SQ.CMI 

EROSION 
RATE 

I GRAMS/ 
CHIN • 
SQ.CHII 

FLUID 
SHEAR 
STRESS 

lN/SO.HI 
REYNOLDS 
NUMBER 

-----------------------------------------------------------------------------------------------------------------
3.5 6.86 7. 1 11.9 634. 63. 8. 11 11.112 II. I 6/1 597. 

7 •• 12.114 l4. 4 1.3 3811. 67. 11.22 /1.82 11.1185 564. 

111.6 18.19 23.11 1.7 293. 711. II. 33 11.112 11.1154 533. 

l4 •• 25. 14 32.3 2. 1 232. 76. 11.43 11.112 11.1136 5113. 

17.5 31.94 41.8 2.6 193. 79. II. 53 11.111 11./126 476. 

21.11 39.1111 49.3 2.9 166. 83. II. 59 11.111 11.11211 451. 

22.6 46.43 511.9 3.4 143. 88. 11.58 11.111 II.B16 427. 

-----------------------------------------------------------------------------------------------------------------
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MATERIAL: B 
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MATERIAL: B 
SPECIMEN NO.: 1 15 
DAY DENSITY: 1 . 617 GICC 
I. OF OPT . W/C: 4.D 
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SLOPE S = 
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t-1/\TEIHAL TYPE: 
SI'EC II lEN NU1·11lEI1 
n:sn:D llY: 

DATE TESHD: 

SPECIIIEN Olt Y DENSITY: 

~: OF OPTH-IU1·1 \1/\lER CONTENT: 

INITIAL SLOf \/lOTH: 

IIH Tl 1\ L S L l.l r TIll C K tl E S S : 

[l~ODEU LErlt..iTII: 

EI!OUEO SIIAPE: 

TABLE All 

TEST RESULTS FOR TRIAXIAL EROSION TEST 

B 
11 7 
R. L. SANCHEZ 

3 26 02 

1.64!> G/CC 

3.IJ PERCENT 

11.32 Cl'l 

8.23 CM 

11 • 58 CM 

AVERAGE FLOV RATE <O>: 

RATE OF \lEIGHT EROSION (p): 

DENSITY OF ERODING fLUIO: 

VI SCOSITY OF EI'OUltiG FLUID: 

COHFIIIING PRESSURE: 

HEAD OF \/AfER: 

HYDRAULIC GRADIEN T: 
CO~STANT \JIDTH RECTANGLE 

515. CC/MIN 

1. 2 G/11111 

1 .m1rr GIC:C 

S.!JI1 1 II ''S EC/Sf'l.M 

9:J.fHJ lll/SCI.II 

1 • :J.~/ "' 

11-1 • 1111·1 

----- ------- --- --- --- - ------------- -- --------------- -~------------------------ ----- -- ---------- ----- ·------------
CUH. EIWSION 

c llf1. cr.oss VELOCITY cr.oorD \/E lliiiT HA fl: FLUID 
VOL LitlE '.![ H:; IIT SECTliJtJ OF SUI'f/\Cl: E ltoi>C D ( r;I'/\IIS/ surrr 

OF F Lu\J Till . l: IWO I:.D ARlA FL O\/ / \1!1:./\ PER /\I! I:: A <II HI ,, STP.U ~ PF.Vrlfll I'S 
( 1 !JlJ!J cc ) <IIlii) < G > <SO.Cil) ( CI1/I·II N) < S(J. Cll > ( G/SCI. t: l1 > SO. t:H > > < r·r n 0 . 11 > 1111111:1·1! 

---- -·-------------------------------------------------------------------------------·---------------------------

3.5 G.!il 7.2 IJ l' • :J IXJG.CJ • <12. {j . 1 7 !1 . 1]3 L/.4.(}1 ~13 'I • 

7 .u 12.43 12.2 IJ. 9 !.198. G9. .CJ. I O JJ./J l. fi. iii:JY r, 1l.i • 

l.a.!j 19.72 2!1 . 7 1.3 :;<;[] . 102. J]. 2fj f/.(Jl [1 .1 3 1 .., (' 6 ... ' . 
I •1 • '1 25.:JJJ 29 .4 1.7 3(12 . 13fJ . IT. ~3 fJ ./H fd • 1 WI :':1711 . 

15. £1 2.7. ifJ n .J 1. 0 2U2. 139 . JJ . Z3 ff . .fJ l IJ .HC1:i 20!i. 

l6. JJ 311 . IU 3 t1 • I 2 . 11 25 U. l!:i I . .fJ. 23 U.IJ1 [of • !J I j !j 2G 1. 

17. 'j J 3 . I •; 37 .!> 2.2 2.J7 . 1G3 . f'. ?:l IJ . (I I II . ''' .; l:t1;' . 
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MATERIAL: 8 
SPECIMEN NO.: 117 
DRY DENSITY: l. 645 GICC 
I. OF OPT. W/C: 3 . 0 

/ 

/ 

-

SLOPE Q = 
O. SlSwlOOO CC/MIN 

I I 
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HATERIAL: 8 
SPECIHEN NO.: 117 
ORY DENSITY: 1.6~5 G/CC 
Z OF OPT. WIC: 3.0 
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SLOPE p = 
1.197 G/HJN 

I I I 
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MATERIAL: A 
. SPEC IMEN NO.: I I 7 

OA1' DENS l T 'I': I . 645 G/CC 
% OF OPT . W/C : 3 .0 

/ 
. 

SLOPE S ~ 
23 18 PPM 

I I I 
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MATERIAL: B 
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TABLE Al2 

TEST RESULTS FOR TRIAXIAL EROSION TEST 

MATERIAL TYPE: B 
SPECIMEN NUMBER I 119 
TESTED BY: R. L. SANCHEZ 

AVERAGE fl0\1 RATE (01: 519. CC/H1N 
DATE TESTED: 4 8 82 

RATE OF \lElGHT EROSION ( p )I 1.1 G/HIN 

SPECIMEN DRY DENSITYt 1. 641 G/CC 
DENSITY OF ERODING FLUID: 1 .BS6 G/CC 

J OF OPTIMUM \lATER CONTENT: 3 .B PERCENT 
VI SCOS lTV OF ERODING FLUID: 16.16161 N*SEC/SO.H 

INITIAL SLOT \IIDTH: 2. 3Z CM 
CONFINING PRESSURE: 99. I 6 KN/SO.H 

INITIAL SLOT THICKNESS: 8.23 CH 
HEAD OF \lATER: 1.3 .e.e M 

ERODED LENGTH: II. 68 CH 
HYDRAULIC GRADIENT: 1 B. HIM 

·-----------------------------------------------------------------------------------------------------------------

VOLUME 
OF FL0\1 

( 11686 cc) 
TIME 
(HI N) 

CUM. 
\lEIGHT 
ERODED 

< G I 

CROSS 
SECT! ON 

AREA 
ISO.CMI 

VELOCITY 
OF 

FL0\1 
<CM/MIN) 

ERODED 
SURFACE 

AREA 
<SO.CMI 

CUM. 
\lElGHT 
ERODED 

PER AREA 
(G/SO.CM) 

EROSION 
RATE 

<GRAMS/ 
(HI N * 
SO. CM I I 

FLUID 
SHEAR 
STRESS 

(N/SO.Ml 
REYNOLDS 
~UMBER 

-----------------------------------------------------------------------------------------------------------------
3.5 6.69 11.7 B.9 567. 63. B. 19 16 . 82 B. 169 638. 

7 .s 12.67 19.9 1.3 413. 66. B.28 .e . .e2 8.694 665. 

18.5 19.911 26.9 1.7 311. 71. B.38 B.l62 6.857 578. 

u.s 26.89 34.3 2.8 257. H. B. 46 S.Bl 8.841 542. 

17.5 3Z. 64 48.9 2.4 21 7 . 78. 8.53 S.Bl 6.638 516. 

21.0 39.34 47. 1 2.8 197. 82. B. 58 B.Bl B.B24 492. 

24.5 45.9B 55. I 3. 1 165. 85. .9.65 .e.Bl S.Bl9 471. 

28.8 52.46 61.7 3.5 14 7. 89. 8.69 B.Bl .9 . .916 451. 

3B.B 58.8.9 68.9 3.9 134. 93. B. H .IJ.B1 B .Bl4 433. 

-----------------------------------------------------------------------------------------------------------------
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MATERIAL : 8 
SPECIMEN NO.: I 1 9 
DAY OfNS IT'f: l . Gl.Jl GICC 
%OF OPT. W/ C: 3 . 0 
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MATERIAL TYPE: 
SPECIMEN NUMBER 1 

TESTED BY: 

DATE TESTED: 

SPECIMEN DRY DENSITY I 

X OF OPTIMUN \lATER CONTENT: 

INITIAL SLOT \/lOTH: 

INITIAL SLOT· THICKNESS: 

ERODED LENGTH: 

VOLUME 
OF FLO\/ 

< lBSB CC) 
TIME 
<MINI 

CUM. 
\/EIGHT 
ERODED 

( G I 

TABLE Al3 

TEST RESULTS FOR TRIAXIAL EROSION TEST 

8 
1U 
R. L . 

.. B 

1.6U .... 
2.32 

1.23 

11.5B 

CROSS 
SECTION 

AREA 
CSO.CMI 

SANCHEZ 

82 

G/CC 

PERCENT 

CM 

CM 

CM 

VELOCITY 
OF 

FLO\/ 
<CH/MIHl 

AVERAGE FLO\/ RATE < 0 l: 

RATE OF \lElCHT EROSION ( p): 

DENS lTV OF ERODING FLUID: 

VISCOSITY OF ERODING 

CONFINING PRESSURE: 

HEAD OF \lATER: 

HYDRAULIC GRADIENT: 

ERODED 
SURFACE 

AREA 
ISQ.CHI 

CUM. 
\/EIGHT 
ERODED 

PER AREA 
CC/SO.CMI 

FLUID: 

EROSION 
RATE 

(GRAMS/ 
( Hl H * 
SQ.CHII 

551. 

1. 7 

1 .BBB 

B.BBI 

9B. 1B 

1.3 BB 

1B. 

FLUID 
SHEAR 
STRESS 

CC/HlN 

C/MIH 

G/CC 

N*SEC/SO.M 

KN/SO.H 

H 

H/H 

CH/SO.MI 
REYNOLDS 
HUMBER 

-----------------------------------------------------------------------------------------------------------------
3.5 6 .• 3 8.4 1 ' 1 493. 64. B. 13 B.B3 B. 123 655. 

7 .B 12. 1B 15.4 1.6 336. 7B. B. 22 B.B2 B.B62 6117. 

18.5 18.BB 22.9 2.2 254. 75. 1.31 1.12 11.B3B 564. 

14.11 23.54 3.1J.9 2.7 2B6. B.IJ. B.39 B.B2 B.B27 529. 

17.5 29.55 4B. 7 3.2 171. B5. B. 4B B.B2 B.B2B 495. 

2l.B 35.BB 49.9 3.7 148. 9B. B.55 8.12 8.1116 46B. 

24.5 41.48 6B. 1 4.3 128. 96. 1.63 1.82 B.812 ..... 
28.B 49.511 72.9 5.B 189. 1B3. B. 71 B.BZ B.B111 4.89. 

31.5 56.56 8B.4 5.7 97. llB. B. Bl B.BZ B.BBB 385. 

