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~-Z PREFACE 

The investigations outlined in this report were conducted during 

fiscal years 1948 through 1952J inclusive . They represent the soils 

phase of the potamology studies authorized by the President) Mississippi 

River Commission . Results of the investigations and recommendations for 

their application to the analysis of revetment stability are included 

herein . 

Messrs . W. J . Turnbull) S . J . JohnsonJ · A. A. Maxwell) P . K. Garber) 

R . I. Kaufman) and R. F . Reuss) engineers of the Soils DivisionJ Water-

ways Experiment Station) were actively connected with various portions 

of these investigations . This report was prepared by Mr . Garber . 
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POTAMOLOGY INVESTIGATIONS 

Sill1MARY REPORT OF SOILS STUDIES 

PART I: INTRODUCTION 

Soils Phase of Potamology Studies 

l . The detailed purpose and scope of the potamology investigations 

program are outlined in Potamology Reports 1 - l and l - 2, dated November 1947 

and December 1947, listed on the inside of the front cover of this report • 

. 2 . The purpose of the soils phase of this program is the study and 

analysis of li~uefaction or flow- type failures in massive sand deposits . 

These failures are believed resp.onsible for considerable damage to revet -

ments on the Lower Miss issippi River . 

3. The soils phase can be divided into two basic studies : 

a . Theoretical considerations of slope stability based on 
field and laboratory tests to permit a general mathematical 
treatment of the problem. 

b . Empirical consideration of slope stability based on a com
parison of stable and unstable slopes to obtain general 
criteria respecting the soil conditions re~uired for fail
ure and for stability . 

This report summarizes the findings to date in these studies and recommends 

procedures for future work . 

Scope of This Report 

4. The main text of this report summarizes the results of the soils 

phase of the potamology investigations to date. Data of a genera] nature 

obtained in some portions of the studies and not previously reported are 

-- . -----·-- - .... ----
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included as appendices A through C. In general, these data were obtained 

in studies which gave positive results as concerns the general purpose of 

the potamology investigations. Other data obtained in uncompleted studies 

are published separately as Miscellaneous Papers 3-9 through 3- l2j these 

studies were stopped prior to completion when it became apparent that the 

results would have no practical application to the potamology investiga-

tions . The definitions of symbols used and the sources referred to 

throughout this report and its appenqices are listed in the notation and 

bibliography at the end of the main text . 

5. Several portions of this discussion have been reported previously 

or have been included in conference minutes (see list inside front cover) . 

Associated reports dealing with site investigations are listed on the in-

side of the back cover. 

6. This report is concerned with the results of the following 

studies, details of which are given in the several appendices as shown : 

a. Laboratory tests and procedures to determine (appendix A) : 

(1) Classification of sands . 

(2) Maximum and minimum densities . 

(3) Natural density. 

(4) Shear strength and critical density. 

b . Explorational equipment and procedures to develop (append
dix B : 

(1) Sampling equipment. 

(2) Sounding equipment. 

c . Field investigations to establish (appendix C) : 

(1) Criteria for stabilit~ 

(2) Criteria for failure . 
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PART II: SUMMARY OF RESULTS 

Primary Results 

7. The primary findings of the studies conducted to date are that 

the massive failures occurring in the banks of the Lower Mississippi River 

are liquefaction failures, that they occur exclusively in a distinct geo-

logic soil type called point -bar deposits, that stability can be predicted 

in most cases by means of empirical criteria, and that stability cannot 

be predicted at present by theoretical analyses . 

8 . Specifically the studies conducted show that the alluvial sands 

of the Lower Mississippi River Valley have the following general character -

istics . 

a. A given stratum of sand has a given grain- size distribution 
and can be represented by a single number . This number is 
equivalent to the modal size of the grain- size distribution 
and is called peak grain diameter, Dp . The modal size is 
approximately equal to the 50 per cent size of a cumulative 
distribution. The derivation of this system of classifica
tion is given in paragraphs 3 through 20 of appendix A. 

b . The physical properties of the sand are related to the 
modal size, DP' and are constant for any given stratum; 
i . e . , a wide range of densities and consequent susceptibil
ity to liquefaction does not exist in a given stratum. The 
statistical analyses of the relationships of the various 
physical properties are given in paragraphs 21 through 58 
of appendix A. 

c . Sands finer than a certain size (>50 per cent passing No . 
60 U. S . sieve) are susceptible t o liquefaction . These 
sands are called zone A sands of the upper sand series . 
A slope is susceptible to liquefaction if the thickness of 
zone A exceeds 25 ft and if the ratio (R) of thickness of 
the cohesive overburden to that of zone A does not exceed 
a value of 0 .85 . A slope is not susceptible to liquefac 
tion if the thickness of zone A is less than 25 ft or if 
the value of R exceeds 1 . 40 . A range of uncertainty 
exists for R values between 0.85 and 1 . 40 . The deriva
tion of these criteria and a discussion of their limita
tions are given in appendix C. 

- ------------------- - ---~-
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9. In the early phases of this investigation it was believed that 

liquefaction failures could be explained by the presence of pockets of 

loose sand which were similar in all other respects to the sands found in 

more stable portions of the banks of the river . This assumption obviously 

is not valid for the reasons outlined above . The idea of liquefaction still 

is valid, however . The critical sands liquefy when excess pore -water pres 

sures are developed which cannot be dissipated into coarser strata because 

of the thickness of the deposit . The relative stability of a given slope 

can be predicted in most cases by the use of the criteria outlined in sub

paragraph c above . 

Secondary Results 

Theoretical considerations 

10 . The problem of liquefaction of sands is not , at this time, 

susceptible of formal mathematical analysis , since no laboratory test is 

known which will measure accurately the volume change characteristics of 

sand . Therefore, there is no general method of analysis applicable to 

all types of sand deposits . At present , the empirical criteria of stabil

ity and the correlations of physical properties with gr a i n size advanced 

in this report are applicable only to the alluvial sand depos i ts of the 

Lower Mississippi River Valley . Their applicati on to any other type of 

sand deposit remains to be proved . The results of laboratory tests to 

determine volume change characteristics are given in paragraphs 59 through 

92 of appendix A. 

11 . The properties of the sands which are susceptible to liquefaction 

may be of some use as a guide in the analysis of stability of slopes in 
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based on the grain size of the sand . Therefore , any sampling method which 

will permit reliable determination of grain size of strata as they exist 

in nature is sufficiently accurate for field exploration . 

13 . Conventional methods of analysis of dynamic penetration resist

ance tests (in particular the "standard" or "split - spoon" penetration 

resistance test) are not valid for the alluvial sands of the Lower Missis 

sippi River Valley . The results obtained by such methods of analysis are 

frequently on the unsafe side . 

14 . The penetration resistance results obtained with the cone 

sounding device (described in appendix B) cannot as yet be interpreted in 

a general way applicable to all localities in the Lower Mississippi Valley. 

The results are apparently influenced by some factor or f actors, such as 

the coefficient of earth pressure and/or thickness of i ndividual strata 

of a given deposit \vhich varies from one locality to another, as discussed 

in paragraphs 9 through 35 of appendix B. Further study and analysis of 

the signif icance of cone thrust is necessary if the cone is to be devel 

oped to the point where it can be used independently of soil borings . The 

cone sounding apparatus can be used advantageously in conjunction with 

soil borings as discussed in paragraph 36 of appendix B. 
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PART III : RECOMMENDATIONS 

15 . The following recommendations are given in the order of t heir 

importance to the potamology investigations . 

a. Applications of empirical criteria . The criteria of sta
bility advanced in this report should be used in all future 
analyses of soil conditions at revetment sites by the three 
districts of the Lower Mississippi Valley Division. The 
results so obtained and all subsequent records of stability 
should be compiled by a central office to permit further 
refinement of these criteria and development of additional 
criteria . 

b . Future studies . The question of revetment stability with 
respect to major bank f ailures is considered resolved for 
the majority of soil conditions found in the Lower Missis 
sippi Valley. It is very possible that preventive measures 
can be found to eliminate all major failures) and it is rec 
ommended that future studies be devoted to this problem . 
The basic cause of the failures is the excess pore-water 
pr~ssure developed in the fine sand . The magnitudes of 
these pressures might be substantially reduced through com
paction of the critical are~s by explosives, such as was 
done at Franklin Falls Dam.~28)* Or , the pore pressures 
might be dissipated by a system of drain wells in the crit- ' 
ical areas ) or by covering the slope with a dredged fill 
having a thickness (perpendicular to the slope) in the order 
of 50 to 100 ft and having properties similar to zone B 
sands (see paragraph 12 of appendix C) or coarser sands . 
The fine sands might be stabilized with a chemical grout . 
However) the situation could be made even more critical by 
this latter method; if imperfect stabilization were obtained 
in the fine sands as compared to the coarse sands the pore 
pressures could still develop and could not be dissipated 
as readily into coarser strata because of the presence of 
grout . 

c . Laboratory guide test . It is recommended that a standard
ized direct shear test be defined and that tests be con
ducted on sands representing a wide range of natural grain
size distributions as discussed in paragraphs 68 through 71 
of appendix A. The indicated volume changes during shear 
would serve as an additional empirical guide to the analysis 

* Numbers in parentheses refer to the bibliography at the end of t he 
main text . 
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of the susceptibility to liquefaction of sand deposits . 

d . Model tests . Small-scale model tests of sand slopes may 
furnish some indication of the mechanics of liquefaction 
and possible preventive measures . It is recommended that 
a model test program be initiated. 
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NOTATION 

Grain- size distribution 

D =peak grain diameter, the mode of the grain- size distribution 
P curve measured in mm 

sc _ slope of the grain- size log- frequency curve for sizes coarser 
than D 

p 

- slope of 
than D 

the grain-size log- frequency curve for sizes finer 

p 

N _ a measure of D on an arbitrary numerical scale 
p 

Density and void ratio 

"'~d nat - natural dry density, lb per cu ft 

'Y d max - maximum dry density, lb per cu ft 

'Y d min - minimum dry density, lb per cu ft 

e - natural void ratio 

eL - loosest void ratio (corresponds • "tO 'Y d min) 

eD - densest void ratio (corresponds to 'Yd max) 
eL - enat rd nat - 'Y 

RD d 
- -

• mln relative density = 
eL - eD rd max - 'Y d min 

Statistical properties 

rd 
• 

rd 

cr = standard deviation, a measure of dispersion of a set of 

max 

nat 

n numbers and is equal to the square root of the average 
of the squares of the deviations of the numbers from their 
mean value 

a - the standard deviation inherent to the determination of a 
X 

single value of a variable by a given procedure 

S - standard error of estimate, the standard deviation of a 
set of numbers about a line of relationship with another 
variable 



r - correlation coefficient, an arbitrary measure of correlation 
of two or more variables 

r - 1 -

s 2 
y 

a 2 
y 

13 

Shear strength and cr itical density 

ol -

s - shear stress in lb per sq in 

aN - total normal str ess on the failure plane 

u - pore pressure in the water contained in the voids 

oN - effective normal stress = (aN - u) 

¢ - angle of inter nal friction of the sand 

- critical density, the dry density at which no net volume 
change occurs when the sand is loaded to the maximum obtain
able value of shear stress 

ec -critical void r atio, corresponds to rdc 

c - cohesion, the shear - strength intercept of th~ rupture envelope 
at zero nor mal load -- usually considered to be equal to zero 
for sands, but if measured is probably due to errors in test 
procedure 

6V - volume change in per cent 

6H - change in height of direct and torsion shear samples 
during the test 

6H% per cent change • height of direct and torsion shear samples - ln 
during the test, a measure of 6V 

ol - major pr incipal stress 

03 - minor principal stress 

03 - deviator str ess -

03 - effective minor principal stress, 03 - 03 - u 

Explorational equipment and procedures 

T = cone thrust in 100- lb units 
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H - depth in ft 

P
0 

- overburden pressure in tons per sq ft 

Field investigations 

R = ratio of overburden thickness to thickness of zone A 

-
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APPENDIX A: LABORATORY TESTS AND PROCEDURES 

Introduction 

1 . This appendix describes the methods used in and the results 

of various laboratory tests and statistical correlation studies of 

Mississippi Valley alluvial sands conducted for the potamology studies . 

These investigations were principally concerned with the f ine sands en-

countered in zone A (see main report) and believed to be susceptible to 

the liquefaction type of failure . Tests and studies conducted were 

directed toward a means of expressing the grain- size distribution of the 

sands ; determinations of maximum) minimum) natural, and relative densi-

ties; and evaluations of shear strength and critical density. Limited 

information was obtained on consolidation and permeability characteristics 

of the sands . 

Classification of Sands 

2 . The following question formed the basis of this phase of the 

study: Are there any peculiarities of grain shape, size, or size distri-

bution which will permit a distinction between sands having diff erent 

phys ical properties but similar classifications by standard methods? 

Grain- size distribution 

3. Any given stratum of natural sand is composed of a predominant 

grain size and lesser amounts of finer- and coarser material. This grada-

tion of sizes is referred to as "grain- size distribution . " Accurate 

selection of samples which represent only one stratum will result in more 

uniform grain- size distributions than will be obtained when the sample 

- . 
- - ----- -· -·---- 4·=· ···----·-------··-- - ... . --------···- .... _ 
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represents more than one stratum . A gradation in sizes is always f ound , 

however, even in the most unif orm natural samples. The predominant grain 

size and corresponding grain- size distribution vary considerably in t he 

sands encountered in the Mississippi Valley . Some of the pr operties of 

sands used to measure susceptibility to liquefact ion appeared at the · 

beginning of this study to be related in a genera l way to gr ain-size 

distribution . It was considered highly desirable to be able to express 

grain- size distribution in a ~uantitative fashion (preferably by a single 

number) so that it could be corr elated accurately with these properties . 

The methods investigated with this end in mind are discussed in the 

following paragraphs . 

4. The commonest graphical method of representing grain- size 

distribution is by a cumulative plot of the per cent (by dry weight) finer 

or coarser than a seri es of given sizes as determined on a set of standard 

sieves . A typical plot is shown in figure 1 of plate Al . Several inves

t i gator s (2 , 40)* have gi ven a numer ical value to grain-size distribution 

by expressing it in terms of the area between the cumulative curve and a 

given ordinate of grain size as shown on f igure 1 of pl ate Al . This 

method has one outstanding limitation . In no way does it take into ac 

count variations in uniformity, and any number of gra in- size curves may 

have the same area even though they diff er greatly . This method was 

attempted and a correlation was made between grain- size distribution 

and natural , maximum, and minimum densities . The correlation was not 

as accurate as could be desired since considerable scatter was obtained . 

* Numbers in parentheses refer to bibliography at end of main text . 

- * • • • ... • • • .. • •• • • ~ • • • 
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It did indicate that the original supposition was correct, in that a gen

eral relationship did exist between grain- size distribution and certain 

natural propert i es . 

5. It is commonly assumed that the distribution of grain size is a 

random phenomenon, and as such should correspond to the "normal distribu-

tion" obtained from the normal law of error . The equation for the normal 

curve of error as applied to grain- size distribution is : 

2 
y - Yo e-k x 

where y is frequency, y0 the modal frequency) e the base of natural 

logarithms, k a factor defining the degree of probability, and x is 

the logarithm of the ratio of a given diameter D to the modal diameter 

Dp ( or log D - log Dp) . Many investigators have therefore used the sta

tistical parameters of this law to describe natural distributions of 

gr ain size (2, 25, 21 ' B, l 6) . These par ameters are generally t he median 

grain sizeJ the first and third quartiles, and sorting and skewness 

coefficients based on the median and quartile measures . These values 

are easily obtained from the cumulative frequency plot as shown in fig -

ure l of plate Al . 

6. It was foundJ however, that natural grain- size distributions 

of the alluvial sands of the Lower Mississippi Valley do not exactly 

correspond to the "normal law . " This is not an unusual situation, since 

the frequency distributions of many random physical phenomena devi ate 

from the theoretical normal distr ibution . (30) The significance of this 

deviation is not as great as might be suspected, as will be discussed 

later. However, certain factors not readily evaluated by this method of 

. - ~- - -- ------·-----·:·'11-------------·-- . -- _ .. ____ .,,...,.. .... 
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analysis caused an unwarranted amount of scatter in the correlation of 

statistical parameters (median and quartile grain sizes) of grain- size 

distribution with the natural properties of the sand (natural and rela-

tive density). The manner in which this difficulty was overcome is dis-

cussed in the following paragraphs. 

7. Several special laws of size distribution of particulate mate -

rials have been advanced; a good summary of these laws may be found in 

(14). The special laws proposed by Hatch and Choate(l8), Roller(32 ), 

Rosin and Rammeler(33~ and Bagnold(l) were investigated to determine if 

they corresponded to that found in the sands of the Mississippi Valley. 