-----------------------------------------------------------------------------------------------------------------



TABLE FOR SPECIMEN NUMBER: BlZB (CONTINUES) 

-----------------------------------------------------------------------------------------------------------------

VOLUME 
OF FLOW 

( lBBB CC) 
TIME 
(HI N) 

CUM. 
WEIGHT 
ERODED 

(G) 

CROSS 
SECTION 

AREA 
<SO.CH) 

VELOCITY 
OF 

FLOW 
<CH/MIN) 

ERODED 
SURFACE 

AREA 
<SO.CH) 

CUM. 
WEIGHT 
ERODED 

PER AREA 
(G/SO.CM) 

EROSION 
RATE 

<GRAMS/ 
<MIN * 
SO.CM)) 

FLUID 
SHEAR 
STRESS 

(N/SO.H) 
REYNOLDS 
NUMBER 

-----------------------------------------------------------------------------------------------------------------
35.8 

37.8 

63. 1 3 

66.58 

182.5 

113 . B 

6.3 

6.6 

88. 

84. 

1 16. 

119. 

B. 89 

B. 95 

B. Bl 

B.Bl 

B.BB7 

B.BB7 

366. 

356. 

-----------------------------------------------------------------------------------------------------------------
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MATERIAL: 8 
SPECIMEN NO.: 120 
DRY DENSITY: 1. 640 GICC 
%OF OPT. W/C: IL 0 

/ 

/ 

SLOPE Q = 
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I I I 
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TAOLE A14 

TEST RESULTS FOR TRIAXIAL EROSION TEST 

MATERIAL TYPE: B 
SPECIMEN HUMBER I 2 I 
TESTED BV: R. L . SANCHEZ 

AVERAGE FL0\1 RATE <a> : .495. CC/HIN DATE TESTED: 4 11 82 
RATE OF \lElGHT EROSION ( p ) : B. 5 G/MIN 

SPECIMEN DRV DENSITY: 1.638 GICC 
DENS ITV OF ERODING FLUID: I . BBB G/CC X OF OPTIMUH VATER CONTENT: 1.6 PERCE NT 
VI SCOS lTV OF ERODING FLUID: B. BBI H* SEC/SO. M 

INITIAL SLOT \IIDTHs 2.32 CM 

INITIAL SLOT THICKNESS: B.23 CM 
CONFINING PRESSURE: 98. IS KH/SO.M 

ERODED LENGTH: I 1 . 6B CM 
HEAD OF VATER: 1.3 es M 

HYDRAULIC GRADIENT: UJ. M/M 

·-----------------------------------------------------------------------------------------------------------------

VOLUME 

( ~~B~Lg~) • TIME 
(HI N) 

CUM. 
\lElGHT 
ERODED 

( G I 

CROSS 
SECTION 

AREA 
(SO.CMI 

VELOCITY 
OF 

FL0\1 
ICH/MINI 

ERODED 
SURFACE 

AREA 
CSO.CMI 

CUM. 
\lElGHT 
ERODED 

PER AREA 
CG/~O.CHl 

EROS I ON 
RATE 

(GRAMS/ 
CMIN " 
SO.CHll 

FLUID 
SHEAR 
STRESS 

CN /SO. Hl 
REYNOLDS 
NUMBER 

-----------------------------------------------------------------------------------------------------------------
3.5 6.U 8.9 B. 7 695. 61. B . 15 B. BI B.25 7 628. 
7.B 12 0 13 U.B B.9 569. 63. B.22 B. BI B. 176 612 . 

18".5 19 . BB I 7. I 1.1 467. 64. 8" .27 B. Bl B . 122 594. 
14 .B 26 0 74 28".8 1.2 397. 66. B. 31 B. BI B. B91 578. 
17 .5 31 0 89 24.8 1.4 349. 68. 8".37 B.BI B.B72 563. 
21.B 38 . 48" 27.9 1.6 JIB. 7B. B.4B B .BI B.B58 549. 
24.5 45.35 31.4 1.8 277. 72. B.U B. BI B . B48 534. 
2e.e 56 0 47 35.2 2. I 236. 75. B. 47 B.BI B . B36 512. 
31.5 62.BB 38.6 2.3 22B 0 76. B . 51 B.BI B . B32 5B2. 

-----------------------------------------------------------------------------------------------------------------



TABLE FOR SPECIMEN NUMBER: B121 !CONTINUES) 

-----------------------------------------------------------------------------------------------------------------
CUM. EROSION 

CUM. CROSS VELOC ITV ERODED \/EIGHT RATE rLUID 
VOLUME \/EIGHT SECTION OF SURFACE ERODED CGRAHS/ SIIEAR 

OF FLO\J TIME ERODED AREA FLO\J AREA PER AREA CHIN • STRESS REYNOLDS 
( IB/6/6 CC) !MIN) ! G) !SO.CM) !CM/HIN) !SO.CM) !G/SO.CH) SQ.CM)) IN/SQ.M) NUMBER 

-----------------------------------------------------------------------------------------------------------------
3S.B 68.61 42.4 2.4 2.93. 78. B. 54 B.Bl .9 . .928 49.9" . 

38.5 H.9Z 46.2 2.6 19B. 8B. 8.58 .9.01 s.szs 479. 

42.B 81.46 49.8 2.8 177. 82. .9.61 B.01 0.B2Z 468. 

45.5 88.23 54.4 3 .B 166. 84. B. 65 .B.Bl 0.02.8 459. 

48.7 98.25 58.8 3.3 152. 86. 16. 68 .8.01 B.B17 443. 

--------------------------------------------------------------------------------------------------- --------------
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M.\TERIAL TYPE: 
<: p£Cit1EN 1Wt1BER : 
TESTED BY: 

L'ATE TESTED: 

<'P £Ci ilCN DRY DENSITY: 

X OF OPTHIUM ~ATER .CONTENT: 

INITIAL SLOT ~lOTH: 

INITIAL SLOT THICKNESS: 

f RUO CU LENGTH : 

TABLE A15 

TEST RESULTS FOR TRIAXIAL EROSION TEST 

8 
123 
R. L. SANCHEZ 

5 25 82 

1.551 G/CC 

S.S PERCENT 

2.3S CM 

S. 23 CM 

1 1 . 4S CM 

AVERAGE FLO~ RATE (Q): 

RATE OF ~EIGHT EROSION (p): 

DENSITY OF ERODING FLUID: 

VISCOSITY OF ERODING FLUID: 

CONFINING PRESSURE: 

HEAD OF ~ATER: 

HYDRAULIC GRADIENT: 

407 . CC/MIN 

3 . 2 G/MIN 

l . fHofJ G/ CC 

9 ll . SS KN /$0. M 

1.3S M 

IS. M/ M 

-----·----------------------------------------------------------·---·---------------------------- ·-------- ------ ---

VOLUNC: 
OF FLU~ 

< l .bBS CC l 
TIME 
(MIN> 

CUM . 
~EIGHT 
ERODED 

(G) 

CROSS 
SECTION 

AREA 
<SO.CMl 

VELOCITY 
OF 
FLO~ 

<CM/MINl 

ERODED 
SURFACE 

AREA 
!SO.CMl 

CIJM 
~EIGHT 
ER ODED 

PER AP.. EA 
(G/SO.CMl 

EROSION 
RATE 

(GRAMS/ 
( Ml N * 
SO. CM l l 

FLUID 
SIIEAR 
SlRESS 

!N/SQ.Ml 
REYNOLOS 
N IJ!'IB E R 

------ ----------------------------------------------------------------------------------------------- ------ --- · --

1 • :J 

4.5 

8.f/ 

9.3 

1 • 91 

9 . 1 7 

16. 2 3 

18. 8 9 

1 2. 1 

3S. 1 

54.3 

66.2 

S . 9 

2.2 

3 .4 

3.9 

56.8. 

2 25. 

142. 

125. 

61. s . 21iJ 

74. s. 4 1 

86 . s. 63 

91. s. 73 

s.ss 

S.S4 

.e.s4 

fJ.S3 

ft. 1 12 [.117 • 

s . .834 s rq. 

S.Slb I ~C) • 

.9'.813 lj 1/6 . 

---------- --------------- ------------------------------------------------------------ ----- -------------------- ----------
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TABLE A16 

TEST RESULTS FOR TRIAXIAL EROSION TEST 

MATERIAL TYPE: B 
SPECIMEN NUMBER 1 7B1 
TESTED BY: R. l. SANCHEZ 

AVERAGE FLO\J RATE I 0 I: 568. CC/MIN 
DATE TESTED: 4 11 8Z 

RATE OF \lElCHT EROSION ( p ) : B. 8 G/HIN 

SPECIMEN DRY DENSITY: 1.642 GICC 
DENSITY OF ERODING FLUID: I .BBB G/CC 

X OF OPTIMUN \lATER CONTENT: 1.5 PERCENT 
VI SCOS lTV OF ERODING FLUID: B.B/61 N*SEC/SO.M 

INITIAL SLOT \JIDTH: Z.3Z CM 
CONFINING PRESSURE: 98. 1B KN/SO. M 

INITIAL SLOT THICKNESS: B.Z3 CM 
HEAD OF \JA TE R: 1.3 BB M 

ERODED LENGTH: 11. 6.8 CM 
HYDRAULIC GRADIENT: lB. H/H 

·-----------------------------------------------------------------------------------------------------------------

VOLUME 
OF FLO\J 

11BB6 CC> 
TIME 
I MIN) 

CUM. 
\lEICHT 
ERODED 
(c) 

CROSS 
SECTION 

AREA 
ISO.CHI 

VELOCITY 
OF 

FLO\J 
ICH/MINI 

ERODED 
SURFACE 

AREA 
ISO.CHI 

CUM. 
\lElCHT 
ERODED 

PER AREA 
IC/SQ.CHI 

EROSION 
RATE 

I GRAMS/ 
I HI N • 
SO. CHI I 

FLUID 
SHEAR 
STRESS 

IN/SO.Ml 
REYNOLDS 
NUMBER 

-------------··---------------------------------------------------------------------------------------------------
3.5 6.32 8.6 6.8 717. 62. B. 14 B.01 B.241 7 1 I • 

7.0 II . 8B 14 . 4 l.B 559. 64. B. 22 0./61 0. 152 687. 

1B. 5 17.62 18 .• 1.3 453. 66. .8.27 /6./61 B. 1/63 662. 

14." 23.92 20.9 1.5 376. 69. B. 316 16.161 B. 674 637. 

17.5 29.56 26. 1 1.7 327. 71. 0.37 B./61 0 • .958 617. 

Zl.B 35.42 29.5 2.16 287. 74. B. 4.6 .6.91 .6.1646 597 . 

24.5 41.86 32.6 2.2 253. 76. 16.43 B.B1 " . .637 576. 

28 . .6 47.68 36.7 2.5 229. 79. B. 4 7 B.B1 fJ.I631 559. 

31.5 53.77 4.8.6 2.7 2168. 81 . B. 516 B.l61 .B./627 541 . 



TABLE FOR SPECIMEN NUMBERr B7BI (CONTINUES) 

·-----------------------------------------------------------------------------------------------------------------
CUH. EROSION 

CUH. CROSS VELOC lTV ERODED WEIGHT RATE FLUID 
VOLUME WEIGHT SECTION OF SURFACE ERODED <GRAMS/ SHEAR 

OF FL0\1 TIHE ERODED AREA FL0\.1 AREA PER AREA CHIN • STRESS REYNOLDS 
11BBB cc) CHIN I I G I ISO.CHl ICH/HINI ISO.CHI IG/SO.CHI SO.CHII IN/SO.HI NUMBER 

-----------------------------------------------------------------------------------------------------------------
35.8 f.IJ.15 H.6 3.8 191J. 84. B.53 IJ. 81 B.823 525. 

38.5 6ti.78 4 9. 1 3.2 I 7 6. 86. B. 57 B.BI B.B2B SIB. 

42.8 7 I. 8B 54.6 3.5 164. 89. 8.62 8.81 1.818 496. 

43.8 75.28 57.8 3.6 15 7. 9B. 8 . 64 B.BI B.Bl7 489. 

45.6 79.BB 6l..IJ 3.8 151. 91. 8.67 B.B1 8.8'16 498 . 

47.4 B 1 . 54 64.9 3.9 14 7. 92. B. 7B B.B1 8.815 475. 

49.2 84.95 69.2 4.B 14 2. 94. B. 74 B.BI B.BI4 468. 

51.1 9 I • I 3 79.6 4.3 I 33. 96. 8.83 8.81 B.BI3 456. 

51.2 91 . 36 88.6 4.3 133. 97. 8.84 B.BI B.Bl3 455. 

-----------------------------------------------------------------------------------------------------------------
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TABLE Al7 

TEST RESULTS FOR TRIAXIAL EROSION TEST 

MATERIAL TYPE: D 
SPECIMEN NUMBER • • 17B 
TESTE·o BY: R. L. SANCHEZ 

AVERAGE FL0\.1 RATE (Q): 569. CC/MIN 
DATE TESTED: 4 7 92 

RATE OF \lEIGHT EROSION ( p ) : 13.9 G/MIN 

SPECIMEN DRY DENSITY: 1.676 G/CC 
DENSITY OF ERODING FLUID: 1 .BBB G/CC 

X OF OPTIMUN \lATER CONTENTt -B. 5 PERCENT 
VI SCOS lTV OF ERODING FLUID: B.BBI N*SEC / SO.M 

INITIAL SLOT WIDTH: 2.32 CM 
CONFINING PRESSURE: 99. IB KN/SO.M 

INITIAL SLOT THICKNESS: B.23 CM 
HEAD OF VATER: 1.3 BB M 

ERODED LENGTH: ll.SB CM 
HYDRAULIC GRADIENT : 1 B. M/ M 

------------------------------------------------------------------------------------------------------------------

VOLUME 
OF FLO\,/ 

( IBBB CC) 
TIME 
<MIN) 

CUM. 
VEIGHT 
ERODED 

(G) 

CROSS 
SECTION 

AREA 
(SO .CM) 

VELOCITY 
OF 

FL0\.1 
<CH / MIN> 

ERC'DED 
SURFACE 

AREA 
<SO.CM> 

CUM. 
VEIGHT 
ERODED 

PER AREA 
<G ISO.C H> 

EROSION 
RATE 

<GRAMS/ 
(MIN * 
SO.CH>> 

FLUID 
SHEAR 
STRESS 

(N /SO. M> 
REYNOLDS 
NUMBER 

-----------------------------------------------------------------------------------------------------------------
Z .B 

4 .B 

4.B9 

7.6B 

52.4 

lBl. 3 

3.5 

6 .B 

164. 

95. 

99 . 

1 1 3 • 

B. 6B 

B. 9B 

B. 16 

B. 12 

B .BIB 

B.BBB 

496. 

396. 

-----------------------------------------------------------------------------------------------------------------
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TABLE AlB 

TEST RESULTS FOR TRIAXIAL EROSION TEST 

MATERIAL TYPE: 0 
SPECIMEN NUMBER • • 171 
TESTED BY: R. L • SANCHEZ 

AVERAGE FLOW RATE <a, : 585 . CC/HIN 
DATE TESTED : 4 7 82 

RATE OF WEIGHT EROSION ( p ) : lfl.8 G/HIN 

SPECIMEN DRY DENSITY : 1.659 G/CC 
DENS lTV OF ERODING FLUID: 1 • /iJ /iJ /iJ G/CC 

X OF OPTIHUN WATER CONTENT: 1./iJ PERCENT 
VI SCOS lTV OF ERODING FLUID: 16./iJBl N* SEC/SQ.H 

INITIAL SLOT WIDTH: 2. 32 CH 
CONFINING PRESSURE: 98. I B t-N/SO . H 

INITIAL SLOT THICKNESS: liJ.23 CH 
HEAD OF WATER: 1.3 BB H 

ERODED LENGTH : 1 1 . 6/iJ CH 
HYDRAULIC GRADIENT: IS . H/ M 

-----------------------------------------------------------------------------------------------------------------

VOLUME 
OF H OW 

( 1 liJ/iJ/iJ cc ) 
TIME 
CHIN> 

CUM . 
WEIGHT 
ERODED 

( G > 

CROSS 
SECTION 

AREA 
<Sa. CHI 

VELOCITY 
OF 

FLOW 
CCH / HINl 

ERODED 
SURFACE 

AREA 
<Sa. CHI 

CUM. 
WEI GHT 
ERODED 

PER AREA 
CG/SO.CHl 

EROSION 
RATE 

<GRAMS/ 
CHIN * 
sa. cH > > 

H UID 
SHEAR 
STRESS 

IN/SO.Hl 
REYNOLDc; 
NUHBfR 

--------------------------------------------------------------------------------------- --------------------------
1./iJ 

2 . /iJ 

3. /iJ 

3.8 

1.77 

3.57 

5.29 

6 . 45 

43.9 

75./iJ 

1 S9. l 

131 • 7 

2.3 

4 • /iJ 

5 . 7 

6.8 

259. 

146 . 

1/iJ3 . 

86 . 

76. 

94 . 

11 I. 

12 2. 

liJ .57 /iJ. 25 S./iJ38 592. 

8.81 B. 2B .()' . .0'15 4 8 1 • 

/iJ.98 B. 1 7 /iJ.SlJCJ 4/i18 • 

l.B8 B . 15 B.B/i17 37/iJ. 

-----------------------------------------------------------------------------------------------------------------
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MATERIAL TYPE: 
SPECIMEN NUMBER : 
TESTED BY: 

DATE TESTED: 

SPECIMEN DRY DENSITY: 

X OF OPTIMUN WATER CONTENT: 

INITIAL SLOT WIDTH: 

INITIAL SLOT THICKNESS: 

ERODED LENGTH: 

TABLE A19 

TEST RESULTS FOR TRIAXIAL EROSION TEST 

D 
172 
R. L. SANCHEZ 

4 11 82 

1.722 G/CC 

1 . 0 a.tercent 

2.32 CM 

8.23 CM 

11.6.8 CM 

AVERAGE FLOW RATE (Q): 

RATE OF WEIGHT EROSION <P>: 

DENSITY OF ERODING FLUID: 

VISCOSITY OF ERODING FLUID: 

CONFINING PRESSURE: 

HEAD OF WATER: 

HYDRAULIC GRADIENT: 

S.BB. CC/MIN 

14.2 G/MIN 

l.BB.B G/CC 

B.BB1 N*SEC/SQ . M 

98.1.8 KN/SO.M 

1.3 BB M 

lB. M/M 

-----------------------------------------------------------------------------------------------------------------

VOLUME 
OF FLOW 

( lBBB CC) 
TIME 
<MIN) 

CUM. 
WEIGHT 
ERODED 

<G) 

CROSS 
SECTION 

AREA 
<SO.CM> 

VELOC I TV 
OF 

FLOW 
<CM/MJN) 

ERODED 
SURFACE 

AREA 
(SO.CM) 

·cuM. 
WEIGHT 
ERODED 

PER AREA 
(G/SO.CM> 

EROSION 
RATE 

(GRAMS/ 
<HI N * 
SO.CM>> 

FLUID 
SHEAR 
STRESS 

CN/SO.M) 
REYNOLDS 
NUMBER 

-----------------------------------------------------------------------------------------------------------------
1 • B 

2 . .B 

3 • .8 

2. IB 

4 • 1 1 

6. u 

21.8 

45. 1 

78.6 

2 .B 

3.5 

4.9 

247. 

us. 
183. 

74. 

88 . 

182. 

B. 29 

8.51 

B. 77 

8. 19 

g. 16 

B. 1 4 

B.B39 522. 

.B.B16 438 • 

B.BB9 377. 

-----------------------------------------------------------------------------------------------------------------
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MATERIAL: 0 
SPEC IHEN NIL: 172 
DRY DENSITY: 1. 7 22 GICC 
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SLOPE s = 
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TABLE A20 

TEST RESULTS FOR TRIAXIAL EROSION TEST 

MATERIAL TYPEr D 
SPECIMEN NUMBER • 173 • 
TESTED BY: R. l. SANCHEZ 

AVERAGE Fl 0\1 RATE C 0 ) : 616. CC/MIN 
DATE TESTED: 4 u 82 

RATE OF \lEIGHT EROSION ( p ) : 36.6 G/MIN 

SPECIMEN DRY DENSITY: 1.682 GICC 
DENSITY OF ERODING FLUID: 1.SSS G/CC 

X OF OPTIMUN \lATER CONTENT: -3.8 PERCENT 
VISCOSITY OF ERODING FLUID: S.SS1 N*SEC/SO.M 

INITIAL SLOT \IIDTH: 2.32 CH 
CONFINING PRESSURE: 98. 1.9' KN/SO.M 

INITIAL SLOT THICKNESS: s. 23 CH 
HEAD OF \lATER: 1.3 SB M 

ERODED LENGTH: 11. 5S CM 
HYDRAULIC GRADIENT: 1.9'. M/M 

-----------------------------------------------------------------------------------------------------------------

VOLUME 
OF FLO\J 

Cl.BSS CC> 

l.S 

2.S 

2.2 

TIME 
<HI N > 

2.3S 

3.9S 

.c. 26 

CUM. 
\lEIGHT 
ERODED 

(G) 

47.4 

99.6 

122.4 

CROSS 
SECTION 

AREA 
CSQ.CH> 

4.9 

7.9 

8.6 

VELOC lTV 
OF 

FLO\J 
( CH/HI N) 

126. 

78. 

72. 

ERODED 
SURFACE 

AREA 
CSO.CM> 

182. 

132. 

139. 

. 
CUM. 

\lElGHT 
ERODED 

PER AREA 
(G/SO.CM> 

S.H 

s . 76 

8.88 

EROSION 
RATE 

CGRAMS/ 
CHIN * 
SO. CM) ) 

s. 36 

.9'. 28 

B. 26 

FLUID 
SHEAR 
STRESS 

<NISO.H> 

S .S11 

S . .9'.9'6 

s.sss 

REYNOLDS 
NUMBER 

464. 

358. 

341. 