A good agreement was obtained between the size distribution of Mississippi 

Valley sands and the distribution observed in desert (wind-blown) sands 

by Bagnold. Basically, this distribution is such that the frequency of 

occurrence of a given grain size (by per cent of total weight of the 

sample) falls off at a constant logarithmic rate for sizes coarser and 

finer than the modal (most frequent) grain size. This can be illustrated 

graphically by plotting the logarithm of the per cent retained on each of 

a given sieve versus the logarithm of the frequency as is done in figure 

2 of plate Al. This is hereinafter called a log- frequency plot . The 

solid curve illustrated in figure 2 represents the typical grain- size 

curve illustrated in figure 1 . The dashed curve represents the "best 

fit" normal curve, \<Thich becomes parabolic on this type of plot since : 

log yjy
0 

D 2 
- - k (log D) 

p 
or: 

log y /y + k 
D 2 - (log D) 

0 
p 

~ - ... - .... . : . -· ' - . -- - ~ ... -- ·-.· . 
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8 . The special curve proposed by Bagnold can be completely defined 

by three parameters: the mode, hereinafter expressed as "peak grain 

diameter," Dp, obtained from the intercept of the straight-line projec 

tions of the two sides of the frequency curve; the slope of the frequency 

curve for sizes coarser than the mode (Sc); and the slope of the frequency 

curve for sizes finer than the mode (Sf). 

9. Samples of sand frequently are obtained which exhibit two or 

more peaks on the log- frequency plot . Bagnold(l) has shown that this 

type of curve is obtained -vrhen the sample is composed of more than one 

stratum . The bimodal nature of the distribution is not readily apparent 

when it is plotted as cumulative per cent finer versus log grain diameter, 

as is illustrated in figure 3 of plate Al . There is a common tendency 

when plotting this type of distribution to "smooth out" the cumulative 

curve, and all indication of the erratic nature of the distribution is 

lost . The bimodal distribution is obvious on the log- frequency plot as 

is illustrated in figure 4. The normal distribution is shown for com

parison . This is the largest single advantage of the log- frequency plot -

it permits the elimination of all samples containing more than one stratum 

from any correlation being attempted. However, it should be noted that 

if the two adjacent strata are only slightly dissimilar the two peaks 

will be very close and the resulting curve will not be definitely bimodal; 

it will have a tendency to be rounded at the peak grain diameter and not 

sharply peaked as in the case of a purely modal sample. The resulting 

error should be small, however, if these rounded curves are used in a 

correlation of grain- size distribution with some dependent variable. If 

the two distributions are so nearly similar, all properties of the two 
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sands dependent upon distribution should be similar also, and the com-

bined strata can be assumed to be representative of one stratum having 

intermediate grain sizes . 

10 . The grain-size distribution curve of a sample from any given 

stratum can be expressed in terms of the three values, DP' Sc, and Sf ' 

as discussed previously. The variation in the magnitude of these vari -

ables with respect to each other was investigated to determine if they 

were related . It is reasonable to believe that they are related, since 

they probably are functions of the hydraulic forces acting during deposi -

tion . Such a relationship is highly desirable, since it would permit 

elimination of the dependent values and a consequent reduction in the 

number of terms required to express grain- size distribution. Bagnold(l) 

found that Sc was constant for all values of DP' leaving Dp and Sf 

as the only variables . Inman( 2l) and Griffiths(l6) using a different method 

of analysis found that within reasonable limits sorting was a function of 

median grain diameter . The sorting coefficient used by these investigators 

would correspond roughly to the ratio of Sc to Sr . It would appear 

that Sc is constant, Sf is a variable but is dependent upon Dp and 

therefore Dp is the only variable required to define natural grain- size 

distribution by the log-frequency plot method of analysis. This was 

checked for sands from the Mississippi Valley . Some variation was found 

in the values of Sc and Sr for a given value of Dp but the major 

portion of the samples had practically identical values of Sc, and Sf 

was proportional to Dp' becoming increasingly smaller for Dp values 

finer or coarser than about 0 . 20 mm (i . e ., the most uniform sands occur at 

Dp = 0 .20 mm) . It is not known whether this special distribution will 

. - . . . . . . - . - . - . - .- - . . ... ·_' '•. ~ . -. . ' . . 
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hold for all natural sands . It would appear on the basis of the work of 

Bagnold and a limited number of tests on samples obtained by this office 

outside the Mississippi Valley that the distribution is valid for natural 

alluvial and aeolian sands . This is illustrated by figure 5 of plate Al 

showing typical distribution for sands from various sources . These curves 

also illustrate the more or less constant value of Sc and the relation

ship of Sf to DP . It does not appear reasonable to expect the distribu

tion to hold for glacial sands or man-made deposits where no natural 

sorting has occurred . 

11 . The special distribution proposed by Bagnold must be significant, 

in that the distribution of grain sizes in a given stratum is apparently 

controlled by some logarithmic law which exists in the hydraulic condi

tions of deposition . The deviation of this distribution from the more 

common "normal law" is not an important consideration in a statistical 

sense; however, the DP value (mode) obtained by the foregoing analysis 

is not unique in that it is the only variable which will completely define 

grain- size distribution . The median, the mean, or even a given per cent 

size from the cumulative curve would serve, provided the sample being con

sidered is not bimodal and provided that the per cent size selected is 

near the modal value . It is possible, because of the variation of Sf, 

for two different sands to have equal cumulative per cent sizes on the 

fine side of the curve at per cent sizes less than 10 to 20 per cent . 

Grain shape 

12 . There are numerous methods of classification of sand grains by 

shape . Excellent bibliographies and discussions of the various methods 

can be found in references (25) , (14) , and (1 ) . Most of the methods are 
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tedious and subject to considerable error, since they depend upon either 

visual comparison with an arbitrary set of standard shapes, or direct 

measurement of several axes of each grain . Two methods are simple and 

a ccurate enough to warr ant further consideration . The first is that of 

Schiel(35) i n which angular i ty of shape is expressed as the ratio of the 

r esidue retai ned on each of two sievesj one having circular openings and 

the other one having rectangular openings of the same dimensions . The 

second method is that of Bagnold(l) i n which angularity is expressed as 

the ratio of the actual settling velocity to the theoretical settling 

velocity for a sphere of an equivalent diameter and specific gravity . 

13 . Visual observation of samples obtained at the various sites 

investigated revealed very little diffe~ence between any two samples in 

the angularity of part icles of a given size . All of the particles of a 

given size range can be given the same shape classification by visual 

methods . There is a tendency for the particle to become more angular with 

decreasing grain size . Photomicrographs of typical Mississippi River sand 

can be found in Potamology Reports 5-3 and 12- 1 , and in the associated 

reports listed inside the back cover of this report . Only a few tests 

have been performed by Bagnold's method but these tend to substantiate 

the observed conditions . 

14 . Extensive investigations of angularity have not been justified 

in the initial phases of this investigation because of the minor varia

tions in shape. 

Grain size 

15 . The predominant grain size occurring in an alluvial deposit is 

a function of the hydraulic forces acting during deposition . The most 
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significant measure of grain size therefore is that which controls set

tling velocityj i.e., equivalent spherical diameter. This diameter, as 

previously discussed, is related to angularity, and cannot be reliably 

measured by wire mesh screens if large variations in angularity occur at 

any given size. Only minor variations in angularity have been observed 

to date. Therefore, grain size determined on the basis of wire-mesh 

screens is considered to be satisfactory at the present time. 

Other variables 

16. There are other factors having an effect upon the natural 

properties of sand which are more or less independent of those discussed 

previously. The most common factor influencing the natural properties of 

Mississippi River sands is the inclusion of foreign materials, such as 

lignite, decayed wood, and small clay lumps. The principal effect of 

these three materials is to lower the natural density and permeability, 

and to increase the compressibility. Lignite is found in many forms and 

in widely varying amounts in these sands; it ranges from very soft porous 

materials to hard, brittle material and occurs as finely divided particles 

scattered throughout a sand stratum, as larger individual pieces, or as 

an individual stratum of pure lignite with a thickness of as much as 3 in. 

The consistency of the wood encountered in these sands is equally as vari

able as the lignite and it exists in all stages of decay. \·Toad is not en

countered as frequently as lignite. Clay lumps are rare in the massive 

sand deposits but do occur occasionally. The wide variations in composi 

tion of these three materials make it difficult to analyze their effect 

upon the natural properties of the sands. Therefore samples containing 

distinct strata or large particles of such materials have been eliminated 
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from all correlation studies made to date . 

17 . A limited amount of variation occurs in the mineral constituents 

of Mississippi River sands . A limited number of petrographic analyses 

have been performed in connection with the potamology study and the results 

are in essential agreement with those obtained in more detailed studies.(34) 

Quartz is the predominant mineral constituent, being present in most sam-

ples in quantities in excess of 90 per cent by weight . The variations in 

the other constituents are relatively minor but might have a slight effect 

on the average specific gravity of any given fraction of the sample . The 

effect on the average specific gravity of the entire sample is negligible , 

since the variation is on the same order of magnitude as the possible 

error in the determination of specific gravity . The specific gravity of 

Mississippi River sands .therefore has been assumed to be constant and 

equal to 2. 65 . 

Summary 

18 . It has been found that within reasonable limits the natural 

grain-size distribution of individual strata of Mississippi Valley sands 

can be expressed by a single number, the modal grain diameter measured in 

mm, all other variables of distribution being related to this value . The 

variation of grain shape apparently is dependent upon this same value. 

A wide variation occurs in the amount of lignite and other foreign mate-

rial contained in some samples; the samples containing distinct strata 

or large particles of these materials have been excluded from all corre-

lations made to date . Practically no variation occurs in the value of 

specific gravity for the samples included in the correlations . Minor 

deviations are found in the grain-size distribution, grain shape, and 

.- - -· - ~ '"··' - - - -· ·. -~ - -. . . . . - · .. - .. · . 
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foreign materials, at a given value of peak grain diameter DP' which 

probably account f or some portion of the scatter observed in the correla-

tion of Dp with natural properties, as described in the following 

paragraphs . Consequently, the correlations probably could be improved 

if the exact effect of these minor variations were known . 

Procedure used to determine 
peak grain diameter 

19 . The specific procedures used to measure the value of Dp on 

all samples were as f ollow : 

a . After the total dry weight and natural density had been 
determined the entire sample increment was washed on a 
No . 200 U. S . sieve, dried, and passed through a complete 
set of U. S. Standard sieves (Nos . 4, 5, 6, 7, 8, . • .•. 200) 
using a Ro- tap machine and 20 minutes sieving time . A 
complete set of sieves was used to obtain an accurate meas 
ure of Dp • 

b . The per cent by dry weight retained on each sieve versus 
grain diameter was plotted on three - cycle, semilog graph 
paper . The per cent retained was plotted to a log scale . 
The grain diameter could be plotted more conveniently on 
equally spaced lines on the arithmetic scale. This ac 
tually represents the log of grain diameter, since the 
ratio of the size of opening on any given sieve to the 
next finer sieve size is a constant ( ~2 for U. S . 
sieves) . Therefore the logarithms of the grain sizes 
corresponding to a consecutive sequence of U. S . Standard 
sieves are spaced at equal intervals on an arithmetic 
scale as shown on figures 2, 4, and 5 of plate Al . The 
average size of material retained on any given sieve was 
assumed to be intermediate between that sieve and the 
next coarser sieve size and was therefore plotted half
way between the two sieves . It is inconvenient to corre 
late Dp with other properties when the log of the grain 
diameter is used . Therefore, an arbitrary arithmetic 
scale was selected as shown on figures 2, 4, and 5 of 
plate Alto simplify computations . The symbol N is used 
for values taken from this scale . 

20 . It is theoretically correct that a plot of sieve openings is 

equally spaced on a logarithmic scale, but in actual practice certain 

36128 
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tolerances are permitted in the size of sieve openlngs which may be 

fairly large for the f ine sieves . The primary effect of this error is 

to cause the plot of log- frequency versus log grain size to deviate 

slightly from the two straight lines at the sieve sizes which are not 

actually correct . This is illustrated on figure 5 of plate Al by the 
• 

deviations which occur in all plots on the No . 120 to 140 sieves . This 

error is particularly apparent when only a small percentage has been 

retained on the sieves in question, but has practically no effect on 

the value of Dp for these conditions . The error is not readily appar 

ent when the value of Dp occurs near the questionable sieves, since the 

per cent retained is plotted to a log scale and the corresponding error 

in Dp therefore is small . A limited number of mi croscopic measurements 

of sieve openings were made and the average openings of all sieves wer e 

found to deviate slightly from the theoretical value, particularly those 

sieves discussed above . No attempt has been made to correct this error, 

in view of the minor effect upon the plotted value of Dp . 

Max imum and Minimum Dens i ty 

21 . Determinati on of the relative density of a sand permits an eval-

uation of ~atural density in terms of the ~e~~t and loosest poss i ole 

states of compaction which can be obtained in the labor ator y . The densest 

and loosest states are called the maximum and minimum density, respectively 

(yd and rd . hand may be measured in terms of actual dry density in max mln 

pounds per cubic foot or in terms of void ratio (e) . It is very important 

that these two values be determined accurately so that a valid comparison 

of the relative densities of various strata can be made . 

I 



• 

Al3 

Criteria for an ideal test 

22. The procedures used to determine the maximum and minimum densi-

ties are not universally or even nationally standardized. At the begin-

ning of these studies it was necessary to investigate various procedures 

in common use and to select those most suitable to the needs of this 

study. The criteria constituting the basis for the final selection of 

test procedures are listed below in the order of their importance. 

a. The procedures must be accurate and the results easily 
reproduced. 

b. The results must not be influenced by factors which cannot 
be controlled or evaluated. 

c. The tests mus~ not require a large amount of soil. 

d. The procedures and necessary equipment should be simple. 

e. The maximum and minimum densities so obtained should 
represent the extreme limits of the range of possible 
natural densities . . 

f. The relative density so obtained should be rational; 
i.e., all sands should exhibit the same degree of suscep
tibility to liquefaction at the same value of relative 
density. 

23. The criteria listed above represent the ideal condition, and one 

probably impossible to attain since perfection cannot be realized as re-

gards any one criterion without some sacrifice on the part of the others. 

Variations of test procedure 

24. Most maximum and minimum density test procedures are based on 

some type of compaction or vibration to obtain maximum density, and pouring 

of the sand into a container to obtain minimum density. The variables in 

procedures commonly used are as follow: 

a. Water content, usually either oven-dry or completely 
saturated for clean sands. 



Al4 

b. Mold • 
SlZe • 

c. Compactive effort or vibration. 

d. Height and speed of pouring. 

25. These variables were investigated to determine their effects 

upon the magnitudes of the density values and the accuracy of the test 

results. 

Results of early studies 
concerned with procedure 

26. Compaction studies conducted by the Waterways Experiment Station 

on Eglin Fiel d sand and other airfield sands(7) indicated that as far as 

the maximum density was concerned a change in compactive effort and/or 

a saturated or oven-dry condition had very little effect on density. 

In approximately one-half of the tests conducted, standard AASHO compac -

tive efforts gave a slightly higher density than the modified effort . 

Use of oven-dried sands resulted in slightly higher densities than were 

obtained f or saturated sands in approximately one -half of the tests. 

These conditions were reversed in the remainder of the tests . It was 

concluded, therefore, that the standard AASHO compactive effort and oven-

dry sands would give resul ts comparable to any other procedures . The use 

of the standard effort and oven-dry sands made the density determination 

much easier. 

27. A further investigation was conducted at the Waterways Experiment 

Station prior to initiation of the potamology studies to determine the best 

dry method of obtaining the maximum density of sand. The results of this 

investigation are summarized in table Al. It was this investigation which 

resulted in the select~on of the method novT in use at the Waterways 

- -· • • I • • • .. o • o • o 
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Experiment Station, as will be discussed later . 

28 . Studies conducted by J. J. Kolbuszewski(22, 23) at the University 

of London indicated the following conditions : 

a. Mold diameters less than 3 in . influenced the density 
value; density decreased with decreasing mold size, 
probably because of arching. 

b . Velocity of fall (i.e . , height of pouring) and intensity 
of deposition influenced the minimum density when using 
dry sands . Low velocity produced low densities independ
ent of deposition, high velocity produced densities in
versely proportional to the intensity of deposition. 

c. Comparable minimum densities could be obtained in molds 
having diameters >3 in . by using either dry or wet pro
cedures . 

d. Maximum density was obtained by vibrating saturated sand 
in a steel mold with a pneumatic hammer without a static 
surcharge load; static loads reduced the value of maximum 
density . 

29 . Groton and Fraser(l7) investigated the influence of particle 

shape on density in both the dry and wet conditions . They found that 

angular particles pack more loosely than rounded, and a given material 

will pack more loosely in the wet condition than in the dry. 

30 . The results of past investigations are not in complete agree-

ment, as indicated in the preceding paragraphs . It is quite common to 

find that one investigator has obtained the loosest density in the dry 

state, whereas another has -obtained the loosest condition in the wet 

state . The most probable explanation of these discrepancies lies in the 

difference in types of sand being tested . Some investigators have per-

formed their experiments on sands having natural distribution of grain 

sizes, while others have used only some fraction of the natural distri -

bution or very uniform samples of Ottawa standard sand . It has been 



shown that the densities asstrned by sands for a given packing procedure 

are very sensitive to slight changes in the grain- size distribution.(27) 

Therefore, it was considered necessary for the purposes of the potamology 

studies to investigate the procedures in use at the Waterways Experiment 

Station, in order that the criteria outlined in paragraph 22 could be 

realized for the par ticular grain shape and size distribution encountered 

in the sands of the Mississippi Valley. 