------------------------------------------------------------------··----------------------------------------------
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TflnLE A2l 

TEST RESULTS FOR THIAXTAL EROSION TEST ----

I lATE n IAL TYPE: D 
SPEC III(N IIUNUER 175 
lESHU OY: R. L. SANCHEZ 

AVERAGE FLm/ RATE ( 0): 552. CC/IH N 
DI\TE H.STED: 5 2B 82 

RATE OF \/liGHT EROSION ( p ) : II . I G/111 U 

SPECIIIEN DRY DENSITY: 1.688 G/CC 
DEtlSITY OF ERODING FLUID: I • fJCJCJ C./CC 

·: OF OPT HIUII \lATER CONTENT: -I . B PERCE tiT 
VISCOSITY or ERODING FLUID: i!.H{JI ll"SLC/SO.M 

INITIAl SLOT \JIUTH: 2.38 cr~ 
CONFINING PRE SSURE: 9U.BI1 KN/!>0.11 

ltll TIAL SLOT THICKNESS: 16.23 Clol 
!lEAD OF \JATER: I • 3ll tl 

EHODI:.O LENGTH: 11 . 5B CM 
HYDRAULIC GRAD IENT: 10. tiiM 

-------------------------------------------------------------~----------------------------------··----------··-----

VOL Uti F. 
OF FLO\/ 

C IDVU lC I 
T I liE 
CHIN I 

CUll. 
\IEIGIIT 
ERODED 

C G I 

CROSS 
SECTION 

AREA 
c sa. c111 

VELOCITY 
OF 

FLO\/ 
C Cl11111 til 

EHOOfD 
SURf ALE 

ARLA 
CSO.CI11 

CUN. 
\JE I GilT 
EROUEU 

PEfl Al:lo A 
C G/SO. CM i 

EHOSION 
I! ATE 

CC.HAMS/ 
CIIIU " 
SO. <..M I I 

FlliiD 
SIIIAH 
S II( I S S 

Ill/SO .11 I 
1'1: Y11n1 o s 
UUI•IUI:.It 

----------------------------------------------------------------------------·------------------------------- - -
(/ .. • :.> o.u~ 6.9 1..6 !;44. 63. B. I I .U.I8 11. 11\/ 1171 • 

J.(J I. 711 15.3 1 . 5 Jt>O. 60. 9'.23 (/. 16 f!.IJIJ Ci~J. 

I ,. • :.> 2.53 24.4 2. {I lUO. 73. u . .3 4 .11. IS 8.04~ !JIJ~. 

2.(1 3.4~ :15.9 2.5 2 19. 78. il. 4 6 {}. I 4 l:f.{JJU !IH. 

2.5 4. ~J 46.5 3." I UZ. ll3. 0'.56 $). 13 IJ. JUt: ~(18. 

3.0 t ' '' ~ • ..~a !;7.4 3.1.1 I !14 • 09. D. 6'• JJ.l2 IJ. J.:il'l .177. 
3.5 G. 'I 1.17.6 4 • I 13!). 94. ff. I~ II. I 2 U.1114 45Z. 
4 • II 7.<:2 /1.6 4.6 I I !l . 99. fl. 7U 11 . I I >I. }I I I ~2G. 

---- ---~------------------------------- -- ------- ---- ---------- ---------------------· --- -------- - - ·· -· ----- · --



VOLUNE 
OF FLO\/ 

( UJHlJ CC) 

•. 5 

5.5 

6.B 

TINE 
C MIN) 

8. I(, 

9.73 

1.9.78 

CUt1. 
\JEIGHT 
ERODED 

I G > 

87.3 

IH6.2 

l1L6 

TA~LE FOR SPECIMEN NUMBER: 0175 CCONTINUCSI 

CROSS 
SECT ION 

AREA 
<SO.CI~I 

5.2 

6. I 

6.7 

VELOC I TV 
OF 

FL0\.1 
<CM1111N) 

186. 

91. 

83. 

ERODED 
SURFACE 

AREA 
ISO.CM) 

1.95 . 

IlL 

I ZB. 

CUM. 
\JEIGHT 
EROIJCD 

p[f{ AI:EA 
CGISO.CNI 

8.03 

B.93 

.9.96 

EROSION 
IV\1 1: 

( G ltAI~S I 
CIIIN"' 
sa. CM > 1 

B. I I 

B. IB 

B.D9 

rLUIIl 
'\Ill:. Aft 
S IIH SS 

t N I SO .11 l 

14.DH9 

B.6{17 

0.0{16 

REYIH'll OS 
IIUHUER 

4i/4. 

:J/2. 

353 . 
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MATERIAL TYPE: 
SPECIMEN NUMBER : 
TESTED BY: 

DATE TESTED: 

SPECIMEN DRY DENSITY:· 

X OF OPTIMUN VATER CONTENT: 

INITIAL SLOT VIDTH: 

INITIAL SLOT THICKNESS: 

ERODED LENGTH: 

TABLE A22 

TEST RESULTS FOR TRIAXIAl. EROSION TEST 

E 
1B2 
SANCHEZ & ASSIAN 

3 24 82 

1.531 G/CC 

-Z.B PERCENT 

2.32 CM 

ftJ.23 CM 

11.6ftJ CM 

AVERAGE FLOW RATE <a>: 

RATE OF WEIGHT EROSION <P>: 

DENSITY OF ERODING FLUID: 

VISCOSITY OF ERODING rLUID: 

CONFINING PRESSURE: 

HEAD OF VATER: 

HYDRAULIC GRADIENT: 

542. CC/MIN 

26.5 G/MIN 

1 .iiBftJ G/CC 

B.BB1 N*SEC/Sa.M 

99.U K~/Sa.M 

1.3 ftJB M 

1ftJ. M/M 

-----------------------------------------------------------------------------------------------------------------

VOLUME 
OF FLOV 

t lftJBB CC > 
TIME 
<MIN> 

CUM. 
VEIGHT 
ERODED 

t G) 

CROSS 
SECTION 

AREA 
<sa. cM > 

VELOCITY 
OF 

FLOV 
tCM/MINl 

ERODED 
SURFACE 

AREA 
<Sa.CM) 

CUM. 
VEIGHT 
ERODED 

PER AREA 
tG/Sa.CM) 

EROSION 
RATE 

<GRAMS/ 
(MIN * 
sa. CM > > 

FLUID 
SHEAR 
STRESS 

tN/SO.Ml 
REYNOLDS 
NUMBER 

-----------------------------------------------------------------------------------------------------------------
B. 6 

1.2 

1.4 

1. 1 {,J 

2.25 

2.65 

53.6 

76.4 

97.7 

2.2 

3.9 

4.5 

249. 

139. 

121. 

76. 

93. 

99. 

ftJ. 71 

ftJ.92 

ftJ . 99 

ftJ.35 

fl. 29 

f6.27 

{,J.i/37 

ftJ.B14 

B.illl 

555. 

452. 

425 . 

-----------------------------------------------------------------------------------------------------------------
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TABLE A23 

TEST ~fSULTS FOR TRJAXIAL EROSHJN TEST 

MATERIAL TYPE: E 
SPECIMEN NUMBER : 1.93 
TESTED BY: SANCHEZ & ASSIAN 

AVERAGE FLOW RATE <a>: 545 . CC/HIN 
DATE TESTED: 3 24 82 

RATE OF WEIGHT EROSION ( p ) : 22 . .9 G/HIN 

SPECIMEN DRY DENSITY: 1. 522 G/CC 
DENS lTV OF ERODING FLUID: I .BBB G/CC 

X OF OPTIHUN WATER CONTENT: -l.B PERCENT 
VISCOSITY OF ERODING FLUID: B.B61 N*SEC/Sa.H 

INITIAL SLOT WIDTH: 2. 32 CH 
CONFINING PRESSURE: 98. IS KN/Sa.H 

INITIAL SLOT THICKNESSz B. 23 CH 
HEAD OF WATER: 1.3 BB H 

ERODED LENGTH: 11 . 5.9 CH 
HYDRAULIC GRADIENT: 1 B. HIM 

-----··-----------------------------------------------------------------------------------------------------------

VOLUME 
OF FLOW 

( 1BBB CC > 
TIME 
<MIN) 

CUM. 
WEIGHT 
ERODED 

< G > 

CROSS 
SECTION 

AREA 
<Sa.CM> 

VELOC lTV 
OF 

FLOW 
<CH/MIN> 

ERODED 
SURFACE 

AREA 
<Sa.CM> 

CUM. 
WEIGHT 
ERODED 

PER AREA 
<Gtsa.CM> 

EROSION 
RATE 

<GRAMS/ 
<MIN * 
sa. eM> > 

FLUID 
SBEAR 
SlRESS 

(N/Sa.M> 
PE YNCI. OS 
NUMBER 

-----------------------------------------------------------------------------------------------------------------
B. 6 

1.2 

2 . .9 

1.88 

2. 28 

3.65 

38.2 

" 56.5 

87.B 

1.9 

3.3 

5. 1 

288. 

165. 

1.96. 

72. 

86. 

uu. 

B. 42 

.0'.66 

.0'.93 

6.31 

B. 26 

B. 21 

.0'.B48 579. 

e .a t9 495. 

B.BSQ UJl . 

-----------------------------------------------------------------------------------------------------------------
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TABLE A24 

TEST RESULTS FOR TRIAXIAL EROSION TEST 

MATERIAL TYPE: E 
SPECIMEN NUMBER . uu . 
TESTED BY: SANCHEZ & ASS IAN 

AVERAGE FLO\J RATE (a>: .99. CC/MIN 
DATE TESrED: 3 2• 82 

RATE OF \JEIGHT EROSION ( p ) : 9.9 G/MIN 

SPECIMEN DRY DENSITY: 1.53B G/CC 
DENS lTV OF ERODING FLUID: I .BBB GICC 

X OF OPTIMUN \JATER CONTENT: 
2.0 

? EiK ENT 
VISCOSITY OF ERODING FLUID: B.BB1 N*SEC/Sa.M 

INITIAL SLOT \JIOTH: 2. 32 CM 
CONFINING PRESSURE: 98. lB KN/SO.M 

INITIAL SLOT THICKNESS: B.23 CM 
HEAD OF \JATER: 1.3 18B M 

ERODED LENGTH: 11.5.0 CM 
HYDRAULIC GRADIENT: 10. M/M 

-----------------------------------------------------------------------------------------------------------------

VOLUME 
OF FLO\J 

( lBBB CC) 
TIME 
<MilO 

CUM. 
\JEIGHT 
ERODED 

< G > 

CROSS 
SECTION 

AREA 
<Sa.CM> 

VELOC I TV 
OF 

f:LO\J 
CCM/MIN> 

ERODED 
SURFACE 

AREA 
< sa. CM > 

CUM. 
\JEIGHT 
ERODED 

PER AREA 
CG/Sa.CM> 

EROSION 
RAT~ 

<GRAMS/ 
<MIN * 
SO. CM)) 

FLUID 
SHEAR 
STRESS 

(N/Sa.M> 
REYNOLDS 
NUMBER 

-----------------------------------------------------------------------------------------------------------------
g. 6 l. 12 2JJ.3 1.2 .29. 65. 8.3I ". 15 s. u• 589. 

1.2 2. 18 32.8 1.8 284. 71. B. _.6 .0'. I( .0'.850 5.-JJ. 

1.8 3.51 U.9 2.5 199. 78. B.57 B. 13 .0'.JJ27 .. 89. 

2.( L59 56.9 3. 1 16JJ. a.-. g. 68 8. 12 B.819 •5•. 

3 ... 6. 77 76.9 4.3 I 1 5 . 96. 8. 8.0' 8. 1/8 /8.JJI1 397. 

..... 8.6( 95.( 5.( 93. 1.0'7. .0'.89 8.JJ9 8.888 358. 

-----------------------------------------------------------------------------------------------------------------
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TABLE A~S 

TEST Rf.SULTS FOR TRIAXIAL EROSJON 1"EST 

MATERIAl TYPE: E 
SPECIMEN NUMBER • 1165 • 
TESTED BV: SANCHEZ & ASS IAN 

AVERAGE FL 0\J RATE < 0 ) : 433. CC/MIN 
DATE TESTED: 3 24 82 

RATE OF \lEIGHT EROSION ( p ) : 1 1 . 8 G/MIN 

SPECIMEN DRV DENS I TV: 1. 599 G/CC 
DENSITY OF ERODING FLUID: 1 . Bf!liJ G/CC 

X OF OPTIMUN \lATER CONTENT: B./6 PERCENT 
VISCOSITY OF ERODING FLUID: S.BBl N*SEC/SO . M 

INITIAL SLOT \JIDTH: 2.32 CM 
CONFINING PRESSURE: 99. 116 KN/SO.H 

INITIAL SLOT THICKNESS: 16.23 CH 
HEAD OF \lATER: 13 B/6 M 

ERODED LENGTH: 11.6/6 CH 
HYDRAULIC GRADIENT: lB. M/H 

-----------------------------------------------------------------------------------------------------------------

VOLUME 
OF FLO\J 

( 1161616 cc) 
·;tHE 
CHIN) 

CUM. 
\lEIGHT 
ERODED 

<G) 

CROSS 
SECTION 

AREA 
(SO. CH) 

VELOC lTV 
OF 

FLO\J 
<CM/HIN> 

ERODED 
SURFACE 

AREA 
(SO.CH> 

CUM. 
\lEIGHT 
EROOED 

PER AREA 
CG/SO.CH> 

EROSION 
RATE 

CGRAMS/ 
<MIN * 
SO. CM >) 

FLUID 
SHEAR 
STRESS 

CN/SO.M> 
REYNOLDS 
NUMBER 

------------------------------------------------------------------··----------------------------------------------
16.5 

1.16 

1.5 

2 .s 

2.5 

1./69 

2.29 

3.35 

4.51 

5.75 

18.5 

37.3 

55.7 

66.7 

72.16 

1.2 

2./6 

2.7 

3.4 

4.2 

353. 

218. 

163. 

128. 

1164. 

66. 

74. 

8/6. 

88. 

96. 

.9.28 

/6.51 

liJ.69 

B. 76 

liJ.75 

B. 19 

16. 16 

16. 1 5 

16. I 3 

16. 12 

/6./682 

S.H35 

/6.f121 

16./614 

f!.Sl/6 

5H7. 

4 1 6. 

38l. 

358. 

-----------------------------------------------------------------------------------------------------------------
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MATERIAL TYPE: 
SPECIMEN NUMBER : 
TESTED 8V1 

DATE TESTED: 

SPECIMEN DRY DENSITY: 

X OF OPTIMUN VATER CONTENT: 

INITIAL SLOT IJIDTH: 

INITIAL SLOT THICKNESS: 

ERODED LENGTH: 

TABLE A26 

TEST HESULTS FOR TRIAXIAL EROSION TEST --- .:..;.;::;..;;;_~..;:. ---

E 
186 
SANCHEZ & ASSIAN 

3 H 82 

1.536 G/CC 

2.5 PERCENT 

2.32 CM 

8.23 CM 

11.28 CM 

AVERAGE FLOIJ RATE <a>: 

RATE OF IJEIGHT EROSION (P): 

DENSITY OF ERODING FLUID: 

VISCOSITY OF ERODING FLUID: 

CONfiNING PRESSURE: 

HEAD OF VATER: 

HYDRAULIC GRADIENT: 

459. CC/Ml N 

11 .9 G/MIN 

1 .B8B G/CC 

B.BBl N*SEC/Sa.M 

98.18 KN/Sa.M 

1.3 8B M 

1 B. M/M 

-----------------------------------------------------------------------------------------------------------------

VOLUME 
OF FLOIJ 

< 1888 CC) 
TIME 
<MIN) 

CUM. 
IJEIGHT 
ERODED 

( G > 

CROSS 
SECTION 

AREA 
(sa. eM> 

VELOC lTV 
OF 

HOIJ 
(CM/MIH> 

ERODED 
SURFACE 

AREA 
(Sa.CM> 

CUM. 
IJEIGHT 
ERODED 

PER AREA 
(G/Sa.CM) 

EROSION 
RATE 

<GRAMS/ 
(MIN * 
sa. cM > > 

FLUID 
SHEAR 
STRFSS 

<N/Sa.M> 
REYNOLD~ 

NUMBO"-

------------------------------------------------------------------------------------------------------------- ----
8.5 1.87 21.7 1.3 361. 64. B. 34 B. 18 B.B91 533. 

1.8 2. 18 38.4 2.8 225. 72. 8.54 B. 17 B.B35 478. 

1.5 3.29 61.4 2.8 164 . 79. 8.65 8. 15 8.821 433. 

2.8 .C.47 67.5 3.6 127. 87. B. 78 8.14 B.B14 394. 

2.5 5.57 77.4 4 . 4 1.0'5. 9.C. 8.82 8. 13 B .BU1 363. 

3.8 6.65 89.4 5. 1 98. lBl . B. 88 .9. 12 B.B.IJB 338. 

3.5 7.49 99.5 5.7 as. 187. B. 93 B. 1 1 8.~.97 328. 

-----------------------------------------------------------------------------------------------------------------
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Tt\DLE A27 

TEST R~:SULTS FOR !R.!_!\XI I\ f. EROS lON TEST 

MATERIAL TYPE: E 
SPECIMEN NUMBER : IJJ7 
TESTED BY: SANCHEZ & ASS IAN 

AVERAGE FL 0\J RATE I 0 I : 565. CC/HIN 
DATE TESTED! 4 15 82 

RATE OF \lElGHT EROSION ( p ) : ll. I G/MIN 

SPECIMEN DRY DENSITY: l. 547 G/CC 
DENSITY OF ERODING FLUID: I.f1BB G/CC 

X OF OPTIHUN \lATER CONTENT: B.B PERCENT 
VISCOSITY OF ERODING FLUID: B.BBI N"SEC/SQ.H 

INITIAL SLOT \JIDTH: 2.32 CM 
CONFINING PRESSURE: 98. 18 KN/SQ.M 

INITIAL SLOT THICKNESS: •• 23 CM 
HEAD OF \lATER: LJIJJ M 

ERODED LENGTH: 11.48 CM 
HYDRAULIC GRADIENT: I B. H/H 

·--------·--------------------------------------------------------------------------------------------------------

VOLUME 
OF FLO\J 

I IJJJJJJ CCI 
TIHE 
I HI N I 

CUM. 
\lElGHT 
ERODED 

I G I 

CROSS 
SECTION 

AREA 
ISO.CMI 

VELOCITY 
OF 

FLO\J 
ICM/MINI 

ERODED 
SURFACE 

AREA 
ISQ.CtO 

CUM. 
\lEIGHT 
ERODED 

PER AREA 
IG/SO.CHI 

EROSION 
RATE 

I GRAMS/ 
!MIN " 
SO.CMII 

FLUID 
SHEAR 
STRESS 

IN/SO. HI 
REYNOLDS 
NUMBER 

-----------------------------------------------------------------------------.. -----------------------------------
8.5 JJ.85 14 .JJ 1.1 528. 63. g. 22 g. 18 g. 137 678. 

l.JJ l. 77 21.6 1.7 342. 69. JJ.31 B. 16 JJ.863 622. 

1.5 2.46 26.7 2. 1 271. 73. B. 36 JJ. 15 f1.842 585. 

2 .JJ 3. 43 33.2 2.7 2JJ9. 79. JJ. 4 2 B. 14 B.JJ27 541. 

2.5 4.28 39. l 3.2 1 7 5. 85. g. 46 JJ. 13 B.S2B 5JJ7. 

3 .JJ 5.JJ8 4 7. 7 3.7 153. 89. .IJ.S3 B. 12 JJ.816 482. 

3.5 6. 17 72.4 4. 4 128. 96. B. 75 B. I 2 B.JJIZ us. 
4 .JJ 7 . .IJ5 81.9 S.B 1 1 3 . 1B2. 8.88 B. I 1 8.1JIB 422. 

4.5 7.86 88.4 5.5 1B3. IB7. JJ.83 JJ. IB B.BB9 482. 

--------- -------------------------------------------------------------------------------------------------------



TABLE FOR SPECIMEN NUHBER t El87 (CONTINUES) 

·-----------------------------------------------------------------------------------------------------------------

VOLUHE 
OF FL0\1 

C 1888 CCI 
TIHE 
CHIN) 

CUH. 
\lElGHT 
ERODED 

C G) 

CROSS 
SECTION 

AREA 
CSO .CHI 

VELOCITY 
OF 

FL0\1 
CCH/ HINI 

ERODED 
SURFACE 

AREA 
CSO .CH) 

CUM. 
\lElGHT 
ERODED 

PER AREA 
CG/SO.CH) 

EROSION 
RATE 

CGRAHS/ 
CHIN * 
SO .CH) I 

FLUID 
SHEAR 
STRESS 

CN/SO. HI 
REYN OL DS 
HUMBER 

·-----------------------------------------------------------------------------------------------------------------
s.• 
5. 1 

8 . H 

8 . 94 

95.6 

99.9 

6. 1 

6.2 

93 . 

91. 

t 1 2 . 

114. 

8 . 85 

8 . 88 

8.18 

8 . 18 

382. 

378. 

·-----------------------------------------------------------------------------------------------------------------
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MATERIAL TYPE: 
SPECIMEN NUMBER 
TESTED BY: 

DATE TESTED: 

SPECIMEN DRY DENSITY: 

X OF OPTIMUN \JATER CONTENT: 

INITIAL SLOT \JIDTH: 

INITIAL SLOT THICKNESS: 

ERODED LENGTH: 

TABLE A28 

TEST RESULTS FOR TRIAXIAL EROSION TEST 

E 
7BB 
SANCHEZ & ASSIAN 

4 15 BZ 

1.536 C/CC 

11.11 PERCENT 

2.32 CH 

.f. 23 CH 

AVERAGE FLO\J RATE IQ): 

RATE OF \JEICHT EROSION IPI: 

DENSITY OF ERODING FLUID: 

VISCOSITY OF ERODING FLUID: 

CONFINING PRESSURE: 

HEAD OF \JATER : 

HYDRAULIC GRADIENT: 

661. CC/HIN 

0.4 C/H IN 

fi.BBI N*SEC/SO.H 

98.111 KN/SO.H 

1.3 Btl M 

IB. M/H 

-----------------------------------------------------------------------------------------------------------------

VOLUME 
OF FlO\J 

IIBBB CCI 
TIME 
IHINl 

CUM. 
\JEICHT 
ERODED 
(c) 

CROSS 
SECTION 

AREA 
ISO. CHI 

VElOCITY 
OF 

FLO\J 
ICM/MIN) 

ERODED 
SURFACE 

AREA 
ISO.CM) 

CUM. 
\JEICHT 
ERODED 

PER AREA 
IC/SO.CHl 

EROSION 
RATE 

I CRAMS/ 
IMIN • 
SO.CMII 

FlUID 
SHEAR 
STRESS 

IN/SO.Hl 
REYNOLDS 
NUMBER 

-----------------------------------------------------------------------------------------------------------------
B. 5 18.97 21.4 l.B 563. 63. B. 34 B. 13 B. I 55 681. 

l.B I. 89 32.2 I . 4 391. 67. B. 48 fl. 12 /1.11818 637. 