Studies of maximum and minimum 
density procedures, 1948-1951 

31 . The standard procedures use~ in the Waterways Experiment Sta-

tion soils laboratory to determine maximum and minimum densities at the 

beginning of the potamology investigations were as follow: 

a . Maximum density . Oven-dry sand was compacted in a 2- in .
diameter by 4- in .-high mold with a 2- in.-high detachable 
collar in four 100-gram layers by 25 blows per layer of a 
4- lb hammer falling 12 in . The diameter of the face of the 
hammer was 1- 3/4 in . The collar then was removed, the ex
cess material struck off with a steel straightedge, and 
the density computed on the basis of the volume of the 
mold and weight of dry material . 

b . Minimum density . Oven-dry sand was poured into the same 
mold (without the collar) from a constant height; the 
height was controlled by pouring into a small funnel with 
a 6- in . plastic tube attached to the stem . The bottom 
of the tube was held 1/2 in . above the surface of the sand 
in the mold . The intensity of deposition was controlled 
by keeping the funnel filled to a constant level . The 
surface was struck off and the density computed as in the 
case of the maximum density . 

Usual procedure was to perform these tests in duplicate on each sample and 

to use the same material for all tests on each sample, performing the mini -

mum density prior to the maximum density to avoid changes in grain size 

caused by the maximum density test. 
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32 . Certain factors were studied to evaluate their effects on maxi-

mum and minimum densities and to determine what procedures best satisfied 

criteria~ through e of paragraph 22 . Criterion f, while worthy of con-

sideration, was practically impossible to realize because of the very 

limited test data available and the time required to obtain additional 

data . The factors thought to influence the results were : the human ele -

ment, which included the variation in results as obtained by different 

technicians and the ability (or inability) of a given operator to check 

his results on a given sand; the effect of variation of humidity of the 

air and consequent small variations of water content of the oven-dried 

sands; the effects of complete saturation, variation in mold size, and 

variation in compactive effort; and the effect of the compaction on grain 

size . The following series of tests were performed to evaluate these 

factors: 

Series I . One operator performed maximum and minimum density tests 
on four samples by the standard procedure described in paragraph 31 . 
Each test was performed in duplicate . The tests were repeated by 
the same technician at weekly intervals for three weeks . 

Series II . Series I was repeated for air -dried rather than oven
dried sands . 

Series III . Series I was repeated for saturated sands . Maximum 
density was obtained by compacting sand under water . Minimum den
sity was obtained by pouring sand into water; water surface was 
maintained 1/2 in . above surface of deposition . 

Series IV . Oven-dried samples of the four sands used in the preced
ing series were left in the humid room for 5, 15, and 20 min to 
simulate effect of variations in atmospheric humidity . Maximum and 
minimum density tests were performed in duplicate by the standard 
procedure outlined in paragraph 31 . The tests were performed by one 
technician and were not repeated . 

Series v. Oven-dried samples of the four sands were compacted 
(maximum density) ~n a 2- in .-diameter by 6- in .-high mold in six 
100- gram layers by 36 blows of a 4- lb hammer falling 18 in . The 
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minimum density was obtained by pouring dry sand into a 2- in . by 
6-in . mold from a constant height . These tests were performed by 
one technician and ,.;ere not repeated. 

Series VI . Series V was repeated using saturated sand instead of 
oven-dry sand . 

Series VII. Four technicians performed density tests by the method 
outlined in paragraph 31 on 15 different samples . 

Series VITI. A fevr tests were performed using 500- cc glass graduates 
as molds . The various procedures investigated were as follow . 

a . Dry sand was poured into the graduate from a constant 
height, 

b . Dry sand wa.s poured into the graduate which was kept filled 
with water approximate l y 1/2 in . ~bove the surface of 
deposition . 

c . After b above had been performed the graduate was turned 
end for end as in a hydrometer analysis and the sand was 
allowed to settle . 

d . Dry sand was poured into the graduate in ten 50 - cc layers; 
each layer was tamped 60 times with a glass rod . 

In addition, the water content of the air - and oven- dried samples was 

measured at the end of the test and a sieve analysis was performed on 

each individual sample before and after each test . Larger mold sizes were 

not investigated because it was desired to keep the required quantity of 

sand equal to or less than the quantity obtained in the natural density 

test . (The natural density is determined on 3-in . increments of 3- in .-

diameter steel tubes .) 

33 . The results of Series I through VI and Series VIII are shown on 

table A2 . These results indicate the following conditions : 

a . For equal mold size and compactive effort, wet methods give 
densities higher than dry methods but with less range 
between maximum and minimum densities . 

b . For similar sample conditions (wet or dry), increased mold 

___ ... _ --- . . . .. . . . 



size and compactive effort result in slightly increased 
maximum and minimum densities with some increase in t he 
range betvreen densities . 
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c . The small amounts of moisture present due to air-drying or 
placing oven-dried samples in the humid room generally 
caused a slight increase in maximum density and a slight 
decrease in minimum density . 

Approximate Dp values are shown on table A2 for the four samples tested . 

However , the average maximum and minimum densities of these sands are not 

exactly comparable to those of natural sands having the same Dp value, 

since the test sands represent mixtures of str ata in most cases . Complete 

descriptions of these sands can be found in Miscellaneous Paper 3-9 . (6 ) 

34 . Statisti cal analysis of the densities obtained by one operator 

result s in a standard deviat i on o as follows : 
X 

Dr y or Near - dry Tests 

r d max r d min 

Saturated Tests 

rd max r d min 

+ 0 . 82 + 0.80 

The average water content of the dry and near - dry samples was 0 .17 per 

cent . Some variation in grain size did occur in these tests, due to non-

uniformity of the specimens , as illustrated in table A3 for sample l, but 

none of it could be ascribed t o breakdown of the grai ns due to compaction . 

The average per cent pass ing the No . 200 U. S . Standard sieve was as fol -

lows for the four samples tested . 

Sample 

.L 

4 
5 
8 

Average Per Cent Passing No . 200 U.S . Std . Sieve 
Before Test After Dry Test After Wet Test 

1 . 7 
2.4 
0 .8 
5.3 

1 . 6 
2.4 
0 .8 
5-5 

1 .8 
3 .1 
0 . 9 
3 · 7 
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35. Statistical analysis of the results of Series VII resulted in 

standard deviation, a , of + 0 . 69 and + 0 . 51 lb per cu ft for the max
x 

imum and minimum densities, respectively, for the standard tests per -

formed by four technicians on 15 different samples . It appears that the 

standard test can be performed accurately by any good technician and the 

results duplicated equally as accurately by any other technician . 

36 . The standard test fulfills the requirements of the criter ia 

listed in paragraph 22 as well or better than any other reasonable test . 

It is accurate and gives a wide range between maximum and n1inimum densi-

ties . The standard maximum density test does not give as high a max imum 

as the wet method but is much easier to perform and the results can be 

obtained more rapidly, and it does not require expensive apparatus nor a 

large volume of soil . 

37. The maximum density test did not cause an appreciable break-

down of the grains, and therefore the order in which the two tests were 

performed was not considered important . The final procedure specified 

that oven-dry sands be used and that the minimum density be perfor med 

before the maximum, in order that the tests become completely standard-

ized . It was l ater found, however, that this specification resulted in 

larger possible errors and greater discrepancies between results obtained 

by various technicians than indicated by these tests . The foregoing tests 

were performed on relatively clean sands ; it lS not uncommon to obta in 

samples which contain as 1nuch as 10 per cent of fines (<No . 200 sieve) . 

These fines form small lumps when the sample is oven-dried . The lumps 

tend to lower the minimum density excessively and cause more var i at i on in 

both the maximum and minimum densities if the technician is negligent in 
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breaking down these lumps. The effect of this variable is discussed in 

more detail in the following paragraphs dealing with correlation of maxi-

mum and minimum density with grain size. The standard procedure at the 

present time specifies that the minimum density be performed after the 

maximum, in order to insure that all lumps missed by the technician will 

be completely broken down. 

Correlation of grain size with 
maximum and minimum densities 

38. Maximum and minim·wn densities tend to increase with increasing 

grain size. A statistical correlation of maximum and minimum densities 

was made with the value of peak grain diameter Dp (measured on the N- · 

scale for simplicity) to determine if this trend was a well-defined rela-

tionship or only a generalization. Several sites had been investigated 

during the period covered by this report in which procedures used were 

sufficiently accurate to make the results worthy of the effort involved 

in a statistical correlation. These sites were Bauxippi-Wyanoke, Ark., 

Free Nigger Point, La., Kempe Bend, La., and Point Menoir, La. Some of 

the results of the Bauxippi-Wyanoke and Point Menoir studies were obtained 

prior to the discovery of the effect of fines on maximum and minimum den-

sities, as discussed in the preceding paragraph. The remainder of the 

density tests were performed with this fact in mind and the technician 

was careful to break down all lumps of fine material. 

39. The correlation of maximum density versus N is shown on figure 

l of plate A2 for Bauxippi-Wyanoke and Point Menoir (borings lU and 2U). 

The relationship is nonlinear. Therefore, it was necessary to assume a 

relationship which appeared to fit the data. The maximum density appeared 
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to be a function of the peak grain diameter raised to some power. Curves 

of as a function of 
2 3 4 N , N , and N were graphically fitted to 

the data and the best approximation appeared to be that of N3
. Actually, 

the best fit might be obtained by using a power of N slightly less than 

3, but the use of an irrational exponent greatly increased the difficulty 

of correlation and was not considered justified. The correlation was madr 

on a gener al relationship of the form: A - B N3 
- ' wherein A 

and B are constants . The resulting equation of the curve then became 

r d (lb/cu ft) max 
3 - 113 . 9 - 0 . 00141 N . 

The standard error of estimate S is + 2.1 lb per cu ft and the correla-

tion coefficient r is 0 . 87 . S is a statistical measure of scatter 

such that l S includes 68 per cent of the values , 2 S includes 95 

per cent , 3 S includes 99 .7 per cent, etc.; r is an arbitrary measure 

of correlation, 

r -

wherein o is the standard deviation of all of the values of the depend-

ent variable . When S - o r = 0 - ' and no correlation exists; when s 

is very small compared to o the value of r approaches 1.0 and the 

correlation is very good . The value of r of 0 . 87 for this correlation 

is high enough to indicate that a definite relationship does exist be-

tween the two variables . 

40. The correlation of versus N is shown on figure 2 of 

plate A2 for all other sites . The relationship has the same general form 

of a cubic curve and the correlation resulted in the following equation : 



rd (lb/cu ft) max 
3 - 113 . 5 - 0. 00136 N 
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having the statistical properties : 8 = + 1 .4 lb per cu ft) r = 0 .90 . A 

comparison of 8 with the standard deviation o inherent to the deter
x 

mination of the dependent variable rd , which was + 0 . 6 lb per cu ft max 

as given in paragraph 34, indicates that a substantial porti on of the 

scatter obtained in the correlation is due to the inherent possible error 

in t he determination of r d max · The value of r also indicates that an 

excellent correlation exists between the two variables . I t is doubtful 

i f a more definite relationship could be obtained . 

41 . The correlation of r d min versus N is shown on figure 3 of 

p late A2 for Bauxippi -Wyanoke and Point Menoir data . The relationship 

has the same general form a s those discussed previously and resulted in 

t he following equation : 

y ( lb/cu ft) - 97 .8 - 0 .00207 N3 
d min 

having the'- statistical properties : 8 = + 2. 6 lb per cu ft, r = 0 .82 . 

42 . The minimum density correlation of all other data resulted in 

an improvement in the coeffi cient of correlation) and also in a consid-

erable shift of the curve. The following equation was obtained (figure 4 

of plate A2) : 

1 (lb/cu ft) 
d min 

having the statistical properties : 

3 . 
- 97.7 - 0. 00177 N 

8 = + 1 . 6 lb per cu ft, r = 0 .92 . 

The entire curve has been shifted up in the fine - sand range where the 

effect of sizes finer than the No . 200 sieve would be most pronounced . 

• 
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The unbroken lumps of fines existing in the sands from Bauxippi-Wyanoke 

and Point Menoir reduced the value of minimum density, as could be ex-

pected . The comparison of S with the standard deviation inherent in 

the determination of y . (+ 1.6 versus + 0.7 lb per cu ft), as in the 
d m1n -

case of ~ indicates that a substantial portion of the scatter in 
'd max' 

this correlation is due to the inherent possiole error in the determina-

tion of y d min · 
The remainder of the scatter probably could be a c -

counted for if the small variations of the values Sc and Sf of the grain-

size curve and equally small varia tions of angularity were taken into 

consideration . However, consideration of these minor variables in the 

correlation would be a monumental task . The correlation is considered 

sufficiently accurate to justify the assumption that N is a satisfactory 

measure of minimum density . 

Snmmary and conclusions concerning 
maximum and minimum densities 

43 . The maximum and minimum density values of sands from the Lower 

Mississippi Valley can be determined from the grain- size distribution of 

the sands . The relative density of any one of these sands therefore can 

be determined on the basis of grain size and natural density . 

Natural Density 

44 . The most difficult problem in connection with the investigation 

of large flow failures 'vas the determination of the natural densities of 

the sands . This problem was resolved -vri th the development of the method 

of obtaining undisturbed sand samples from beneath the water table dur ing 

the investigation of Morville revetment (see associated reports listed 

.... 
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inside back cover of this report). Considerable improvement of the pro-

cedure for removing the sample from the steel sample tube and subsequent 

determination of the natural density has been accomplished since that 
• 

time. The procedure now used is de.scribed in detail in reference (13). 

Briefly, it consist~ of the following steps: 

a . After the sample has been brought to the surface the ends 
are trimmedJ expanding packers placed in both ends of the 
tube and the sample is allowed to drain in a vertical 
position . 

b . The sample is placed in a horizontal position and is 
tapped with 50 blows of a rubber mallet to settle all 
loose strata . 

c . The sample is shipped to the laboratory in the horizontal 
position where it is cut into 3-in. segments on a band savr . 

d . The natural density of each segment is computed on the 
basis of its volume and dry weight . 

Correlation of natural 
density with Dp 

45 . At the beginning of the potamology investigations it was be-

lieved that any given sand could exist in nature at any condition of den-

sity from very dense to very loose . On this basis, the most logical ex-

planation of the stability of one portion of a revetment slope compared to 

the instability of another portion was a variation in relative density of 

otherwise similar sands . However, a general trend for natural density to 

increase with increasing grain size in the manner of maximum and minimum 
• 

densities was observed . Therefore, a correlation of natural densities at 

all sites was undertaken to determine the nature of the relationship . 

· 46 . The correlation :resulted in the follovring equation (illustrated 

graphically on figure 5 of pla te A2) : 
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3 
rd nat (1b/cu ft) - 111. 4 - 0 . 00184 N 

having the statistical properties: S = + 2 .8 lb per cu ft, r = 0 .80 

which indicates that a fairly well-defined relationship does exist. The 

standard error of estimate S cannot be compared with the standard devi

ation a inherent to the determination of natural density, since the 
X 

latter is impossible to determine . However, a can be estimated on the 
X 

basis of the possible disturbances which occur between actual sampling 

and determination of density . These factors are discussed in the following 

paragraphs . 

Possible errors in natural density 

47 . The natural density of the sand is disturbed initially during 

penetration of the sampling tube . A careful study of the factors influ

encing this disturbance has been conducted (see Potamology Report 12-1) 

in which it was concluded that the average effect of disturbance is a 

direct function of relative density . If the equation expressed in para-

graph 46 is an accurate relationship, then all sands having identical 

values of Dp will exist at equal relative densities and the average 

disturbance should be constant for any given value of Dp . This statement 

probably deserves some modification in the respect that both natural den-

sity and disturbance during sampling are influenced in some degree by 

depth and pressure . The average depth of sampling varied from one site 

to another and some minor differences did occur in the correlations of 

rd nat and N for the individual sites . The lines of regression varied 

somewhat and any individual correlation tended to have lower values of S 

and higher values of r than did the correlation of data for all sites. 



HoweverJ these differences were too small to be related to depth or any 

other variable . AlsoJ the influence of depth and pressure probably is 

much less than the factors discussed below and for practical purposes 

the average disturbance caused by penetration of the sampler tube can 

be considered constant for a given value of Dp. 

48 . A vacuum is created within the sampler during vTi thdrawal of the 

tube from the soil . A few tests were performed (Potamology Report 12- l) 

to determine the effect of this vacuum) and it appeared that the natural 

density might be lowered because of expansion of the sample . This is fur -

ther substantiated by the results of a special boring at Kempe BendJ La .J 

(see Report No . 9-l of this series) wherein samples were taken. continuously 

throughout the entire boring. rd nat A correlation of versus N • 
lS 

shown on figure l of plate A3 for this special boring. The following 

equation was obtained: 

rd nat (lb/cu ft) - 111.2 - 0 . 00212 N3 

having the statistical properties: S = + 2.4 lb per cu ftJ r = 0.88J 

indicating that the natural density of each sample was reduced substan-

tially by the vacuum created during the preceding drive. Continuous 

sampling was not a normal procedure in any of the site investigations) 

but the spacing betvTeen samples and the rate of withdrawal of the tube 

from the soil varied considerably) both of which would have a variable 

effect on natural density. 

49 . A certain amount of disturbance occurs during withdrawal of 

the sampler from the boring and the necessary handling required to dis -

engage the sampler from the sampler head. This disturbance is variable, 
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depending upon the depth at which the sample was taken and the difficulty 

encountered in disengaging the sampler. A slight variation occurs in the 

internal diameter of the sampling tube which makes some samples more 

difficult to disengage than others. The drill crews do not always observe 

the same amount of respect toward the handling of the samples and, even 

though they may be very cautious, the sample almost invariably is sub 

jected to a certain number of shocks and bumps which tend to disturb the 

density, especially since the sample still is saturated at this point . 

50 . The disturbance along the long axis of the sample created by 

transportation from the field to the laboratory is minimized by the trans 

verse settlement caused by tapping the tube with the rubber mallet . 

However, if the sample is not completely drained, as frequently occurs 

in instances when the sample contains one or more impermeable strata, a 

considerable disturbance still may occur . 

51 . A certain amount of sand is carried out of the saw cut by the 

band- saw blade . A limited number of tests on prepared samples show that 

the volume of wasted material probably corresponds to about two- thirds of 

the volume of the saw cut, if the sample contains only capillary water . 

If free water is present, additional soil from the sides of the saw cut 

is forced into the cut and carried away by the blade , causing an appre 

ciable error which would tend to reduce the density of the adjacent incre - · 

ments . 

52 . The measured density of the increment as cut may be in error 

due t o errors in the determination of length and weight and the assumed 

diameter of the tube . The magnitudes of these errors have been studied 

(Potamology Report 12- l) on the basis of several different considerations . 
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These considerations and the results obtained were as follow: 

a . The standard deviation a of the density of increments 
cut from tubes filled to a known density in the laboratory . 
This was found to be e~ual to + 2.2 lb per cu ft for the 
density determination method discussed in this report . 
Some portion of this deviation may be due to errors in 
placement density . 

b . The difference in the average density of all increments 
compared with the average placed density of sample tubes 
filled in the laboratory . This difference was found to 
be as much as + 1 . 2 lb per cu ft . 

c . The differ ence in the computed densities obtained by 
several different technicians based on their individual 
measurements of length and weight of a given increment . 
This was found to be as much as 0 .5 lb per cu ft . 

d . The possible error in density based on assumed values of 
the possible error in length and weight of the increment , 
and the diameter of the tube . The assumed errors were 
based on observations of differences in average length 
obtained by various technicians , the accuracy and sensi 
tivity of the scales used to determine weight , and measured 
diameters of sampler tubes . This possible error was found 
to be + 1 .1 lb per cu ft . 

53 . It seems reasonable that the standard error of estimate (S = 

+ 2.8 lb per cu ft) of the correlation of 7d nat 
versus N corresponds 

to the probable standard deviation inherent to the determination of the 

natural density of any given sand, in view of the preceding discussion . 

Some portion of the value of S may lie in the assumed relation : 

yd nat =A - B N3 . This relationship may not exactly approximate the true 

relationship as discussed in paragraph 39 for 7 The exact rela-
d max · 

tionship can be determined only by trial-and- error methods and the re -

~uired effort is not considered justified . The correlation might be im-

proved further by taking into account the minor variations which occur in 

specific gravity, grain shape, and the slope values Sc and Sf . The im-

provement obtained in this correlation by consideration of all the possible 
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variables, including errors in r d nat' would be ins i gnificant compared 

to the t i me and effort required to do so . The pr esent cor relation i s 

good enough to permit the assumption that DP and rd nat are related 

and that practically no variation occurs in rd nat for a given value 

Relation of grain size and density to 
the hydraulic conditions of deposition 

54 . The question immediately arises : What is the physical basis of 

the observed relationships between grain size and the various density 

values? Maximum and minimum densities are dependent exclusively upon the 

independent variable of grain size, since all other factors are held con-

stant during the tests . The variations occurring in and 

with Dp have the same general relationship as ~ · ~ ( ) 'd nat' 'd all values -

A - B N3 , since the forces which control natural density also select the 

grain sizes, which in turn control the values of r and d max 

The se ar bitrary density values and ~ ) 
' d min are , then, mere 

reflections of the natural forces of deposition . Neither r nor N d nat 

should be considered as an independent and a dependent variable in spite 

of the observed relationship . Both r d nat 

ent upon the hydraulic forces of deposition . 

and N are mutually depend-

55 . The relationship of grain size and gr ain- s i ze distribution has 

been observed frequently as previously discussed . It has been found tha t 

sands having a median grain size of about 0 . 20 mm are the most u.niform, 

coarser and finer sands having a larger distribution of sizes . The most 

convincing and logical explanation so far advanced is that a grain size of 
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about 0 . 18 mm* represents the boundary between two distinct types of par -

ticulate locomotion in a hydraulic system because of llnique relationships 

between the threshold velocity, settling velocity, and roughness crite

rion( 2l). Consideration of the effect of these three variables results in 

the conclusion that sizes coarser than 0 .18 mm* tend to be moved by trac -

tion as bed load and sizes finer than 0.18 mm* are carried in suspension . 

The relationship of grain-size distribution to this phenomenon is rather 

well established~ 2l, 16) 

56 . A corresponding variation in natural density should and does 

occur which reflects the change in particulate locomotion near 0 .18 mm . 

The variation is more pronounded if natural void ratio is plotted against 

Dp rather than rd nat' as is done on figure 2 of plate A3 for the Kempe 

Bend data . Nat~rral void ratio gradually decreases for sizes increasingly 

coarser than a grain diameter of approximately 0 . 20 mm . Natural void 

ratio increases rapidly for sizes finer than approximately 0.20 mm, indi-

eating that the natural densities of materials which are deposited by 

falling out of suspension are much lower than those which are deposited 

as bed load . 

Summary of results and conclusions 
concerning natural density 

57 . Natural density and grain size are closely related . This can 

be shown to be true within the accuracy of the methods used to determine 

the values of the two variables . Natural density decreases rapidly below 

a grain size of 0 .18 mm . The physical basis for the decrease in density 

• 

* This value is computed for quartz spheres and would ~ot necessarily 
be the same for natural sands having some angularity.\ 21 ) 
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below this value can be found by consideration of the hydraulic phenomena 

which occur during deposition. The natural density decreases more rapidly 

than maximum and minimum density for sizes finer than approximately 0.20 mm 

and results in a substantial decrease in relative density as shown on 

plate A4. Since maximum and minimum density are also closely related to 

grain size, the relative density is constant for a given grain size and 

can be corrected for the average disturbance which occurs during sampling 

as is done on figure 2 of plate A4 . 

58. The relative stability and instability of any two slopes composed 

of sand cannot be explained on the basis of variations in relative density 

of otherwise similar sands . The explanation must lie in corresponding 

differences in both relative density and the predominant grain size of the 

different sands which compose the two slopes . 

Shear Strength and Critical Density 

59. There are two basic approaches to the analysis of the stability 

of a slope composed of sand . The stability of the slope may be analyzed 

on the basis of theoretical considerations; i . e . , samples of the soils 

composing the slope are obtained and tested in the laboratory to determine 

their susceptibility to failure. The results so obtained then are applied 

for all possible variations of loading to obtain a measure of the stabil

ity of the slope. The second method of approach is empirical; it is 

discussed in appendix C, "Field Investigations." 

60 . This portion of the report deals with the studies concerned 

with the theoretic&l approach to the problem of stability . Two factors 

control the susceptibility to failure of a given sand: its shear strength, 
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and its tendency to change yolume during shear. Both of these factors 

are dependent upon certain physical properties of the sand and the method 

in which the failure load is applied. 

Shear strength 

61 . The shear strength s of any given saturated sand can be de-

fined by the equation : 

or 

wherein : 

s = (a - u) tan ¢ ........... . . (1) 
n 

s = a tan ¢ .......... . ..... (2) 
n 

a - total normal stress on the plane of failure n 

u - pore pressure in the water in the voids 

a -effective normal stress = (a - u) 
n n 

¢ - the angle of internal friction of the sand . 

The shear strength then is a function of the angle of internal friction 

for any given sand under given conditions of effective normal stress . The 

angle of inter nal friction of a given sand has been shown to be a function 

of the density and the normal stress for most cases .(l2 ) 

Critica l dens i ty 

62 . The critical density rd c is essentially the density at which 

there will be no tendency for a net volume change to occur when a sample 

of a given sand is loaded to its maximum shearing strength . The critical 

density theory is based on the known fact that dense sands tend to undergo 

a net increase in volume during shear, whereas loose sands tend to undergo 

a net volume decrease . Three variables control the ultimate effect of 
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this tendency of sands to change volume . They are: the rate of load 

application and corresponding rate of shear; the permeability of the sand 

mass and surrounding soils; and the size of the sand mass . If a slow rate 

of load application is combined \vi th a high permeability and a small mass 

of sand, no inhibitions will be placed upon drainage of the pore water in 

or out of the voids of the mass, and the vol ume of the mass can change 

f r eely. If these conditions are reversed the pore water cannot drain into 

or out of the voids and a consequent change occurs in the pore-water pres -

sure u . The net volume tends to increase if the sand is dense and the 

pore pressure u is reduced, causing an increase in the strength of the 

sand . The net volume tends to decrease if the sand is loose, the pore 

pressure u increases , and a decrease occurs in the shearing str~ngth . 

A complete loss in strength can occur if u becomes equal to a as 
n 

can be seen from equation (1) . The sand exhibits the properties of a 

fluid when this occurs and the particular type of failure is known as 

liquefaction or a flow failure . 

63 . The critical density, in theory, defines a particular density 

at vrhich a sand \-Till not undergo a net volume change when loaded to max-

imum stress and consequently will have particular strength- deformation 

characteristics for a given condition of initial loading, regardless of 

the type of test used to determine The critical densities obtained, 

ho-vrever, by each of several types of shear tests may be in disagreement 

by 3 or L~ lb per cu ft . The critical density has been found to be (l2 ) : 

a. A function of t he type of test . 

b . A function of the normal stress . 

c . Not necessarily "critical" in the strict definition of the 
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word, it merely indicates the boundary between net volume 
increase and decrease of a laboratory test. 

d. ..... Not necessarily a true or safe measure of volume changes 
which will occur in natural deposits; flow failures are 
known to have occurred in natural deposits which were 
somewhat denser than the(critical density as determined 
by a given type of test. 12) 

Test procedures used to 
determine¢ and rd c 

64. The values of internal friction and critic~l density can be 

obtained from any of three basic types of tests. They are: t he direct 

shear test, the torsion shear test, and the triaxial compression test, 

including several variations of each. In view of the recognized differ-

ences in results obtained by these tests it was decided to investigate 

thoroughly the various test procedures. It was hoped that the factors 

causing the differences could then be evaluated to such an extent that 

an exact relationship could be established between the three tests, and 
' 

perhaps enough of the factors influencing the test results could be elim-

inated to permit the use of at least one type of test to forecast accu-

rately the stability of a natural deposit of sand. 

6). The investigation-has not been completed but significant results 

have been obtained which are of particular interest to the potamology 

program. The work accomplished to date on each of the various test pro-

cedures is s11mmarized in t he fo l lowing par agraphs. A detailed comparison 

of the relative advantages and disadvantages of each type of test may be 

found in (20, 11). The triaxial test was considered to be the most realistic 

of the three tests at the beginning of the investigation. Consequently, a 

greater proportion of ef fort was devoted t o this test. 
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Direct shear test 

66 . The direct shear test has the advantage of being the simplest 

of the three types of tests to perform . The test is disadvantageous in 

the following respects: 

a . A decrease of the effective cross section of the sample 
occurs during the test . 

b . A moment is applied after the beginning of t he test) 
causing rotation of the planes of principal stress with 
respect to the failure plane . 

c . The upper box is slightly separated from the lower box 
to eliminate friction) causing unknown stress and volume 
change conditions on the failure plane . 

d . Failure is imposed upon a definite plane rather than on 
the weakest plane that might occur in an undisturbed sample . 

e . Failure is progressive . 

f . The results are dependent upon the dimensions of the shear 
box . 

I t is impossible to eliminate all of the foregoing disadvantages ) since 

they are inherent in the direct shear test . The effect of some of the 

variables can be held. constant) however ) and others can be estimated . The 

advantage of the simplicity of the test would outweigh all disadvantage s 

if it could be shown that the test results so obtained from routine pro-

cedures could be related to those obtained by a more accurate method of 

determining the stress - deformation and volume- change characteristics of 

natural sand deposits . Therefore , it was decided to perform direct shear 

tests in a routine manner on several samples and compare the r e sults wi th 
. 

the results of triaxial tests which would be very carefully per formed and 

analyzed for all possible errors . 

67 . Four samples have been tested to date . These sample s were t he 



A37 

bailer samples used for the maximum and minimum density studies as pre-

viously discussed . The samples tested, l through 4, had Dp values as 

follows : 

Sample Number 

l 
2 
3 
4 

Peak Grain Diameter 
Numerical Value N mm 

16 .4 
14 .0 
19 .4 
20 .0 

0 .30 
0 .46 
0 .18 
0.16 

The complete grain- size distributions and other basic data are given in 

Miscellaneous Paper 3-9. (6) 

68 . Nine controlled- stress direct shear tests were performed on each 

of the four samples . Twelve additional controlled- strain tests were per -

formed on sample l . The initial conditions and results of tests are sum-

marized in table A4 . Considerable scatter was found in the se results . 

On any given sand the scatter could not be attributed to variations in 

the normal load . The variation of angle of internal friction and per 

cent change in height , 6H%, versus dry density and relative density are 

shown on plate A5 . The measured stress values are in error on the 

controlled- strain tests because of excessive friction in the apparatus . 

The ¢-values therefore tend to be very erratic as shown in table A4 . 

They have not been plotted on plate A5 . 

69 . The variation of with 'd' figure 1, plate A5, appears to 

be more or less independent of grain size. On the other hand, the varia-

tion of ¢ with relative density, figure 2, shows a definite influence 

of grain size, indicating that the angle of internal friction increases 

with increasing grain size for a given relative density. This seems 

reasonable, since the sands are so similar in all respects other than 
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grain size . A given density therefore represents a given type of packing 

or structure of the grains, a given void ratio and, consequently, a given 

shear strength regardless of the actual sizes of the grains involved. 

The variation of per cent change in height, ~H%, with yd (figure 3) 

appears to be related to grain size, in that the coarse sand (No. 2) dif

fers markedly from the three finer sands. Conversely, the variation of 

~H% with relative density, figure 4, appears to be independent of grain 

size . This is reasonable, since the primary reason for expressing den

sity in terms of relative density is to estimate the volume change which 

would occur during shear at that relative density . The relative density 

at which no net change in height occurs at 'r max 
is equal to about 84 per 

cent. This compares favorably with the relative density (77%) at which 

no net volume change occurs during sampling (see Potamology Report No • 

. 12-1) . 

70 . A direct comparison cannot be made between controlled-stress and 

controlled-strain direct shear tests, since the apparatus used to perform 

the latter test exhibited excessive friction . The values are quite 

high in the controlled strain tests on sample 1, as shown in table A4. 

The values of ~H% versus RD are plotted on figure 4 of plate A5 . They 

indicate that the relative density at which ~H% = 0 may be somewhat 

higher (87%) than that obtained in the controlled- stress tests; however, 

the difference is not great . This difference may be caused by the higher 

normal loads used in the controlled- strain tests . 

71. These test results indicate that the alluvial sands of the 

Mississippi River Valley have practically identical values of at a 

given density and will undergo equal net volume changes at a given relative 
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density in a specific type of direct shear test. These results should 

be checked by further testing. Eleven additional samples are available 

(see Miscellaneous Paper 3-9) for which most of the basic propertie~ such 

as maximum density, minimum density, and grain size, have been determined 

and would therefore require only a minimum amount of testing . 

Torsion shear test 

72 . The torsion shear test has the following advantages : 

a . The cross section remains constant throughout the test . 

b , The sample can be subjected to an unlimited amount of strain . 

c . Very little eccentricity occurs in the normal load during 
test . 

d. Fixed rings may be used rather than upper and lower rings 
(comparing to upper and lower box in the direct shear test) . 

The test is disadvantageous in the following respects : 

e . It is very difficult to prepare sand specimens within the 
ring at uniform densities . 

f . The test procedure is complicated, 

g . The results are difficult to analyze because of variations 
in linear strain along the diameter of the specimen . 

h . Fixed rings impose unknown friction conditions at the shear 
plane . (Floating rings have the same disadvantage as in the 
direct shear test . ) 

The most outstanding basic advantage is the unlimited amount of strain 

that can be applied to the specimen. All specimens of a given sand should 

approach the critical density with unlimited strain, regardless of the 

starting density, if it is assumed that dense specimens expand uniformly 

during shear, that loose specimens contract uniformly, and that no volume 

change occurs at the critical density . These assumptions are in general 

agreement with the idealized basic theory of critical density. Therefore, 
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it was thought that the torsion shear test might permit the approximate 

determination of critical density (for a given normal load) by means of 

a single test . The resulting advantage would outweigh the disadvantages 

of the complicated procedure and analysis even for routine testing . 

73 . Sample 1 was the only sample tested in torsion shear . Eight 

tests were performed with fixed rings and four \vi th floating rings . The 

in detail in Miscellaneous Paper 3 - lO(lO ) results of these tests are shown 

and are summarized in table A5 . Three values were measured: ¢, dry 

density at maximum shearing stress, and ultimate dry density . The angle 

of internal friction was computed for maximum shearing stress conditions, 

assuming the first peak value of shear stress to represent the maximum 

(s max). Shear stress had a tendency to fluctuate wideLy after this 

peak value had been obtained and occasionally values of shear stress were 

recorded at high strains which were greater than the peak value . However, 

the first peak value was the only consistent reference point throughout 

the tests and therefore it was selected for computation of ¢ and the 

corresponding value of dry density . The ultimate dry density also flue -

tuated widely, making the interpretation of test data extremely difficult . 