1.5 2. 77 418./1 1.9 3112. 71. 18.56 B. 12 /1.1851 6BB. 

'l.l8 3. 7 1 46.6 2.3 243. 76. 18.62 B. I I B.S'35 565. 

2.5 4.65 52./1 2.8 2B4. BB. e . 65 B. Ill B . B26 534. 

3.B 5.58 59.4 3.2 175. 84. B . 7B B. IB B.BZB 586. 

3.5 6.48 67.7 3.6 155. 89. B.76 B.B9 B.BI7 482. 

4 .• 7.S'I 76.5 3.9 145. 91. B.U B.B9 B.BI5 469. 

-----------------------------------------------------------------------------------------------------------------



L..J 
IJ) 

• 
(\J -
0 
0 

• 
,.......0 
u
u 

0 
0 
oo 
..-.U) 

~ 
0 
_j 

• 

I.Lo 
0 

LL ' IJ) 

0 

0 
0 

. 

-

I en. oo 2.50 

Figure A28a 

,/ 
~ 

5.00 
I 

7.50 
TIME 

---
MATERIAL: E 
SPECIMEN NO. : "100 
DAY DENSITY: 1. 53 G GICC 
I. OF OPT. W/C: 0.0 

/ 

// 

/ 

/ ---·--

SLOPE 11 = 
0.561"1000 CC/MIN 

·-I I 

10.00 12 . so 15 . 00 17.50 20 . 00 
(M I NUTESl 



0 
0 

• 
0 
lf') 
(\J 

• 

o8 
WC'J 
0 
0 
a:: a 
Wo 

w 
>o 
~a 

1- . 
a:O 
_jlf') 

=:J 
:L 
::J 
Uo 

0 
• 

I 
I 

I 

I 
( 

' 

I 9J . 00 25 . 00 

Figure A28b 

50 . 00 
I 

75 .00 
TI ME 

-• 

MAl ERIAL : E 
SPEC IMEN NO. : 700 
DRY DENSITY : 1 • 5 36 GICC 
Z OF OPl . W/C: 0.0 

. 

-

-

SLOPE p = 

8 . 368 G/MIN 

-I I 

100.00 125 . 00 150 . 00 17S . OO 200 . 00 
(M I NUTESl 



0 
0 

• 
0 
lf) 

C\J 

w 
3:0 

0 
• 

}-0 
a:O ...... 
0 

w 
>o 
~a 

I- . 
a:O 
_jlf) 

=:) 

::L 
=:) 

Uo 
0 

• 
I 9J . 00 2 . 50 

Figure A28c 

MATERIAL : E 
SPECIMEN NO.: 700 
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Tt\Bl,E A29 

TEST RESULTS rOR TRIAXIAL EROSION TCST 

MATERIAL TYPE: E 
SPECIMEN NUMBER 7B1 
TESTED BY: SANCHEZ a. ASS IAN 

AVERAGE Fl OIJ RATE I a I: 622. CC/MIH 
DATE TESTED! ' 15 82 

RATE Of IJEICHT EROSION ( p ) : 8.2 C/MIH 

SPECIMEN DRY DENSITY: 1. 541 GICC 
DENS lTV Of ERODING FLUID: 1 . BIIB G/CC 

I Of OPTIMUN \lATER CONTENT: 2./6 PERCENT 
VISCOSITY Of ERODING FLUID: B./6161 N•SEC/Sa.M 

INITIAL SLOT IJIDTH: 2. 32 CM 
CONFINING PRESSURE: 98. UJ KN/SO.H 

INITIAL SLOT THICKNESSt B.23 CH 
HEAD Of \JA TE R: 1..3 BB M 

ERODED LENGTH: 11. u CM 
HYuRAULIC GRADIENTt I B. M/M 

-------------------------------------------------------------------------------------------------------- ---------

VOLUME 
OF FLOIJ 

I IBBB CCI 
TIME 
I HI N I 

CUH. 
IJEIGHT 
ERODED 

((0) 

CROSS 
SECTION 

AREA 
csa.CHI 

VELOCITY 
Of 

FLOIJ 
ICH/MINI 

ERODED 
SURFACE 

AREA 
ISa.CHI 

CUM. 
\lElCHT 
ERODED 

PER AREA 
IG/SO.CHI 

EROSION 
RATE 

I CRAMS/ 
IHIN • 
sa. cM 1 1 

FLUID 
SHEAR 
STRESS 

IN/Sa.HI 
REYNOLDS 
NUMBER 

·-----------------------------------------------------------------------------------------------------------------
B. 5 B.92 19.8 ... 6U • 62. B. 32 B. 13 B . 183 758. ... 1.85 33 .• 1.' u .. 67. B.5B B. I 2 8./693 7B9. 

1.5 2.76 U.7 1.8 3U. 71. 8 .57 B. I 2 B.B58 667. 

2 .• 3.69 .8.6 2.3 275. 75. 9.65 B. II B.BU 629. 

2.5 • . 58 56. 1 2.7 232. 79. •. 71 (J. IB g. BJlJ 596. 

3./6 5.3.1Y 63.7 J.B 2/66. 83. e. 77 B. Ill e.e25 572. 

3.5 6. 18 7/6.2 3 •• 181. 87. B. 81 B . IB B. BZ.IY 5a6. 

' .. 6.88 75./6 3.8 I 65. 9/6. /6.83 /6.99 B.817 526. 

•. 5 7.6 • 8/6.3 Ll 15 I. 93. B. 86 /6.99 B.BIS 5/66. 

-----------------------------------------------------------------------------------------------------------------



TABLE FOR SPECIMEN NUMBER: E711 CCONTINUESl 

·-----------------------------------------------------------------------------------------------------------------
CUM. EROSION 

CUM. CROSS VELOCITY ERODED \IEI(;HT RATE FLUID 
VOLUME \IEI(;HT SECTION OF SURFACE ERODED I CRAMS/ SHEAR 

OF FL0\1 TIME ERODED AREA FL0\1 AREA PER AREA IHIH • STRESS REYNOLDS 
( 1BBB cc) CHI H) (c) ISO. CHI ICHIHIHl ISO.CHl ICISQ.CHl sa. cH,, IHISO.Hl HUMBER 

·-----------------------------------------------------------------------------------------------------------------
5.1 e.u 85.3 4.5 139. 97. •. 88 I.B9 1.113 ue. 
5 . 5 9.24 91 3 4.9 128. IBI. 1.91 1.18 1.112 469. 

6.1 9 .6B 94.9 5 .I 123. 1B2. I. 93 1.18 •. Ill 462. 

·-----------------------------------------------------------------------------------------------------------------
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APPENDIX B 

SUMMARY OF TEST RESULTS GIVEN IN APPENDIX A 



TABLE B1 

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

Speelman Rate of Initial Percent Max. Erosion ~ from 'l6 of Max. 
Num:,er Weight Specimen Erosion/Time Rate 

«Max 
Optimum w/c Dry Density 

Erosion Dry Mass a. 
(g/mln) (g) (~/min) 2 ( 1(,) (~) p (g/cm - min) 

WI 

BllO 0 . 5 995 0.05 0.01 +2 .o ___92 

Bll1 1.0 1004 0.10 0 02 0 .0 95 

Bl13 2.5 998 0.25 0.04 - 2 .0 95 

Bll7 1.2 1002 0 .12 0.03 +3.0 __9_5__ 

Bl19 1.1 1002 0 . 11 0 .02 +3.0 _25, 

B120 1.7 998 0.17 0.03 +4 .0 95 

B121 0 . 5 989 0.05 0 .01 +1.5 _25 

0170 13 . 9 1014 1.37 0.16 -0.5 95 

0171 18.8 1013 1.86 0.25 +1.0 95 

0173 36.6 1015 3.60 0 16 -3.0 95 

0175 11.0 1018 1.08 0.18 - 1.0 95 

L-. 



T A 8 L E 8 1 (continued) 

SPECIMENS TESTED TO OBSERVE THE EFFECT OF WATER CONTENT 
ON EROSION 

Specimen Rate of Initial Percent Max. Erosion " from I " o t Max. Number We i ght Specimen Er.!) slon/T ime Rate 
CMa• Optimum w /c Dry Density Erosion Dry Mass Cl 

(g/mln) 
p 

(g) ("/min) (g/cm2- min) (") (,.,) 
WI 

El02 26.5 928 2. 86 0 .35 -2 . 0 qc; 

El03 22.0 929 2.36 0.31 -1.0 94 

El04 9.9 921 1.07 0 15 +? n 95 

El06 11.9 923 1.29 0.18 +2 .5 qc; 

E107 11.1 935 1.19 0 1R 0.0 95 . 

. 
. 



TABLE 82 

SPECIMENS TESTED TO OBSERV'E THE EFFECT OF DENSITY 
ON EROSION 

. 
Specimen Rate of Initial Percent Max. Erosion ~ from ~ of Max. 
Num~er Weight Specimen Erosion/Time Rate 

eM ax 
Optimum w/c Dry Density 

Erosion Dry Mass 4 
(g/mln) 

p 
(g) (~/min) (g/cm2 - min) (") ('If.) 

wi 

Bll1 1.0 1004 0 .10 0.02 0 .0 95 

Bll4 0 .8 1042 0.08 0.01 0.0 98 

8123 3 .2 946 0.11 O.D5 0 .0 90 

n11o _13. 9 1014 l . 37 0 .16 -0.5 95 
' 

D172 14. 2 1035 1 17 0 19 -0 'i 98 

. . 

E105 l1.8 969 1 . 22 0 18 0.0 99 

E107 11.1 935 1 1 9 0 18 o n 9'i 

·-
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APPENDIX C: PROCEDURE FOR OBTAINING SOIL WATER EXTRACTS 

This appendix describes the procedure recommended by Sherard (1972) 

and ex~ensively described by Richards (1954) for obtaining soil-water 

extracts. These extracts are used to de~ermine the amount of metallic 

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

expressed in milliequivalen~s per liter. These ionic concentrations may 

be used to determine the relative activi~y of sodium ions in exchange 

reactions ~ith 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 

I 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 pas~e is about the same as at 

the liquid limit. The mixing process may be facili~ated if the soil is 

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

(2mm) sieve. 

C2 



2. The soil paste is allo~ed to sit for a fe~ hours in order to allo~ 

equilibrium to occur bet~een the salts in the pore ~ater and the salts 

on the cation complex. 

3. After allo~ing the paste to sit for a fe~ hours, the paste should be 

checked to see that free ~ater 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 1ts 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 tlt e liquid limit. 

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

sho~n in Figure Cl. Vacuum is applied and a small quantity (10 to 25 

millil1ters1 of soil -~ater extract is collected in a bottle or test 

tube. The collection process is stopped ~hen 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 h,· Richards ( 1954) and Black (1965). 