Sharp increases in density were observed ln some tests as the strain ap -

proached a value comparable to one complete revolution of the specimen . 

It is believed that the increase is due to mechanical breakdown of the 

grains as shown by sieve analysis at the end of the test (see Miscella-

neous Paper 3~10) and, in the case of the tests wherein floating rings 

were used, to material squeezing out between the rings . 

74 . The variations of with the initial dry density of the test 

specimens (after consolidation) vrere very erratic, as sho-vm by figure 1 

, 
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of plate A6 . The values are of the same order of magnitude as those ob

tained in the direct shear tests on this sample, but an exact relationship 

cannot be established on these data . The erratic nature of the data is 

not explainable at the present stage of the investigation; it probably 

r epr esents the cumulative effect of many variables unaccounted for, one of 

the most important of which could be wide variations in starting density 

throughout the specimen . 

75 . Comparison of dry density at maximum shearing stress with starting 

dry density is shown on figure 2 of plate A6 for these tests . The scatter 

cannot be explained as a function of normal load . Conventional analysis 

of these data results in a critical density of 105 . 2 lb per cu ft, the 

density at which no net volume change has occurred at maximum shearing 

stress . The scatter is so great and the curve of density change is so 

nearly parallel to the line of zero volume change that this value of 

critical density cannot be considered accurate . However, it is within 

approximately 4 lb per cu ft of the critical density obtained in the 

direct shear tests . 

76 . All tests did not approach a common ultimate density . Each test 

approached a condition of ultimate density (and shear strength) \vhich was 

a function of starting density as illustrated on figure 3 of plate A6 . 

The relationship between the two density values appears to be fairly con

stant in the low density range but rather erratic in the range of high 

density, where considerable difficulty was experienced in obtaining uniforrr 

densities and proper seating of the upper stone . The ultimate effect of 

shear on this sand is to cause a net volume increase for densities greater 

than 94 lb per cu ft . 

• 
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Triaxial shear tests 

77. There are two basic types of triaxial tests; the drained test 

or constant a3 test and the constant volume test. The details of the 

principles of these tests are discussed more thoroughly in Potamology 

Report No. 5-3. 

78. The drained triaxial test consists, basically, of deforming or 

straining a cylinder of sand confined by a constant lateral pressure (cr
3

) 

with a vertically applied load (a1 - a
3

, the deviator stress). The 

stresses acting on the sample are then, the major principal stress (cr1 -

confining pre ssure + deviator stress) which is variable, and a constant 

confining pressure, the minor principal stress (a
3

). If the sample is 

saturated the volume change occurring during shear can be measured by 

observing the change in water level in a pipette attached to the sample. 

The critical density is determined on a volume change basis as in the 

direct and torsion shear tests . 

79. The constant-volume triaxial test may be performed by either 

one of two methods. In the first, the variabl e a
3 

constant-volume test, 

the confining pressure a
3 

i s varied to maintain a constant wat er level 

in the volume -change pipette and thereby a constant volume . In the second, 

the variable pore pressure constant-volume test, the pore pressure u is 

varied by varying t he pressure on t he water surface in the pipette to 

maintain constant volume ; the net effect being to cause a variation in the 

effective confining pressure a
3

: 

a - u 
3 

The obser ved change in pore pre ssure and/or confining pressure corresponds 

--- --·---- ------- __ ,_-._· .to..--..-.---::......· ._ .. __ ..:_~-·---· -- ..• - ,._ ......... _.;. .. .. ___ •.•.. - . - -· . -----·-·- .• -· ·- .. - ..... · . · .. - ~. •!· -.· --~--. ' 



to the tendency of the net volume of the sample to change . Therefore, 

critical density is assumed to be that density at which no change will 

occur in the effective confining pressure required to maintain a constant 

volume at maximum deviator stress. 

80 . The triaxial test is commonly considered to be more realistic 

than either of the other two tJ~es of tests but is considerably more 

difficult to perform and analyze. The drained test is the easiest to 

perform, but the constant- volume tests, particularly the variable u 

test, most nearly approximate the natural conditions of shear . The 

constant- volume triaxial test is the only one in which the phenomenon of 

liquefaction has been reproduced (Potamology Report No. 5-3) . 

81 . Numerous triaxial tests have been performed on a sample of 

Mississippi River sand and the results described in Potamology Report No. 

5-3, "Triaxial Tests on Sands." All three types of triaxial tests were 

performed. 

82. The results of the tests can be summarized briefly as follows: 

a. ¢ varied slightly with confining pressure. 

b. ¢ averaged about 30° for the drained tests and about 25° 
for the constant- volume tests . 

c. The scatter in relationship between ¢ 
large in all types of tests (see figure 
anq could not be attributed exclusively 
in confining pressure. 

and "/ d was 
l of plate A7) 
to variations 

d. Critical density varied from 101 lb per cu ft for the 
drained and constant-volume variable u tests to 104 lb 
per c~ ft for the constant-volume variable cr3 test. 

e. Considerable scatter occurred in the relationship between 
volume change (figure 2, plate A7) and confining pressure 
change with density. 

f. Complete liquefaction occurred at starting densities less 
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than 96 lb per cu ft in the variable u tests and 97 .5 lb 
per cu ft in the variable a

3 
tests . 

g . Measurable amounts of cohesion were obtained (average c = 
0 .81 psi) probably caused by membrane restraint and piston 
friction . 

83 . The relative densities listed in Report No . 5-3 for the absolute 

densiti es given above are not considered comparable to other relative 

densities discussed in this report . The maximum and minimum density 

tests were not the same as those now being performed and a much narrower 

range obtained between maximum and minimum density . However, it is inter -

esting to note that the critical densities (lb per cu ft) listed above 

are of the same order of magnitude as those observed in the direct and 

torsion shear tests . Also , the density at which complete liquefacti on 

occurred in the triaxial shear tests is comparable to the density at 

which the ultimate density change in the torsion shear test equalled or 

was less than the initial density. 

84 . A limited number of constant- volume triaxial tests were performed 

on specimens taken directly from steel tube samples . These specimens 

were undisturbed in the sense that the natural arrangement of the sand 

grains was more or less intact . The density may have been altered by 

several pounds per cubic foot , since the samples were shipped to the lab -

oratory in a vertical position . The t e sts were repeated on the same sam-

ples, remolded and compacted to the same density . The results of these 

tests are given in the reports of the Morville and Free Nigger Point 

investigations ( see list of associated reports inside the back cover of 

this report) . These tests indicated that at a given density the sand in 

its natural structure developed more pore pressure than did the remolded 

• 

·--~ -- ..... ____ .,._ ~ -~----- .. --~•>-• .• _.:_ -- :.-~- -·· ··.e:~.--.:··~··-··· ... . . --. ···---- .... ·- . . . -· .... • ..... 



A45 

sand; suggesting that samples of natural sands are more susceptible to 

liquefaction than are prepared samples . 

85 . A comprehensive triaxial test investigation was begun in 1950 . 

The purposes of this investigation were to study all factors influencing 

the results of triaxial tests and to determine the strength and volume 

change characteristics of typical Mississippi Valley sands representing a 

wide r ange in grain size . Test procedures were investigated to obtain 

very uniform starting densities and to eliminate the effect of piston 

friction, membrane restraint, incomplete saturation of the specimen and 

apparatus, minor variations in grain size, etc . The desired results of 

these initial investigations were accomplished . Test procedures and 

results are described in detail in Miscellaneous Paper 3-11, "Triaxial 

Shear Tests " (not yet published) . It was found also as an indirect 

result that the variations in the density of the specimen increments 

during shear vrere markedly nonuniform, as discussed in Potamology Report 

No . ll-7 . The results indicated that the central zone of the specimen 

tended to expand, whereas the ends tended to contract during shear for 

confining pressures in the order of one atmosphere . The results of 

these tests indicated that : 

a. A given specimen preparation procedure does not necessarily 
result in the same average initial density or density varia
tion within the specimen when used by different technicians . 

b. The nonuniformity of volume change during shear is in
fluenced by membrane restraint. 

c. The nonuniformity of volume change during shear is in
fluenced by average initial density and density variation 
within the specimen. 

d. The nonuniformity of volume change probably is influenced 
by the dimensions of the specimen. 
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These tests were performed on sample l and comparable density variati ons 

occurred in all specimens regardless of the initial density; the lowest 

density tested was 93 lb per cu ft, RD = 16%. The net volume change of 

an entire specimen was the algebraic sum of the incremental volume changes 

and, in spite of the volume expansion of the center of the specimen , 

tended to be a volume decrease at initial densities less than 100 lb per 

cu ft in a majority of the tests . 

86. Additional tests were performed to determine if a corresponding 

variation in density occurred on diameters of increments , but the results 

were somewhat inconclusive . If variations in density do occur with change 

in diameter they are evidently too small or localized to be detected by 

the procedures used . 

87 . These results cast much doubt upon the actual significance of 

triaxial tests in particular and shear tests in general on cohesionless 

sands . Consequently, no further tests were performed and the theoretical 

approach to the problem of bank stabili ty was deferred for the time 

being . Concurrent field investigations of stable and unstable sand slopes 

indicated that empirical criteria of stability could be developed by 

direct comparison of soil conditions with bank stability (as discussed 

in appendix C of this report) . 

Discussion of results of shear 
strength and critical density studies 

88 . The results of the studies of shear strength and critical den-

sity can be summarized as follows: 

a . is proportional to yd in the direct shear test . 

b . The per cent change in height ~H (or volume change ~V) 

••• __ .....__.~ ' .. - -- ------- A ,• o• • o -··-....::._,• • .: •• -~--- ooo oo o · - -· •-•• --0 • '" o 0 -·-··"· • ... -- •• 
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is a function of relative density ln the direct shear test . 

c . The ultimate density of a torsion shear test specimen is 
a function of initial density . 

d . The total volume change (or pore pressure change) measured 
during shear in a triaxial specimen is the net effect of non
uniform density changes over the height of the specimen . 

e . Undisturbed sand specimens develop more pore pressure during 
shear (triaxial) than do remolded specimens . 

f . The critical densities determined in all types of shear 
tests were roughly comparable) as shown on plate A8 . 

g . Less scatter was obtained in the results of routine direct 
..... 

shear tests than in very carefully performed torsion and 
triaxial shear tests (compare plates A5, A6, and A?) . 

89 . The foregoing results point to the need for a critical review 

of the current concepts of the stress -deformation characteristics of co -

hesionless soils . The assumption that the shear test specimen deforms 

uniformly has been implicit in practically every shear investigation con-

ducted since the critical density concept was originally defined . It has 

been shown that this assumption is not valid for triaxial shear tests; it 

is very probable that it is not valid for any type shear test . Nonuni-

formity of volume change would explain why the torsion shear specimens 

did not ultimately reach a common density at which no further density 

change would occur . 

90 . It must be concluded that the volume change occurring in the 

zone of shear ln any type of test is not equal to the measured net volume 

change of the entire specimen in a quantitative or even a qualitative 

sense . The net volume change is probably a function of the type of test, 

the initial density) variation of density within the specimen during shear; 

confining pressure (or normal load)J membrane restraint) and the dimension~ 
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of the specimen . What then is the significance of the net volume change? 

It is certainly not representative of the volume change that will occur 

in every element of a large mass of sand subjected to uniform deformation . 

It may, in a very limited sense, represent the volume changes which occur 

in and around a well-developed shear plane in a large mass of sand . 

91 . A very important factor given very little consideration in the 

past is the net volume decrease, which almost invariably occurs in a shear 

specimen in the first 1 to 2 per cent strain . This phenomenon seems to oc -

cur regardless of initial density or type of test . It has been demonstrated 

that numerous small strain reversals will cause a serious reduction in the 

effective confining pressure in a constant-volume t)~e of triaxial test .( 29) 

These phenomena suggest that a sand does not fully consolidate under a 

static normal load; perhaps because of interlock which develops between 

sand grains . This interlock would be destroyed by small shear deformations 

and would permit an additional small amount of consolidation even in dense 

sands . This slight volume decrease occurs before the sand has developed 

its full shear strength and can cause detrimental pore pressures in an un-

drained system . There are indications, as discussed in Miscellaneous 

Paper 3-11, that the ratio of per cent change in effective stress in the 

undrained condition to per cent volume change in the drained condition is 

as much as 10 :1 when complete saturation is obtained. That is, a tend-

ency to decrease in volume by 1 per cent will cause a 10 per cent reduc-

tion in effective stresses if the sand is completely saturated and no 

drainage of pore water is permitted . The results shown on plate A7 indi-

cate t hat the ratio is substantial (6 or 7:1) even in tests where the 

degree of saturation is imperfect (see Potamology Report 5-3). 

- . - . . 
. . - - .. .. _.._ _ . . . .. . . ·- .... ~ .. ·. - ... ~. . . - .. ·~--···:~. ·:·.-.......... . . .. - . ' 



92 . The best guide test presently available is the direct shear 

test . It is the simplest test to perform and is as accurate, if not more 

accurate, than any other test . The test should be standardized for use 

as an aid to the empirical approach, and the dimensions of the apparatus 

and test procedure specified in sufficient detail to permit accurate du

plication of results . 

Miscellaneous Laboratory Tests 

Consolidation tests 

93 . A limited number of consolidation tests have been performed in 

connection with the potamology studies . Tests on undisturbed and remolded 

sands at equal initial dens i ties tend to substantiate the r esults obtained 

i n triaxial tests . Undisturbed sands consolidate more than remolded sands 

under a given load (see "Investigation of Free Nigger Point Crevasse, 

Mississippi River," December 1950) . 

Permeability tests 

94 . No permeability tests have been performed in connection ,.,i th 

the potamology studies . However, the results obtained in other studies ( 5) 

and in a study being performed for the Office , Chief of Engineers , (Hori 

zontal Permeability , CWI 500-A) indicate that a definite relation exists 

b etween permeability and grain size . 



Table Al 

S~1ARY OF RESULTS OF INVESTIGATION OF MAXIMUM DENSITY PROCEDURES 

Waterways Experiment Station- 1946 

Void Dry Density 

Laborator y Compaction 
Ratio 1 d max 

(e max) Test Mold Size Procedure Applied By Lb/Cu Ft 

Providence Proctor Vibration under Rubber hammer 0.73- 98 . 5-97 -3 
District mold static mold 0.75 

Providence Proctor Vibration under Steel hammer 0 .70- 100 . 1- 99 .0 
District mold static load 0 .72 

Providence Proctor Vibration under Electric drop 0 .70 - 100 .1-99 .0 
District mold static load table 0 .72 

Providence Proctor Vibration under Electric jack 0.68 - 101.2-101 .1 
District mold static load hammer 0 .70 

WES 2" diam Hammer compac - 25 blows 0 .58 - 107 .8-106 . 2 
X 6" high tion (dry) 4- lb hammer 0.60 

12" drop 
6,100 -g layers 

WES 2" diam Hammer compac - 25 blows 0 . 58- 107 .8 -106 . 2 
X 4" high tion (dry) 4- lb hammer o.6o 

12" drop 
4,100- g layers 

WES 2" diam Rodding (dry) l/4" steel rod 0.58 - 107.8-106. 2 
X 4" high 0 . 60 

Standard Proctor Hammer compac - 25 blows 0.62 105 .1 

AASHO tion (satu ... 5- l/2- lb ham-
rated) mer 

12" drop 
3 equal layers 



Sample 1 
D = 0.30 mm 

Test 
p 

Series 7d max t:J. 7d min t:J. Spread 7d max 

I 105.7 +0.9 89. 7 +0.9 16.0 101.6 

II 106. 7 +0.4 88.8 +0.6 17-9 102.3 

III 107.2 +l. 3 93.4 +0 . 5 13.6 103.8 

IV 107.4 +0.4 90.1 +0.5 17.3 101.3 -

v 1o8.5 90.0 18.5 102.0 

VI 108. 3 93-7 14.6 103.6 

VII 106.1 +1.9 90.6 +0. 5 15-5 102.3 

VIII a 

VIII b 

VIII c 

VIII d 

Table A2 

RESULTS OF MAXIMUM AND MINIMUM DENSITY STUDIES 
Waterways Experiment Station, 1948-1951 

Sample 4 Sample 5 
D = 0.16 mm D = 0.37 mm 

p p 

t:J. 7d min t:J. Spread 7d max t:J. 7d min t:J. 

+0.4 84 . 1 +,1.. 3 17 . 5 1o8.5 +0.1 92 .6 +0.4 -

+0.3 84.0 +0.2 18.3 108.5 +0.1 91.7 +0.3 

+0.7 90.5 +l. 7 13-3 lo8.4 +0 . 6 95-9 +1.4 -
+0.2 85.0 +0.3 16.3 108.7 +0.3 92.8 +0.3 -

84.8 17.2 110.3 92-7 

91.3 12.3 110. 0 96 .7 

+0.5 86 . 1 +0. 2 16 . 2 108.5 +0. 3 93-l +0.1 

93-3 

98.2 

96.0 

106.9 

Sample 8 
D = 0.18 mm p 

Spread 7d max t:J. 7d min t:J. Spread 

15-9 105 . 4 +0.8 87 . 7 +0.2 17.7 

16.8 106.4 +0.6 87.0 +0 . 6 19.4 -
12.5 106.2 +1.6 92.1 +0 . 7 14 . 1 -

15.9 106 . 4 +0.7 88.5 +0. 3 17 . 9 

17 . 6 1o8. 7 88.1 20.6 

13-3 lo8.8 92 .2 16.6 

15.4 104. 9 +0 .7 88 . 5 +0.6 16.4 

88.8 

93-7 

89.9 

104.1 

Note : Density values represent the average value in lb/cu ft for all tests in each series. 

t:J. represents total variation in lb/cu ft about the median density obtained in all tests of each series where 3 or more duplicate tests were 
performed. 