References 

1. Black. C.A .. Ed. (19o5), ~lethod of Soil Anal\'sis. Chem1cal and ~1i
crobiological Properties, American Soc1ety of Agronomy, Inc., ~ladison, 
~·isconsin. 

') R1churd!:>, L.A., Ed. (195!.), Diagnosis 
Alkali Soils. Agriculture Handbook ~o.oO. 
ture. ~ashington. D.C. 

C3 

and lmprovt>ment of Saline and 
U.S. Department of A~r1cu1-



F i lter Paper----ll 
\ 

6 
~ 

1 ~! 11 

Small Bottle-----r---. 

Soli Paste 

r---e u e c h n e r F u n n e I 

<"_ R u b b e r S t o p p e r 

4 -.. Vac c um Pump 

Vaccum Flask 

Fig . Cl Details of appar atus used to ontain s oil po r e 
wat er e x t r acts fo r chemical analysis ( f rom Sherard 
e t. al ., 1972) 

C4 



• 

• 

APPENDIX D 

NUMERICAL ANALYSIS OF THE EFFECT OF ASSUMED FLO\v 

CHANNEL SHAPE ON TRIAXIAL EROSION TEST RESULTS 

Dl 



APPENDIX D: NU~ERICAL ANALYSIS OF THE EFFECT OF ASSUMED FLOW 

CHANNEL SHAPE ON TRIAXIAL £ROSION TEST RESULTS 

Studies wer~ performed to evaluate the effect of flow channel shape 

on parame~ers 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 

(Dh ), and erosional surface area (As (t)). The effects of the flow 

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

also compared. 

~1ethod 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). 
X 

This was done because the area of any cross -

section is independent of cross-sectional shape. 

ThP constant width solutions were selected based on observation of 

the eroded flow channels after a test. These observations indicated 

D2 



that the increase in crack \.'idth .... ·as much smaller than the increase in 

crack thickness. The variable ~idth solution attempted to model th.1s by 

using an empirical funct10n to generate values of the small increa~~ in 

crack width during an erosion test. 

Constant ~idth Rectangular Shape Flo~ Channel: The solutiorl for the 

constant \.'idth rectan~ular shape flo\.' channel h. described iu PART I\ oi 

this report. The cxpr<•ss ions for the chann<' 1 thickn~ss d and the chan-

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

and 

"here: 

d (t) A ( t) /"-' 
X 

A (t) - 1 * 2 * ( A (t) /w + ~ ) 
s e x 

1 - eroded length of specimen, in em, 
e 

d (t) -crack thickness at tim~- t, in em, 

~ - orig1nal crack ~idth at time - 0 . in em. 

(Dl) 

(D2) 

A (t) - crnck ~urface area at time= t. itl sq. em 
s 

A (t) - cr<lck cross -sec t ional nr~>a tH time-t, J.ll sq. em , 
X 

D3 



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). 
S X 

mensuration formulae were: 

d (t) -

and 

( 41n ) * A (t)lw 
X 

These 

(03) 

A (t) - 1 * ( nl~ ) * ( w+d ) * ( 64- 3* z• ) I ( 64- 16* Z2 
) (04) s e 

where : 

Z - [ w- d (t) 1 I [ w+ d(t) 1 

Variable width Elliptical Shape Flow Channel: This solution utilized 

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

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

area A (t) varied with time. 
X 

For our computations, we empirically 

derived a function based on observed behavior of erosion channels such 

that: 

t:.-v: - l t:.A ( t: ) It:. t .] ,., t:.d ,., RATE 
X 

(OS) 

where: 

t:. .... • - incrementa 1 change in crack width 10 em, 

t:.d - incremental change in crack thickness in em, 

D4 



IJ.Ax /IJ.t - cnang•• 111 cross - scctlonal area 1dt:h t1me. em: min. 

and 

RATE- constant. min/cm2 • 

( The value of IJ.Ax Ct)/6t ~as equal to P (the slope of the 

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

spec1men dry dens1ty) aud 1 (the erodt!d length of the spec
e 

im~n). ] 

Equation 05, ~ith a suitable choice for the value of RATE, could fit 
' 

a ~ide range of crack dimens1ons measured at tne P-nd 01 an cros1on test. 

Th1s equat1on ~as incrementallv sol\ed bv u~ing cotlS~CUtlve value~ ot 

A (t) and by starting ~ith initial values of w and d at time - 0. 
X 

Once these: increml!utal values \•:ere ..:n0\..'11, the elllptlcal mensuration 

formulae could be used to compute flo~ channel size parameters. 

The RATf. parameter ~as u~ed to e\•aluate the t1me historv of the th(' • 

shape of the flo~ cl1annel based on measurements of flow cl1annel dimen-

sions at th~ end of a tr1axial erosion test. There1 ore \.'3 lues 1 or RATE 

necessary to match the the test results wer~ calculated analytically us-

ing measured test end values of d, ~. time (or Ax (t)) and 6A /6t. 
X 

An example of this tabulat1on 1s g1ven 1n Table Dl. Tables 02 through 

D4 presPnt tlte measurvd test end crack dimensions and best fit values of 

RATE for most of the specimens tested. 

D5 



Results of Study 

Constant ~idth Ellip~e: A numerical comparison of erosion test val-

ues calculated us~ng the constant width ellipse solution and the con

stant ~idth rectattgle solution is presented in Tables DS through 07 for 

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

the materials, the constant ~idth ellipse crack size parameters vary 

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

the ratio of the results bctw~en solutjons 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, £, 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 eros~on values for the two solutions diverged mod

erately with increasing values of fluid shear stresses. 

Calculated ero~ion values for the two solutions for the moderately 

erosive ~laterial D were generally parallel except at low fluid shear 



stresses. At lo~ shear stress the slope of the constant ~idth ellipse 

solution ~as slightly greater than the slope of the rectangular solu -

t:ion. 

Variable Width Ellipse: The rtumerical comparison of the variable 

~idth ellipse solution to the constant ~idth rectangle solution is pre-

sented in Tables 08 through 010 for each of the materials studied. The 

variable \ddth ellipse ~olution also varied from the rectangle soh.:tiou 

by less than + 15~ for all of the materials tested. 

Figure 01 present~ graphical comparisons of the effect of assumed 

flo~ channel shape on values of erosion rate, . 
£, versus fluid shear 

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

solution resulted 1n curves higher than, but generally pArallel to, the 

curves for the rect.anglc solution. Further, it may be seen in Figure 01 

that the shapes of tltc curves for the t\.:0 solutions are quite s1milar. 

Conclusions 

The results of the ntJmerical analyse~ indicated ~hat tl1c simple COlt -

stant ~idth rectangular solution ~as reasonable. Another encouraging 

finding is that erosion values calculat'd u~.111g t:lle possibly most accu-

rate shape assumption of a variabl~ ~idtlt ellipse may be related to the 

constant ~idLh rectangle by using a s1mple cor1stant. 

An alt:ernat:ive test method that. \oo·ould avoid all of these shape as-

sumpt:ions ~ould be t:o st:art the crosiOII tPSt ~ith a circular flo~ chan-

ncl shape. Such tests ~ere actuall) performed by making flo\..· channels 

in spec1mens by drilling 1.\ith a small (0.7 em diamet-er) auger bit. Ob-

07 



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 requ1red. 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. 

_______________________________ DIQ8 ________________________________ ~---
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Table D-2. Tabulation of Test End Dimensions for Material B Specimens. 
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Table D-5. Tabulation of Numerica l Comparison Detween Constant Hidth 
Ellipse and Constant Width Rectangle Solutions for Specime n B-117. 
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Table D-6. Tabulation of Numerical Comparison Between Constant Width Ellipse 

and Constant Width Rectangle Solutions for Specimen D-175. 
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Table D-8 . Tabulation of Numerical Comparison Bet~t~een Variable Width Ellipse 
and Constant \•lidth Rectangle Solutions For Specimen B-117. 
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Table D-10. Tabulation of Numerical Comparisons Between Variable Width Ellipse 
and Constant Width Rectangle Solutions For Specimen E-102. 
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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 em long , 

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

spond to the values of 1 ~ and d used for the tests performed in 
e 

this report. The model channel thickness could b~ varied by placing 

plexiglas inserts 0.5 em 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 em, 0 . 7 em and 1.2 em thick by 2.9 

em wide. 

The result1ng flow regime was observed by mixing light reflective 

polyet hylene beads with the water flowing through the model channel. The 

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

had a specific gravity of slightly greater than 1. 

recorded by sketching and by photography. 

E2 

Observations were 



flo~s ~ere channeled throu~h the plexiglas model ~ith either the same 

top and bottom platens used for the triax1al cros1on test or ~1th alter-

naLive platens. The plnteus "'ere :.calcd to the model channel us1ng mod

eling clay. Figur·~ El sliO\o'S a photograph of the experimental apparatl!b 

during usc. 

To see the effect of er1trance and exit geometry on the flo~ regime, a 

platen ~dth a grndunl trnnsH.ion con1cal flo"' entrance (0.8 em expanding 

out to 2.2 em in diameter over a length of 1.2 em) ~as substituted for 

either of tl1c top or bottom platens. Ftgurc E2 sho~s details of the 

con1cal flo~o,· entrnncc platen. Au "iufin~tely large" exit '-'Bs 3lso stud-

ied by discharging tt1e flo~ from the model channel directly into a large 

beaker. This ~as donP for both the original top platen and the conical 

flo~ entrance Lop platen . 

• Experimental Obscn•at 1ons, Triaxial Erosion Test Node} 

Cn~ck Thickness = 0.:! ~ (This thickness is analogous to the specimen 

flo'¥." channel thicl~ness a~ the st.art of the erosion test). f) O'I.'S lo'ere 

observed to be quiLc li11ear and regular at all applied gradients. Some 

small vortices, about 1 em in diameLt•r, ~ere noticed along tile t•dges of 

the model channel just helo~ t.he injecting flo~ nozzle. 

Crac~ Th~ckn~~s- O.i em (This approximately corresponds to Ax (t) 

= 2.0 cm 2 
). T~o vort1ces ~ere observed: one large (1.5 em '!.'ide by 3 

em long) '-"ell-defined von.ex occured JUSt belol." one corner of thew-

1 d smaller (1 em ~ide b~.· 2 em long) poorly jecting flo~ nozz e. an a 

formed vortex occurcd bPlo~ and to the other side of the model chanrael 

E3 



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 em occured just below the vortices. 

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

channel. 

Crack Thickness - 1.2 em (This approximately corresponds to Ax (t) 

= 3.5 cm 2 
). An int.ense vortex field filled the t.op 1/4 of the model 

channel. At. gradient:s below 35, the flow in the rest. of the model chan

nel was about. equally divided between an upper random non-linear flo~ 

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

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

did not change apprec1ably in extent: the random flow zone increased in 

length with a corresponding decrease in the linear flo~ zone. At a gra

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

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

channel correspoudcci with c.est oh~crvat.ions that most eros~on t.est spec

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

1/3 of the specimen. The intense vortex field ma) have cau&ed increased 

eros~on due to locally ~ncreased flow velocities in this region. 

Saturation of Flow Channel Another experimental observation was that 

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

Such air pocket~ could prevent thP eroding fluid from acting on tl!c e~o -

sional surtacc area of a spec1men. An effective solut~on to this prob -

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

f lm .. · test.. Tins was done by 1 ) holding the end of th~ outflow line 
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above the level of the top of the plexiglas model, 2) by filling the 

outflO\o.' line 1.\ith fluid, and 3) by allo\o.'lng the trapped air to escape 

from the d i sconnectC!ci inflo~r.· 1 ir:". lt: 1s recommended that the triaxial 

erosion testing procedure used in this study be slightly modified t o include 

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

erosion test. 

Exper.im~>nta l Ob~crvat1ons. Oot imizat ion '·lodcls - -

Gradual Transi t ion Conical Flo~r.· Entrance Platen Replacing the trinxi-

8} l'rOSlOO LeSt LOp platen and it.S inject.1ng flo1..· nozz}P \o.'lth a plll't:en 

~o.·ith a gradual transition conical flo~r.· entrance had a marked effect on 

suppressing the ons<> t of flo~r.· separation and minimized the formation of 

vortices. Th1s I.'..JS probably oecau~e the abrupt: trnnsit1on bet\\ccn t:he 

inje1cting flo~o.· nozzle. and the model chattnl'l was eliminated. 

~hould also lJ~ uot:ed that rt:!moving the 3.5 em loug lllJPC.tlng flo~<.· nozzle 

increased the effective length of t::he model channel from 11.5 em to 15 

em. This incrcuse in }r!ngtn may have aho t.ended to suppress th<' flo~o.· 

s~>pnrntion. 

Til<> ohs<'n•ed flo'-' using the conical flo ... entranct! \.:IJS l1ncar for 

crac~· thicknPsses oi 0.2 and O.i em llt gradients bet.l.'een 10 and 100. 

Some small , 1 em 1n dtametcr, vortices 1ormed JUSt: belo~o the corllcal 

flo..- cnt:.rance nt. a crac't· tlnckness of 0.- em. H1ghcr grad1ent:s had In-

tlc effect 011 this flo~o regime. 

For a crac~: tl11ckuess of l.:? em. t~ou \on 1c.es () em long b) l c.m 

· .. ide) svmme:.ricallv flanked the center l111e of the model channel JUSt . . 
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beyond the conical flo~ cntr3nce. A random flow area of about 3 em long 

was present belo~ the vortices, followed by linear flow throughout the 

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

regime. 

Alternative Discharge ~lethods: The triaxial erosion test bottom pla-

ten with a 0.4 em diameter d1scharge was replaced either by 1) the coni-

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

tle visible effect on the flow regime was not1ced using these different 

discharge methods. However , it ~as 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 ch~nel sealing, the design of thP discharge through the 

bottom platen may be modif1ed in the future. 

\umer1cal Analvsi~ of Hvdraulic Behavior 

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

platens. revealed that flow separation increased as the thicknes~ of the 

model channel increased. This flow separation would tend to increase 

the wall shear stresses due to locally incrca~ed flo~ velocities. An 

explicit dcrivat.iou for the e"xact amount of increase is not possible at 

present. However. an estimate of this increase in ~·all shear stress was 

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

(Olson, 1980 ) . The results of this analysis 1ndicated that laminar flu

id ~all shear could he increased up to abo11t. 30~ due to flo~ separat1on. 
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In our analysis of the assumed fully dcvclopec laminar flo1.· through 

tltc triaxial erosion test flow channel, the ~ all shear stress , t, var1ed 

"''it:h the aspl'!ct rtJtio of t.he flo,.· channel (Olson, l980). Thus the ~all 

shear stress , • • "-'us c•quu 1 to 10 . o V\.1/ Dh at. the start: of t.he eros 1on 

tes t. ~.·!ten the aspect ratio \.'as 1/10, and decreased to a value of 8 

~hen the flo~ c!t~nnel eroded to an approximately c1rculor 

shape. T!tc average \"aluc of t..·al~ shear ~trPss t ~.·a~ thus equal to 9.3 

ThcrcforP ottr Lost vnlt1es for t were incr~ased by 30~ to ac-

coun:.. for the flm.: s••paratjon observed in the plexiglas model of the 

triaxial erosion test: flow channel. This• correction results in the ~.·all 

shear stress t be1 r1g equal to 12 \p/Dh Th1s last value ~.·as used in 

th•• computnt:iou of ~o: A] 1 :.heur s t n.!ss••s rcport•·d iu the text. 

Conclusions 

Observations 1ndicatcd tltat as tlte flow chattnel erodes , flow separa 

llon occurs at the norupt transnion bct.,.Pcn the top platen lnJCCtltlg 

flo~.o.· nozzle and the flo,.· chnnne l . The expcr1ments indicated tltat upper 

bound ~olutjom. for \,'all ~hear strcss1•.:. due to the assumcrl fully rlcvcl 

opPd lnnnnar flo"' drP mort' vnlid than solutions h11sed on average cond1-

tions. To rPf)Pct this, wall sheAr stresses were increased by 30\ over 

avPragc \'Slues to obLaw the results presented 111 Lhis report. 

Some experiments \\ era also concuct.cd to im·est.ignte the tr1axial ero

::.ion tc!"t <lpparAtus hydraulics so that flo~-: scparat 10n cfft>cts 1.·ould be 

}t'SSCileO. Th"~ '' expcr1ment. 1nd1cat:ed that by changutg th<' top platen 

hnving an abrup"- flo~ no::zle t.o 8 t.op platen ~ith 8 gradual transn1on 

conical flow entrance, a marked s uppressi on of flow separa t ion r esulted. 
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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 ~eparation occuring in the present entrance con

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

the spec11net1 and its membrane. The prescn~ top platen and injecting 

flow nozzle do prevent flot..· from occuring be~ween the specimen and its 

membrane. but could better control flow separation in the transition be

tween the flo~ entrance and the flo~ channel. 

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

testing proc~dure be slightly modified to 1nc lude pre-filling the flo~ 

channel ~ith the eroding fluid immediately before an erosion test. 
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Background 

APPENDIX F: ESTIMATES 
OF FIELD EROSION RATES 

FOR THE TETON DAM FAILURE AND POSSIBLE 
DESIGN APPLICATIONS 

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 morning 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 : 00p.m. on June 4, 1976 . Therefore, the earliest time at which 

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

on June 4, 1976 (Page 35). 

Latest Time at which Significant Erosion may have begun: The 

first leak was observed at about 7:45a.m. , on June 5, 1976 . This leak 

occured along the right abutment at El.5045 (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 46 meters (150ft) above the first leak at El.5045. By 10:40 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 vas the only quantitative description of 

the 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 throush the 

Teton dam embankment . This progression is illustrated in Figures 

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

dam , resulting in the first leak observed at El.5045 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 er osion channel described above, by 

10:40 a .m. on June 5, 197b . 

It may be noted tt~t the maximum reservoir level on the eve of the 

failure was given at El . 5300 ft . Thus the head of ~~ter above the erosion 

channel at El . 5195 ft. was approximately 32m (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 n crack recession parameter, 

6 , defined as the maximum erosion rate t~x divided by the dry density 

of the cor e ~aterial. 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 1) 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 

4 to 10:40 a .m. on June 5, 1976) to a minimum time of 175 minutes (7 : 45 

a . m. to 10:40 a .m. on June 5, 1976). 

where: 

where : 

Volume of Material Eroded from the Core by 10 :40 a .m. 

Vc - Volume of material eroded from the 
core at 10:40 a .m. ; 

Cross - sectional area of erosion tunnel 
observed at 10:40 a .m. (equal to TI (1.8) 2 

or 2 . 54 sq . meters); 4 

Approximate length of the core from upstream 
to downstream at El . 5195 (equal to 90 meters) . 

Weight of Core Material Lost by 10:40 a .m. 

We - Total weight of core material lost by 
10: 40 a.m. ; 

· P - Mean dry density obtained for the core 
material (zone 1) during construction 
(equal to 1. 583 ~); 

m 

F4 



or 

where : 

• 

or 

where : 

Vc - Volume of material eroded f r om the core by 
10: 40 (equal to 225m 3 ) . 

Estimate of Rate of i/eight Erosion Until 10 : ~0 a .m. 

We < P ~ :.;c . -
TI:lax Truin 

0. 4 3 ~ p ~ 1. 98 
min 

P = Rate of ~eight erosion ; 

~c= Total weight of cor e mater ial 
lost {equal to 3'56 Mg); 

Tmax= Elapsed time between 9:00p.m., on 
June~ . and 10:40 a .m. , on June 5, 1976 
{equal to 840 minutes); 

Tmin= Elapsed time between 7:45a .m. and 10:40 
a.m., June 5, 1976 (equal to 175 minutes) . 

Erosion Rate at 10:40 a .m. 

Pmin 
Asc 

0 . 08 

< tc < Pmax 
Asc 

. 
0 .39 g/cm 2

- min < E:c < 

- E$timate of erosion rate at 10:~0 a . m. 
(g/cm2

- min); 

Pmin= Minimum estimated rate of ~eight erosion 
( 0 . ~3 Mg/min); 

Pmax= ~~ximum estimated rate of weight erosion 
(1.98 Mg/min); 

A$C 
- Erosional surface nrea extending for 90 

meters thr ough the core and vith a diameter 
of 1 .8 meter s at 10:40 a .m. (equal to 5 .1 
"' 106 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): 

where: 

0 -
~X 
p (47 . 24 ft/day) 

em/min 

o - recession of wall of crack due to 
erosion, ft/day; 

Emax = maximum erosion rate, g/cm2
- min; and 

p- dry density of soil, g/cm 3 • 

(Fl) 

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

erosion rate, Emax• is plotted in 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 fiela performance during 

the failure, it is clear that the Teton Dam embankment vas 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 tlJe 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 1eton 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 ~dth of 1.8 meters 

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

meters (0 ft . to 6ft.) 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 0.12 days (175 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 , or 

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

dry density of the core material (zone 1) was 1.583 Mg/m'. 



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, Emax• can be read off from Figure F3 (Method 

B) . The resulting values for the maximum erosion rate is from 0.36 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 us ing Method Band 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 pr ocedure for estimating the erosion 

rate of a eroding dam outlined in this Appendix requires that a v.ariation 

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 r easonable values for estimated crack 

enlargement with time . 
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Recommendations 

The authors believe that analyses of the rate of dam core erosion 

could become more credible if better eye~itness reports of ecbanY~ent 

dam core erosion are provided in the literature. As a minimUJ:l these 

reports should include information on: 1) Fluid flo~ rate \~lues; 2) 

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

solids being eroded as a function of time; and ~) Esticates of the en-

largement of the erosion channel with time . 
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SYMBOL 

As(t) 

Ax(O) 

d 

h 

i 

L 

Q 

s 

APPENDIX G: N<rr ATIO~ 

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 len~th 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 

em 

em 

m 

m 

m/m 

em 

em 

g/min 

cm 3 /min 

mg/!iter 
{ppm) 



SYMBOL 

T 

t 

w 

a: 

• 
E; 

p 

T 

DESCRIPTION 

Elapsed time 

time 

Dry weight of specimen 
at start of test 

Dry weight of specimen 
after erosion test 

Width of slot - forming 
blade (crack) 

Percent erosion per unit 
time 

Erosion rate 

Viscosity of Water 

Dry density of specimen 

Triaxial Cell Pressure 

Fluid Shear Stress 

Flow parameter 

G2 

UNITS 

minutes 

minutes 

grams 

grams 

em 

%/min 

g/cm 3 

KN/m 2 