Spread represents the difference in lb/cu ft between average density values. 



Table A3 

VARIATION IN GRAIN-SIZE DISTRIBUTION 
IN ALL SERIES OF DENSITY TESTS ON SAMPLE NO . 1 

Tyler Sieve No . 

10 

14 

20 

28 

35 

48 

65 

100 

150 

200 

Per Cent Passing 

100 to 99 .9 

100 to 99 .8 

100 to 99 . 2 

100 to 97 . 1 

38 .0 to 31 .1 

10 .0 to 3 . 9 

6.3 to 0 . 9 

3 .7 to 0 . 5 

2.8 to 0 .3 



Table A4 

SUMMARY OF DIRECT SHEAR RESULTS 

a T L t.H'f r d ~ 
a ,. 

L H 6H t.H~ rd R~ n max H t.H n max 

Sample 1 Sample 1 
D = 0. 30 mm p D = 0. 30 mm p 

Controlled Stress Controlled Strain 

18.75 10.83 30.0 0.807 -0.013 -1.61 91.8 9.8 18.75 21.95 49. 5 0.785 -0.019 -2.42 89.3 - 9·3 
25 .00 15.00 31.0 0.811 -0.014 -1.73 91.2 8 . 1 25 .00 22 .64 42.2 0.791 -0.018 -2.28 89 .8 - 8 .1 
31.25 17 .78 29.7 0.803 -0.015 -1.87 91.6 8 .4 31.25 25 .00 38.7 0.785 -0. 016 -2.04 91.7 + 9·3 

76.40 51.39 33 .9 0.785 -0.012 -1. 53 91.7 

18.75 11.11 30.6 0.823 -0.006 -0.73 92 .6 15 .8 18.75 15.00 38.7 0.785 -0.012 -1.53 95 .8 38.5 
25 .00 15 .28 31.4 0.807 -0.004 -0.50 95 ·3 35 .0 25 .00 18.75 36 .9 0.791 -0.015 -1.90 96. 3 41.9 
31.25 18 .89 31.2 0.811 -0.009 -1.11 94 .4 28.7 31.25 23 .47 36 .9 0.787 -0.016 -2.03 96 .8 45.3 

62. 51 41.53 33 .6 0.787 -0.012 -1.52 96 .8 45 . 3 

18 .75 13 . 33 35.4 0.780 +0.003 +0 . 38 105 .0 96 .0 18.75 16 .25 40.9 0.791 0.001 0. 13 103 .5 87 .3 
25 .00 17 .22 34 .6 0.772 +O.Oo6 +0.78 106.6 105.0 25 .00 18.89 37 . 1 0.787 0.000 0.00 104 .0 90. 3 
31.25 21.95 35 . 1 0 .803 +0.004 +0 .50 102.5 81.4 31.25 22 .92 36 .3 0.791 0.004 0. 51 105 . 1 96 .6 

62 .51 44 .59 35 .5 0.787 o.oo6 0.76 105 .6 99 .4 

Sample 2 
D p = 0.46 mm 

Controlled Stress 

18.75 11.39 31.3 0.815 0.020 2.45 96.7 7 .6 
25.00 15.56 31.9 0.803 0 . 0~7 3.36 97 ·3 12.0 
31.25 18.33 30 .4 o.8o8 0.014 1. 73 97 .8 15 .8 

18.75 12 .22 33 .1 0 .824 -0.002 -0.24 98 .6 21.7 
25 .00 16. 39 33 .2 0 .791 0.010 1.26 102 .8 51.0 
31.25 19. 17 31.5 0. 777 0.000 o.oo 105 .4 67 .9 

18.75 13 .33 35 .4 0.795 -0.002 -0.25 109.0 90 .0 
25 .00 16 .67 33 ·7 0.793 -0.001 -0. 13 110.0 95 · 9 
31 .25 22 .50 35 .8 0.790 -0.002 -0.25 109 .5 93 .0 

Sample 3 
D = 0. 18 mm p 

Controlled Stress 

18.75 10. 56 29.4 0.817 0.012 1.47 89.3 1.5 
25 .00 15 .56 31.9 0.781 0.014 l. 79 95.0 41.2 
31 .25 18.61 30.8 0.776 0.015 1.93 95 · 5 44 .9 

18.75 11.95 32.5 0.783 o.oo6 0.77 99. 1 67.0 
~5 . 00 16 . 11 32.8 0.793 0.003 0.38 98.0 60. 3 
31.25 20.28 33 .0 0.775 0.012 1.55 98.0 60. 3 

18.75 13.33 35 .4 0.819 -0.010 -1. 22 105 .8 104.8 
25 .00 17 .50 35.0 0.819 -0.015 -1.83 105 .8 104 .8 
31.25 23.47 36.9 0.827 -0.014 -1. 69 104 .8 99 . 5 

Sample 4 
D p = 0. 16 mm 

Controlled Stress 

18.75 10.56 29.4 0.791 0.014 1.77 88 .4 16.4 
25 .00 14.17 29 .5 0.780 0.010 1.28 89.8 26.0 
31.25 17.50 29.2 0.787 0.017 2. 16 88.9 19 .9 

18.75 11 . 11 30.6 0.787 0.019 2.41 93 -3 48.7 
25.00 15 .00 31.0 0.792 o.oo8 1.01 94.2 54.3 
31.25 18.33 30.4 0.787 0.013 1.65 93· 3 48.7 

18.75 12.50 33-7 0.7~1 -0.003 -0.38 101.8 97 -4 
25.00 16. 39 33.2 0.787 -0.004 -0.51 103 .8 107.6 
31.25 20.84 33 ·7 0.791 -0.003 -0.38 102.8 102.6 

. . ' . -· . . 
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Table A5 

Sill~Y OF TORSION SHEAR TEST RESULTS 

Sand Sample 1 

/' d Lb/Cu Ft 'l d @ Normal Shearing ¢ T 
Test After Consol Ultimate Stress, Stress, • (c = 0) Remarks max psl psl 

1-0 Loose 91 . 49 92 . 08 92 .5 18. 67 11 . 53 31 . 8 Floating rings 
1-la Loose 92 .87 93 -56 94.0 18 . 67 11. 52 31 . 8 
1-lb Loose 94 . 47 94 . 17 94 . 3 25 .1 15 . 20 31 . 2 Test run on same sample as la 

lc Loose 94 . 95 94 . 67 94 . 8 31 . 6 19. 12 31 . 2 Test run on sample of test lb 

1 -1 Dense 104 . 3 99 .84 18. 67 16.75 41 . 8 Floating rings 

l-2a Loose 90 . 54 91 .40 Ql . 8 
~ 

18. 67 11. 80 32 . 3 Fixed rings 
l-2b Loose 91 . 21 92 . 04 92 .4 25 . 1 16 .29 33 . 0 Fixed r ings 
l -2c Loose 91 .65 91 .84 92 . 5 31 . 6 20 . 80 33 -3 Fixed rings 

1- la Dense 112 . 5 102 . 91 112 . 2 18. 67 12 . 34 33 -5 Fixed rings and new stone 
1-lb Dense 109. 47 104 . 51 108 . 9 25 . 1 17 . 40 34 -7 Fixed rings and new stone 
1-lc Dense 109 . 3 106 . 2 109 . 7 31 . 6 31 -7 Fixed rings and new stone 

.. 
1-la Medium 100 . 2 99 -7 100 . 4 18 . 67 32 . 1 Fixed rings and new stone 
1-lb Medium 100 . 2 98 . 5 100 . 7 25 . 1 30 -7 Fixed rings and new stone 
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APPENDIX B: EXPLORATIONAL EQUIPMENT AND PROCEDURES 

Sampling Equipment 

1 . The principal difficulty encountered at the beginning of the 

explorational phase of the potamology inyestigations was the determination 

of the natural density of cohesionless deposits located beneath the water 

table . This problem has been resolved as discussed in appendix A, para

graph 44 . The procedure now in use is described in detail in reference 

(13). 

2 . The possible errors in natural density caused by sampling have 

been analyzed and the natural density values found to be reasonabl y accu

rate, as discussed in appendix A and Potamology Report 12- 1 . The sampling 

method and density determination procedure can be used with confidence in 

the accuracy of the results. 

3 . Shortages in the supply of 3- in . ID 18- gage steel tubing may 

require the use of tubing of different diameter and/or gage in the future . 

The results of studies of variation in results owing to changes in tube 

size (Potamology Report 12-1) indicate that the differences are negligible 

for tube diameters between 3 and 5 in . 

Sounding Equipment 

4. An investigation has been conducted concurrently with the 

devel opment of sampling procedures to determine the feasibility of meas 

uring the density of sand deposits by penetration resistance methods . 

Direct determination of natural density remains fairly costly and time 

consuming in spite of the improved techniques discussed previously . 
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Indirect determination methods, of which penetration resistance is one, 

offer the advantage of a material reduction in cost and time. 

5. There are two general types of penetration tests: 

a. The dynamic penetration test in which the resistance is 
generally measured as the number of blows of a hammer 
required to drive the penetrometer a given distance using 
specific procedures and equipment. 

b. The static or continuous-thrust penetration test in which 
the resistance is measured as the thrust required to ad
vance the penetrometer at a given rate. 

Both types of tests were investigated and the results obtained are dis-

cussed in the following paragraphs. 

11 Standard11 penetration test 

6. The dynamic penetration test is generally the cheaper of the 

two types because of the simplicity of the equipment and procedures used. 

It is therefore the one in most common use in the United States . Numerous 

variations of the basic procedure and equipment are used, and an attempt 

has been made to standardize these variables.(3S) This so-called 11 stand-

ard11 penetration test was selected initially for study and use in the 

potamology investigations, and observations regarding its use have been 

published in Potamology Report 5-5. The penetration resistance was found 

to be influenced by many variables besides natural density. The penetrom-

eter used in this test is recognized as being a rather crude apparatus. 

Considerable refinement would be necessary to eliminate even a few of the 

variables. Some of the variables never could be eliminated, since they 

are inherent to any form of dynamic load application. For example: 

a. The sand is disturbed to such an extent, at and some dis
tance below the end of the penetrometer, that the pene
tration resistance is a doubtful measure of natural 

..... ....r,- ...... ~..,...~~ ... _ ... _ ... ~-~-~-~-•"u··· ·•·-·:_·_ ... _,; __ .... ,., ... ..._ . ., ... .; __ .. .,. __ .,. .... •. ' .... • ····--.... •· .. •. ' .... · · ... • ·:··•: :-•••••. , '. •. , ·. ' 
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density, and 

b. The inertia effect (as in pile driving) of the drill rods 
increases with depth and is dependent upon the size and 
weight of rods being used. 

These factors combined with the effect of increased intergranular stresses 

with depth, variations in intergranular pressures due to variations in the 

water table, effect of variations in grain size, the effect of stratifica-

tion within the 1-ft advance of the penetrometer, etc., all make it im-

possible to analyze the results by a conventional correlation of blows per 

foot versus relative density(38) and very difficult to establish the true 

relation. This ;s illustrated by the sequence of events occurring at 

Free Nigger Point subsequent to the large liquefaction failure of 24 March 

1949 . A smaller liquefaction failure occurred in April 1951 very close 

to and including sbme portion of boring 2D, a standard penetration type 

boring made in connection with investigation of the previous failure. The 
• 

standard penetration test results obtained in the sands involved in the 

later failure varied from a minimum of 10 blows per foot to a maximum of 

120 blows per foot, averaging 45 blows per foot, indicating that by con

ventional methods of analysis,(38) the sand is dense and not susceptible 

to liquefaction. On the other hand, the fact that liquefaction did occur 

combined with the results of undisturbed borings indicates that the sands 

are relatively loose and are susceptible to liquefaction. 

7. The foregoing discussion should not be taken as an indictment 

of the standard penetration test as a preliminary explorational tool. 

The method undoubtedly is of value for that purpose, especially in the 

case of cohesive soils where the conventional correlation of penetration 

resistance is probably more accurate, since it is based on a considerably 
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greater quantity of data than is the correlation for sands. No further 

study of the standard penetration test is being made in connection with 

the potamology investigations. 

Cone sounding apparatus 

8. A cone penetration device recently has been developed at the 

Waterways Experiment Station which employs the principle of continuous 
. 

static thrust as a measure of penetration resistance. The details of 

construction and operation of the device have been reported separately 

in Miscellaneous Paper 3-4. A discussion of the principles of operation 

and construction can be found in reference (19). Preliminary explorations 

made with the device in connection with the potamology investigations 

have been reported in Potamology Reports 5-6, 7-1, 9-1, 13-1, 14-1, and 

15-1, and the penetrometer has been used also in connection with a spe-

cial investigation at Morville revetment. This penetrometer has several 

outstanding advantages, in that it can be advanced continuously (no sep-

arate clean-out operation is necessary), penetration resistance can be 

measured independently of any side or skin friction, and it apparently is 

very sensitive to changes in soil conditions. 

Analysis of Results of Cone Sounding Tests 

9. Prior to the development of the correlation between natural 

density and grain size, undisturbed sample borings were made adjacent to 

all cone soundings to permit a direct correlation of cone thrust and 

natural density. Samples were taken at regular vertical intervals of 

5 ft or at depths where significantly high or low penetration resistances 

occurred. The undisturbed boring was made at least 5 ft away from the 
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cone sounding to avoid any disturbance caused by the con~, and within 20 

ft of the cone sounding to minimize the effect of lateral variations in 

soil conditions. 

Initial correlation procedure 

10. A relation of ld nat versus N was developed concurrently 

with the accumulation of the cone data. The first step was to determine 

if cone thrust were related to N or DP' and therefore to natural den-

sity. Plots of N or D and cone thrust as obtained in adjacent bor
P 

ings and soundings indicated that the pattern of variation with depth 

was similar for the two properties. Typical results are shown on plate 

Bl. It was believed, however, that some consideration should be given to 

strata tilt which would cause a given stratum to occur at a different 

elevation in the cone sounding than in the boring. The actual tilt and 

change in elevation of the strata could not be determined, since the 

orientation of the undisturbed samples was not determined. Therefore, 
. 

the initial attempts at correlation were made in the following manner: 

a . A plot of N versus cone thrust T was made for all bor
ings and soundings at a given site, the corresponding 
values in each comparable boring and sounding being taken 
at equal depths . 

b . A straight-line relationship was assumed which visually - appeared to best fit the plotted points . 

c . All values of N versus T were then checked to see if 
better agreement could be obtained with the relationship 
so indicated by assuming that all strata encountered in 
all increments of any given sample could be 0.75 ft 
higher or lower in the cone sounding . Adjustments were 
made to the data when better agreement could be obtained. 

d . A conventional correlation of the two variables then was - made . 

The validity of any procedure which requires the "adjustment" of data is 
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open to question . However, the assumption forming the basis of this pro-

cedure is realistic, and the 0 .75-ft limit of permissible depth change 

probably is rather severe. Strata dip has been observed frequently to 

be as much as 1 on 3 in undisturbed samples, which would cause the eleva-

tion of a stratum to vary by approximately 1.5 to 6.5 ft over the interval 

(5 to 20 ft) separating the boring and the soundings. 

11. A correlation was made between data obtained at Bauxippi-

Wyanoke revetment and Point Menoir. These data were grouped together 

since the data available from Point Menoir were rather limited, and the 

following equation was obtained:* 

N - 26.6 - 0.243 T (T - thrust in 100-lb units) 

S- + 0.7 N 

r - 0.97 

indicating that a rather good correlation existed between thrust and 

grain size which was common to both sites and that grain size could be 

determined with reasonable accuracy from thrust values . 

12. Analysis of cone thrust and N data obtained at Kempe Bend, 

La., resulted in the following approximate equation for the adjusted data 

(no actual correlation was attempted): 

N - 21.6 - 0.08 T 

S - + 0.5 N .... 

indicating that an equally good correlation probably does exist but with 

considerable difference in thrust for a given grain size . 

* Note: In this case N is the dependent variable and T the independ
ent variable, since it is desired to determine how accurately N can 
be estimated from T. 
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13. The foregoing analyses indicated that thrust was not an exact 

function of N (and natural density) but must also be related to another 

variable or variables. Depth (or overburden pressure) was considered to 

be a likely cause of the observed discrepancy. Grain size tends to in-

crease with depth at all of the three sites discussed above. However , 

the depths at which equal grain sizes occur vary from one site to the 

next. 

Correlation of thrust 
with Dp and depth 

14. Average values of depth and average values of thrust were com-

puted for a given range of grain sizes and plotted versus the average 

value of grain size for the given range for the data discussed above . A 

family of curves of thrust versus N , representing 10-ft intervals of 

dBpth, was superimposed on these average data to obtain good visual agree -

ment . This family of curves appeared to be of the general relationship 

log T - log A + B log N + C log H 

wherein H is the depth in feet, A, B, C are constants, and all other 

symbols are as previously defined. Depth was used in preference to over-

burden pressure to reduce computations, the general soil profile and 

depth of water table being comparable at all sites . (The thickness of 

cohesive overburden was in the order of 30 to 40 ft and the depth to the 

water table in the order of 28 to 31ft.) 

15. The original data were readjusted to obtain a better agreement 

with the family of curves by the same adjustment procedure used previous-

ly. A statistical correlation of the combined adjusted data for all sites 
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'\vas made and the resulting equation was:* 

log T - 4.14434 - 2.8361 l og N + 0.50685 log H 

or 

having the statistical properties: 

S = + 0.1177 (i . e . , the range 
cent of the values equals 

r - 0.885 

of variation of thrust for 68 per 
T : 1.31 and T X 1.31) 

16. The foregoing correlation would indicate that a substantial 

portion of thrust is dependent upon the two variables Dp and depth . 

The standard error of estimate is large but is roughly comparabl e to the 

variation in soil conditions and/or cone thrust that occurs in close in-

tervals in typical deposits of Mississippi River sand (see Miscellaneous 

Paper 3-12( 9)) . The equation on this basis might be assumed to be fairly 

representative of the relationship of the three variables . However , cer -

tain inconsistencies become apparent upon application of these results 

to original cone-thrust data . 

17. The apparent inconsistencies present in the computed relation-

ship of depth, thrust and Dp, are illustrated by appl ication of there 

sults t o the raw data obtained at Kempe Bend, La . (Potamology Report 

No . 9-1) . Thrusts of 4000 to 5000 lb were obtained in al l 12 cone sound-

ings at a depth of approximately 50 ft which, from the equation, should 

* Not e : In this case T is the dependent variable , since it was de 
sired t o determine the variation of T with respect to N and H • 

. · -~ ...... --~ .. -.............. · .... ____ ,.._ .. ._ ................... _: __ .. ---· ·- .... .. .. ~ , __ .:. ... '·--· . .. . . . . .. . .. .. . .. . . .. -... ·:· •; .- .. . . . 
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cor respond to grain sizes in the order of Dp = 15 . No grain sizes this 

coarse were encountered in any of the 6 undisturbed borings until a depth 

of approximately 90 to 100 ft had been reached . Samples were taken in 

a l l of these borings 5 ft center- to- center vertically (2 . 5-ft vertical 

interval between top and bottom of adjacent samples) except in one boring 

wherein continuous samples were taken. It seems highly improbable that , 

if coarse strata were present at this depth, they would not have been de -

tected in any of the borings . 

18 . The only logical conclusion is that the adjustment procedure 

used in these correlations is too liberal . No single general relation-

ship of thrust , depth and grain size suffices for all sites . Thrust 

must be influenced by an additional variable or variables . 

Factors influencing 
cone thrust 

Recent Developments 

19 . There are three general types of variables which conceivably 

could have an influence on cone thrust . These are : 

a . Variations in the physical properties in a given stratum 
..... 

of sand. 

b . Variat ions i n the composition and stress char acteristics 
of sand deposits ( i . e ., a mass of sand having more than 
one stratum). 

c . Variations in equipment and procedures used to determine ..... 
cone thrust . 

The possible influence of these variables on cone thrust is discussed in 

t he fol lowing paragraphs . 
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Variations in the physical 
properties of a sand stratum 

20 . Apparently a given stratum of sand, i.e., a layer of sand having 

a constant value of Dp , will not vary appreciably in natural or relative 

density, on the basis o~ the results presented in appendix A of this re-

port. It seems reasonable also to assume that the strength and consoli-

dation characteristics will be constant, on the basis of the limited test 

data presented in appendix A. A limited number of additional tests have 

been performed to determine if this assumption is valid. 

21 . Samples -vrere selected at Kempe Bend and Bauxippi-Wyanoke hav-

ing similar values of Dp , true natural density, and overburden pressure 

but having markedly different penetration resistances. The results of 

direct shear tests performed on these samples are shown in table Bl. No 

significant difference was found in the shear strength or volume-change 

characteristics of these samples which would explain the large difference 

in penetration resistance. These tests further substantiate the belief 

that no significant variations occur in the physical properties of a 

given sand stratum. 

Variations in the 
properties of sand deposits 

22. A sand deposit (i.e., a natural mass of sand having more than 

one stratum) has properties which could influence cone thrust such as: 

a. Stratification: dip, cross-bedding, thickness. 

b . Effective stresses: normal stress or overburden pressure, 
lateral stress or coefficient of earth pressure , precon
solidation stress . 

23 . The dip and cross -bedding of strata within a given deposit were 

• •• •• ••-••....._ .... _......._ '• ____ ,... __ ... . ..... ,..... ··-- • ··--• I •, "•'~··--- ..... ..__.._, •• . ••' ~-, • •,- '• • • 
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a major source of difficulty in the initial studies as previously dis 

cussed. This problem has been resolved by the use of a revised field 

procedure . The new procedure consists of forcing the cone to a given 

depth at a constant rate of penetration . The cone is removed from the 

hole at the end of a drive and a 3- in . -diameter sample is taken with a 

piston sampler . The sampler is removed, the cone reinserted in the hole , 

and the soundings are continued until the next arbitrarily- set depth is 

reached, at which time another undisturbed sample is taken . This pro

cedure can be repeated as often as desired . 

24 . The advantage of the above method is that the samples obtained 

contain the imprint of the cone . Typical examples are shown on plate B2 . 

The samples are split axially and the grain- size distribution of the soil 

immediately adjacent to the cone imprint is determined. The effects of 

strata dip and cross -bedding on the correlation are eliminated by this 

procedure, although the effects of strata thickness, effective stresses 

and variations in procedure and equipment are still present . 

25 . This newly developed procedure was used at four revetment 

sites along the Mississippi River . A plot of cone thrust versus Dp 

(and/or N ) for the samples at the cone tip is shown on figure 1 of 

plate B3 . The correlations of thrust and N for Kempe Bend, Bauxippi

Wyanoke , and Point Menoir combined, which were obtained by the procedure 

described in paragraphs 11 and 12 above , are superimposed on this plot 

for comparison . It can be seen that the data obtained by the new pro

cedure do not fit either of the above correlations and, therefore, sub 

stantiate the conclusion that the adjustments used in the initial corre -

l ations were too liberal . 

• 
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26 . The data show that the thrust is affected by the overburden 

pressure as well as by the grain- size distribution of the soil . The cone 

thrust is plotted versus overburden pressure with the N values indi-

cated adjacent to each point on figure 2 of plate B3 for the samples ob -

tained at the cone tip . There is a general trend for cone thrust t o in-

crease with decr easing values of N and increasing overbur den pressure 

values . However, it can be seen on figure 2 that cone thrusts and over-

burden pressures vary by as much as 2000 to 3000 l b for equal val ues of 

N (e . g . , samples having N = 16 .0 to 16. 4 and P0 = 2 . 35 to 2 . 70 ton/sq ft) . 

These results do indicate that a definite relationship probably exists be -

tween cone thrust , DP , and overburden pressure . There is enough scatter 

in the results , however , to indicate that cone thrust is influenced by 

some other major variable or variables . 

27 . This variable , or variables , may be found to be related to 

strata thickness and/or coefficient of earth pressure within a given de -

posit as compared with other deposits . No way is known by whi ch the 

exact effect of either can be determined accurately . I t is reasonable to 

believe that cone thrust could be influenced by adjacent str ata (above 

and below the cone tip) in highly stratified deposits having a wide range 

of Dp values within small vertical distances . A quantitative estimate 

of this effect could be obtained from carefull y -performed l aboratory 

tests using a model cone . The effect of the coefficient of earth pressure 

could be estimated also from similar tests . 

Variations in equip 
ment and procedure 

28 . The procedural variables, such as rate of penetration, speed 

. - -- ---- . 
-r.' • • ~- --- '- ----'--''"'"'- .~.. I--- ·-·--- ·• o. ·-·~••----••·•·--' •• ' • • •• •-• • • • ' •• •:• •,: •o I ' 
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of rotation of the auger, the rate of mud flow, and the pressure required 

to circulate the drilling mud, all could have an effect on cone thrust . 

However , standardized val ues of the first three of these variables have 

been specified (Miscell aneous Paper 3-4) for all field operations . Fre 

quent checks have been made to determine if these specifications are be

ing complied with, and onl y the rate of penetration was found to vary . 

This val ue was observed to vary from approximately 2 ft per sec to 0 . 25 

ft per sec . This l imited variation probably does not appreciably affect 

the cone thrust . It could be eliminated completely by replacing the flow 

control val ve on the hydraulic system of the drill rig used in the cone 

studies with a more sens itive valve . The fourth procedural variable , 

mud pressure, cannot be held constant if the rate of mud flow is hel d 

constant . Conceivably this mud pressure could be transmitted in part to 

the pore water at the cone tip, thereby reducing the effective stresses 

in the sand. Cone soundings were made at Goodrich Revetment using a cone 

having increased length between the cone tip and the mud vents in the 

auger section to obtain a reduction in any possible influence of mud pres 

sures . The cone thrusts so obtained are shown on figures 1 and 2 of plate 

B3 and do not appear to differ significantly from those obtained with the 

regular apparatus . Mud pressures are p~otted on figure 3 versus cone 

thrusts for the daca shown on figures 1 and 2 . Mud pressures do not ap 

pear to have any significant influence on cone thrust at a given value 

of Dp . 

29 . Certain variables could occur in equipment and might have an 

influence on cone thrust . These variables are friction, damage to the 

load-measuring apparatus, and reduced clearance between the bottom of the 
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outer rod and the cone tip. 

30. The apparatus was recalibrated during the investigation of 

Huntington Point revetment. The amount of friction between the cone rod 

and outer rod was determined by observing the proving frame while alter

nately raising and lowering the cone rod with respect to the outer rod, 

the cone tip hanging freely in the hole _(no thrust on the cone tip) with 

the outer rod rotating. With this method the friction increased 

slightly with depth and reached a maximum value of about + 250 lb. 

31. This friction was found to be caused by two factors. First, 

the water swivel, which guides the upper part of the cone rod, was bent 

and was causing poor alignment in the apparatus. This misalignment tended 

to cause binding of the cone rod. It was found also that considerable 

quantities of sand were recirculated in the drilling mud through the cone 

assembly. This sand tended to settle out betwe~n the inner and outer 

rods below the gooseneck water swivel and cause excessive binding between 

the two rods. This situation was corrected by replacing the water swivel 

with a direct connection to the inner rod so that the drilling mud is 

pumped directly into the inner rod. The apparatus was calibrated again 

and the friction found to be in the order of + 10 to 15 lb. 

32. The proving frame used to measure cone thrust was checked and 

no change was found in its load-deformation characteristics. 

33 . The cone penetrometer was designed with sufficient clearance 

between the bottom of the outer rod and the internal beveled shoulder at 

the base of the cone sleeve to permit elastic shortening of the cone 

rod.(l9) The inspector in charge of cone sounding operations reported 

that on occasion the outer rods tended to uncouple during sounding. This 
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would tend to decrease the clearance and at high thrust might cause the 

shoulder of the cone sleeve to bear on the base of the outer rod, causing 

some of the thrust to be transmitted to the outer rod and, consequently, 

an incorr ect thrust reading on the proving frame . The clearance would be 

reduced also by entrance of sand into the opening between the cone sleeve 

and the outer rod. The cl earance was checked several times during fiel d 

oper ations in fiscal year 1952 by measuring the travel of the inner rod 

at the end of a drive . The clearance was never found to be substant ially 

reduced. However , when the apparatus was disassembled at the end of 

fie l d operations , the bevel ed shoulder in the cone sleeve was found to 

be abraded severely. This would indicate that contact under load has 

been made between this shoulder and the base of the outer rod, with sand 

grains acting as the abrasive agent . Therefore , some of the indicated 

cone thrusts obtained in these investigations must be in error . 

34 . The metal mud sump used with this cone penetrometer was revised 

at the same time the revisions were made on the water swivel system. The 

sand did not settl e out of the drilling mud properly and excessive quanti 

ties of sand were then recirculated through the apparatus and caused 

severe abrasion in certain parts . The sand cut through the auger below 

the exit vents and caused a jetting action which extended almost to the 

cone tip. Consequently, the thrust values so obtained are somewhat in 

doubt . This condition developed during field studies conducted at 

Morville, La . , in December 1951. The cone has not been used since that 

time . 

Discussion of results 

35. The accuracy of all cone penetrometer readings obtained to date 
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are subject to the following possible errors: 

a. Excessive friction in the apparatus prior to revision of 
the water-swivel system. 

b. Possible contact between the outer rod and the shoulder of 
the cone. 

c . Jetting action which occurred after revision of the mud ..... 
sump. 

However, it seems likely that these factors can be eliminated as the 

source of the observed variations in cone thrust. The variations in cone 

thrust at equal values of Dp and overburden pressure are in the order 

of 2000 to 3000 lb, as discussed in paragraph 26. If factors a and b as 

listed above were the source of this deviation, it would be caused by trans -

fer of cone thrust from the cone rod to the outer rod by friction or con-

tact. The total gross load on both rods would be the same, however, and 

the pressure in the hydraulic system of the drill rig required to advance 

the apparatus would be the same for all equal gross thrusts. Hydraulic 

pressures were recorded simultaneously with cone thrusts for all sound-

ings made in fiscal year 1952 and these data are shown on figure 4 of plate 

B3. It can be seen that hydraulic pressure varies directly as cone thrust, 

indicating that no significant transfer of load has occurred between the 

cone rod and outer rod. The deviations of cone thrust from total thrust 

in this plot are in the order of 500 + 250 lb and certainly cannot account 

for the observed variation of 2000 to 3000 lb . Factor c listed above ap-

plies only to the data obtained at Morville, La . , and elimination of these 

data from the plot on figure 2 of plate B3 would not eliminate the observed 

variations. Undesirable variations have occurred in the procedures and ap -

paratus used to date but these effects cannot be considered as the cause 
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of the discrepancies observed in cone sounding tests . 

36. The cone penetrometer can be used to advantage in field inves -

tigation~ of specific sites . The major discrepancies in cone thrust data 

discussed above occur between sites . At any given site the results of 

cone sounding tests are sufficiently accurate to permit determination of 

general boundaries between soil types (see appendix C) on the basis of 

cone thrust . For example, a cone thrust of approximately 4000 lb gener-

ally indicated the boundary between the upper and lower sand series at 

Bauxippi -Hyanoke, Ark . , whereas a thrust of approximately 9000 lb was 

obtained for the same boundary at Kempe Bend, La. It is, of course, 

necessary to first determine the depth of the boundary and correspo4ding 

cone thrust at any given site by means of adjacent sampl e borings and 

cone soundings . Once the general relationship has been established (i . e ., 

the approximate cone thrust at each boundary) a detailed study of soil 

conditions at a given site can be made very readily and economically with 

the cone sounding apparatus . 

Conclusions and recommendations 
on use of the cone penetrometer 

37 . The following conclusions are warranted with respect to the 

cone - thrust data obtained to date : 

a . 

b . 

c . 

Cone thrust is related to the grain size (and/or density) 
of the soil, the overburden pressure , and an unknown var -
iable or variables . 

This latter variable (or variables) is probably the effect 
of strata thickness and/or the coefficient of earth pres 
sure in a given deposit of sand at one locality as compared 
with another . 

No significant variation has been found to occur in the 
physical properties of any given sand stratum, or in 
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procedures and apparatus which would account for the un
known variabl e . 

d . The cone penetrometer cannot be used independently of soil 
borings until the unknown variable is eval uated. 

e . The cone penetrometer can be used advantageousl y for the 
detailed investigation of specific sites in conjunction 
with soil borings . 

38 . Prior to further use of the cope penetrometer to evaluate soil 

conditions in cohesionl ess deposits , the fol lowing recommendations shoul d 

be observed in the order listed: 

a . The cone auger shoul d be repaired and the mud sump rede 
signed to prevent further abrasion . 

b . In all future tests the apparatus should be checked fre 
~uently for friction and reduced clearance . The hydrau
lic f l ow- control valve on the drill rig shoul d be re 
placed with a more sensitive valve and the rate of pene 
tration shoul d be checked at regular intervals . Hydrau
lic pressure and mud pressure should be recorded simul
taneously with the cone thrust . The pressure gages should 
be kept in a state of good repair at all times . 

39 . The following additional recommendations should be observed in 

any future studies concerned with the exact evaluation of the significance 

of cone thrust : 

a . Carefully performed laboratory cone tests should be con
ducted to evaluate the effect of strata thicknesses and 
coefficient of earth pressure on cone thrust . 

b . Extensive testing should be performed in as uniform a 
deposit of sand as can be found . Samples containing the 
cone imprint should be obtained fre~uently . A continuous 
undisturbed boring should be made adjacent to every third 
or fourth cone sounding to establish stratification of the 
sands and preconsolidation characteristics of any cohesive 
soils encountered within the sands. 

c. Item~ should be repeated for several sites to evaluate 
preperly the effect of all possible variables . 
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Present Limitations of Exploration Methods 

40 . The undisturbed sand- sampling technique can be used with con

fidence in the accuracy of the results . A certain amount of caution 

shoul d be observed during sampling and subsequent handling of the sample 

to prevent undue disturbance . Continuous sampling will cause a serious 

reduction in measured densities and a depth interval of at least 1 ft 

should be maintained between the bottom of one sample and the top of the 

next . These factors are discussed in detail in appendix A. 

41 . Dynamic penetration resistance methods and, in particular , the 

"standard11 penetration test cannot be used to determine rel ative densities 

of deep sand deposits when the results are analyzed according to a con

ventional table of blows per foot versus relative density . 

42 . The cone sounding apparatus cannot be used independently of 

soils borings at the present time, probably because of variations in soil 

conditions such as relative differences in strata thickness and in the 

coefficient of earth pressure which occur at different revetment sites . 

The cone sounding apparatus can be used advantageously in conjunction with 

soil borings to determine major soil boundaries at any given site . 
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SUMMARY OF DIRECT SHEAR TEST RESULTS ON SIMILAR NATURAL SANDS 

Cone a Initial (/J ---
6H% n 

Group Location Boring Sample Depth D Thrust Tons f.§.q Ft I'd at T at -r p max max 

A Kempe 18+50 6 26 19.4 3000 0 3(3 )* 96 . 3 31.4 +0 . 56 . ( 3) 
Bend 0. 6(4) 96 . 2 +0 . 27 

1 .2(1) 95 . 6 +0 . 12 
2. 4(1) 95 .6 +0 . 11 
4 .8 95 . 6 -0. 19 

Bauxippi - 5U 6 20 19 . 5 2000 (3) 95 .6 32 . 1 +0 . 58 0.3(3) 
Wyanoke 0. 6(4) 96 . 0 +0.29 

95 . 6 +0.32 1. 2(1) 
2 . 4(1) 95 . 6 +0.00 
4. 8 95 . 6 -0. 60 

B Kempe 4u 17 85 15 -5 7500 
(2) 104.6 36. 6 +0 . 70 1 . 2(2) 

Bend 2 . 4(2) 104. 6 +0 . 45 
4 .8 104. 7 +0. 69 

\ 

Bauxippi - 2U 21 78 15 .8 6000 (2) 104 .8 38. 3 +0 . 66 1 .2(2) 
Wyanoke 2 . 4(2) 104 . 7 +0.82 

4.8 104.6 +0 . 64 

* Numbers in parentheses equal number of duplicate tests. 
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APPENDIX C: FIELD INVESTIGATIONS 

1 . This section of the report is concerned with the empirical 

approach to the analysis of slope stability with respect to cohesionless 

soils . This approach is based on a study and comparison of soil condi 

tions at several sites along the banks of the Lower Mississippi River 

vrhich vrere either stable or unstable . As a consequence of these studies 

certain criteria for stability have been developed as discussed in the 

following paragraphs . The theoretical approach to the problem of stabil

ity is discussed in appendix A. 

Site Investigations 

Limitations 

2 . Field exploration of soil conditions at the various sites of 

concern to the potamology investigations and related studies was begun 

in 1947 . Numerous changes in field procedures and equipment have been 

made since that time, as discussed in appendix B. The soils classification 

system in use by the Corps of Engineers has been changed twice since 1947; 

consequently, the available data are not directly comparable in all cases . 

This limitation should be kept in mind when comparing the results of 

soils investigations as published in the various potamology reports . 

Geologic soil conditions 

3. Three principal types of alluvial deposits occur in the Lower 

Mississippi Valley : point -bar deposits, channel filling (clay plugs), 

and backswamp deposits . 

4. Point-bar deposits are accretion soils which build up inside 
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the bend of a meander loop as the loop enlarges . They consist of an 

overburden composed of lean clays, silts, and silty sands underlain by a 

massive deposit of clean fine sands called the "upper sand series" in the 

potamology reports . The fine sands are underlain in turn by a massive 

deposit containing coarse sand and gravel*, called the "lower sand 

series." This latter series generally is considered to be independent 

of the point-bar deposits and actually represents deposits left by the 

braided stream which occupied the valley when sea level was much lower 

than at present(l5 ) ; however, the geologic distinction i s not exact . 

The present river is known to transport coarse sands and gravels(8). I t 

seems likely, therefore, that some portion of the lower sand series en-

countered beneath point-bar deposits represents material which has at 

least been reworked and redeposited by the present meandering river . 

5. The channel fillings represent soil deposited in an abandoned 

meander of the river. These meanders are abandoned by means of natural 

or artificial cutoffs. The mouth of the abandoned meander fills rapidly 

with sands and silty sand; the remainder fills slowly and, as a conse -

quence, a deep deposit of clay is built up. Channel fillings normally 

are und.erlain by the lower sand series. 

6. The backswamp deposits generally are fine - grained soils which 

have settled out in ponded areas at some distance from the river . They 

range f r om fat clays to silty sands and normally are underlain by the 

lower sand series. 

* Cl ass ified as coarse sand and gravel by the tentative Department of 
t he Army Soils Classification System of 1950; medium sand, coarse sand 
and gravel by t he approved Department of the Army Soils Classification 
System • 

... "" -- -- -· --~·· --- --- .. ····-·-····--~·. " · ... 
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Type of failure 

7. The soils phase of the potamology investigations has been con-

cerned \vi th the study of major bank failures . Small upper bank shear 

failures (volume less than 20,000 cu yd) and general bank recession by 

erosion do not fall into this category. The various field investigations 

and reports published to date have been limited to the pertinent soil 

conditions at a given site. However, certain observations common to a ll 

sites have been made . These are : 

a . All major failures have occurred in point-bar deposits . 

b . The failures have extended well down into the upper sand 
series . 

c. The failures occurred during the high-vrater season, on 
both rising and falling stages . 

d. The failures occurred on very flat slopes (9° to 19° , 
average 12°) which were flatter than the angle of repose 
of the sand. 

e . The failures involved large quantities of 
in a relatively short time; e . g ., at Free 
the failure involved 4,400,000 cu yd, and 
than 12 hours. 

soil and occurred ,., 
Nigger Point 
occurred in less 

8. It has been concluded on the basis of these observations and by 

a process of elimination that the failures result from the liquefaction of 

fine sand. Liquefaction is caused by the development of excess pore -water 

pressure in the sand . The excess pressure could be caused by small shear-

ing strains (see appendix A) which may occur as the result of normal scour 

and oversteepening at the toe of the slope during the high-water season . 

Other factors, such as ground-w·ater gradients and earth tremors, could 

contribute to these strains. 

9. These liquefaction failures or "flow slides'' are not as uncommon 
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as might at first be thought. There are numerous published articles con

cerning this general type of phenomenon . (39, 3, 36, 26) There appear 

to be two general types of liquefaction failures . The first, spontaneous 

liquefaction of a large mass, occurs generally in very fine - grained co -

hesionless or slightly cohesive materials and in artificial deposits of 

sand which apparently were placed in a very loose or bulked condition . (3l, 

24) The second type, progressive liquefaction of a mass of sand requiring 

several hours for complete failure, is more common in natural alluvial 

deposits of sand.( 24, 37) The actual time involved in any of the major 

• 
failures in the banks of the Mississippi River has not been determined. 

The available evidence indicates that these failures are progressive but 

quite rapid. 

Location of sites 

10. Revetted slopes and caving banks have been investigated at 

various localities in a 500-mile reach of the Lower Mississippi River ex-

tending froo the vicinity of Memphis, Tenn. , to Baton Rouge , La . These 

sites are as follow: 

a. Stable sites: 

Bauxippi-Wyanoke revetment, 726 AHP* 
False Point r evetment , 437 AHP 
Carr Point (lower), 302 AHP 

b. Unstable sites : 

Huntington Point revetment, 550 AHP 
**Gdbdrich revetment, 460 AHP 

* AHP refers to river miles above the Head of Passes. 

** No bank failures have occurred at Goodrich revetment to date but cer 
tain portions of the bank are considered unstable for the reasons out 
lined in Potamology Report No. 14-1. 



Reid-Bedford revetment, 425 AHP 
Hardscrabble Bend revetment, 394 AHP 
Kempe Bend revetment, 379 AHP 
Morville Landing revetment, 350 AHP 
Point Menoir, 254 AHP 
Free Nigger Point, 234 AHP 
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The details of the general soils conditions at each of these sites may 

be found in the potamology reports and associated reports of bank- caving 

investigations listed inside the back and front covers of this report , 

except for Carr Poi nt and False Point . The results of these two investi-

gations were furnished by letter to the re~uesting office . 

Criteria for Stability 

Depth of failure 

11 . Prior to the invest i gation of Kempe Bend revetment (August 1950) 

the depth of failure had been observed to approx imate the depth to the 

boundary between the upper and lower sand series . This observation indi-

cated that the entire upper sand series might be inherently unstable. 

On the other hand, a t a given site some borings in stable areas appeared 

to have the same general distr i bution and thicknesses of soil types as 

in unstable areas (e . g . , Reid-Bedford revetment , Potamology Report 5-2, 

vol . 3) . The relative stability or instability could not be explained on 

the basis of density, since no large lateral variations in density were 

found i n the upper sand series . 

12 . Two significant facts were observed during the course of the 

investigation of Kempe Bend revetment (Potamology Report No . 9-1) . First, 

some of the failtrres did not extend below the center of the upper sand 

series . Secondly, a distinct change in soil conditions was observed in 

' 
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the upper sand series at elevations corresponding to the depths of the 

failures. These factors permitted subdivision of the upper sand series 

into two zones, called zones A and B in Report 9-1 and all subsequent 

reports of field investigations . The details of the properties of zones 

A and B are itemized in table Cl. It should be remembered that zone A 

can contain infrequent strata of sand as coarse as those encountered in 

zone B, but the large majority of the sands will be finer than zone B 

(however, zone B sands still are classified as fine sands by the Department 

of the Army Soils Classification System). A typical condition is illus 

trated on plate Bl of appendix B. The sands between elevations - 10 and 

+50 ft msl are classified as zone A (see table Cl) even though they con

tain t-vro thin strata at elevations 20 and 0 ft msl which are as coarse as 

zone B. 

13. The sands in zone A appear to be susceptible to liquefaction 

whereas those in zone B do not . The depth of failure has been found to 

approximate closely the depth to the boundary bet-vreen zones A and B in 

all site investigations conducted since the Kempe Bend study . The cri

teria defining zones A and B have been applied to all sites studied prior 

to Kempe Bend, and it has been found that the boundary between zones A and 

B also defines the depth of failure at these locations , even though deter 

mination of the boundary has been based on data not specifically obtained 

for that purpose. The depth of failure, depth of the boundary between 

zones A and B, and other pertinent data, are itemized in table C2 for all 

sites . Soil profiles showing the subdivision of the upper sand series into 

zones A and B are shm·m on plates Cl through Cl4 for all sites . The maxi 

mum depth of failure versus the depth of the boundary beb·reen zones A and B 
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is shown on figure 1 of plate Cl5 for all sites. The range of depth of 

failure shown for each site on figure 1 of plate Cl5 represents difference 

between the maximum depth of failure which generally occurs in the neck of 

the scallop near the thalweg and the maximum depth within the scallop prop-

er. The maximum depth within the scallop is the lesser of the two and gen-

erally coincides with the depth of the boundary between zones A and B. The 

maximum depth observed in the neck of the failure generally exceeds the 

depth of the boundary of zones A and B but is probably not too reliable 

since there is reason to believe that the apparent depth of failure has been 

modified at these points by scour following the failure . This is thought 

to be true at Point Menoir (Potamology Report 15 -1) for example . 

Thickness of zone A compared 
to thickness of overburden 

14 . The presence of a given thickness of zone A doe s not always 

signify that a site is unstable . Apparently stability is dependent in 

some manner upon the ratio R of the thickness of overburden to thick-

ness of zone A. The values of each are itemized on table C2 and plotted 

on figure 2 of plate Cl5 . It is apparent that when R is less than 

0 .85 (upper limiting line) the combination definitely is unstable . Con-

versely when R exceeds 1 . 4 ( lower limiting line) the combination is 

stable . Stability is uncertain for intermediate values of R in the 

order of 1 .1 since no well - defined points fall in this range . It also 

seems likely that there is a minimum thickness of zone A required for an 

unstable combination; which probably is in the order of 25 ft . 

Soil conditions within zone A 

15 . Zone A includes all clean fine sands having more than 50 per 
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cent finer than the No . 60 U. S . Standard sieve as shown in table Cl . 

This corresponds to an approximate N value of 17 or Dp = 0 . 272 mm . 

These sands have natural dry densities less than 102 lb per cu ft and 

average relative densities less than 78 per cent (appendix A) . They are 

sands which tend to decrease in volume (increase in density) when sampled 

at the natural density, whereas all coarser sands tend to increase in 

volume (appendix A and Potamology Report No . 12-1) . The natural density 

tends to be less than the critical density as determined in the direct 

shear test . The permeability tends to be less than 240 x l0- 4 em per sec . 

Theoretical analyses indicate that the majority of these sands are carried 

in suspension whereas coarser sands tend to be moved by t r action, a s di s -

cussed in part II and also r eference (25 ). All of these physical properties 

of the sands are related to grain size and zone A is defined on the basis 

of grain size . Therefore , any soil- sampling method which will furnish 
' 

representative samples having a true grain-size distribution is believed 

sufficient for the determination of soil conditions with reference to 

liquefaction failures . 

Limitations 

16. The two criteria advanced concerning the stability of a given 

slope and depth of failure have certain obvious limitations . First, there 

is a range of uncertainty in the value R (figure 2 of plate Cl5) where it 

is not known whether the combination is stable or unstable . There also 

must be a minimum thickness of zone A to permit failures to occur . It 

is believed that the majority of soil conditions encountered in the point-

bar deposits can be classified as either stable or unstable on the basis 

of these criteria, since this is true of all sites studied to date . 

-·f"o - -=- -=-=-....:.___.;:__ ·~ -~------~·-·· ,._ ~ ..... , ... --~ .:. - ~ --·-·· .. ·." ... _ -·····-· . . . . . 
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However, some sites invariably must fall into the range of values where 

stability is uncertain . This problem can be resolved only by the accumula-

tion of records of soil conditions, with e~ually detailed records of sub -

se~uent stability of those soil conditions . 

17 . It is recommended that the three districts of the Lower Missis -

sippi Valley Division use sampling methods in the exploration of revetment 

sites which will permit accurate determination of the grain size of the 

sand . This will serve two purposes : it will permit evaluat ion of sta-

bility by these criteria, and will permit modification of the definition 

of zone A if such should ever prove necessary . It is recommended also 

that these data and all subse~uent records of stability be furnished to 

a central office to permit the criteria to be expanded further . All per -

tinent data similar to those shown in table C2 should be recorded to aid 

in the definition of such other criteria as may be possible . 

18 . The correct spacing of borings to determine significant varia-

tions in the thickness of zone A is not known, and represents another 

important limitation . Limited studies of the variability of soil condi-

tions within typical sand deposits have been made, as discussed in Mis -

cellaneous Paper 3 -1~ but the results are not conclusive . Study of plates 

Cl through Cl4 shows that important changes in the thickness of zone A 

can occur in point -bar deposits in a horizontal distance of 250 ft . It 

' would be desirable to have borings on 250- ft centers if a reliable soils 

profile is to be obtained . This spacing might be increased by careful 

geologic study of the site . The cost might also be reduced by use of cone 

soundings in conjunction with soil borings as discussed in appendix B. 

I 
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Conclusions 

19 . The following conclusions concerning major bank failures are 

believed warranted : 

a . The failures are liquefaction or flow failures . 

b . The fai l ures occur in point-bar deposits; all other geo
logic soil types (formations) are stable insofar as flow 
failures are concerned . 

c . The stability of a point-bar deposit is dependent upon 
the presence or absence of very fine sands (called zone A) . 

d . Failures probably will occur where the thickness of zone A 
exceeds 25 ft and the ratio R of over burden thickness to 
zone A thickness is less that 0 .85 . 

e . The slope will be stable if R exceeds 1 . 40 . 

f • ..... Stability is uncertain in the range of R-values between 
0 .85 and 1 .40. 



Table Cl 

OUTLJN.E OF TYPICAL SOIL CONDITIONS IN 
LOWER MISSISSIPPI VALLEY POINT-BAR DEPOSITS 

I. Overburden Soils 

>10% passing the 
No. 200 U. S. Standard 

• s1eve 

Contains all soils which exhibit cohesive 
properties; includes natural levee, point 
bar overburden, swale fillings and channel 
fillings -- commonly highly stratified 
with a wide range of cohesive soil types 
from fat clays to silty sands. 

Zone A 

Fine sand >50~ passing 
No. 6o U. S. sieve. 
D < 0.272 mm, N < 18 
i?atural density <l02 lb/ 
cu ft R. D • <78'/o 

Upper Sand Series 

II. Massive Sands 

<10% passing the 
No. 200 U. S . 
Standard sieve. 
D_j) > 0 • 090 nnn 
~> 24 

>50% passing 
No. 40 U. S. sieve. 
D_l) < o .. 46o mm, 
~< 15 
Natural density 
<106 lb/cu ft 

Lower Sand Series 

Zone B 

Medium sand, contains 
strata in which <50~ 
passes No. 6o U. S. sieve 
>50'/o passes No. 40 U. S. 
sieve. 
0 .46o mm < D:p > 0.272 mm 
15 < N> lB 
Natural density> 102 
< 106 lb/cu ft 

Coarse sand and gravel 
contains strata in which 
<50'/o passes No. 40 U. S. 
sieve. 
D_j) > 0 . 46o mm 
w-> 15 
Natural density 
> 106 lb/cu ft 














































