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PREFACE 

As part of an overall program of flood-protection and navigation-

improvement works, the Mississippi River Commission in 1947 authorized the 

u. S. Army Engineer Waterways Experiment Station (WES) to conduct extensive 

potamology investigations. Hydraulic and soil studies were carried on at 

an accelerated rate until 1952 when the program was curtailed. Reports on 

these investigations are listed on the inside covers of this report. 

During the period 1953 to 1957 the potamology investigations were in

active, except for a modest effort in the soils program which was directed 

toward verification of an empirical method for determining riverbank sta

bility, pending a review of soils studies being made by Dr. M. Juul 

Hvorslev. Dr. Hvorslev's review, published in June 1956 as Potamology Re

port 12-5, included a recommendation that the rotary cone penetrometer be 

further developed for use in locating potentially unstable point bar sand 

deposits. 

In 1957, a Potamology Board was established by the Mississippi River 

Commission to " •.. formulate and direct a program of potamology investiga-

: tions relating to the stabilization of the Lower Mississippi River." Based 
I 
I 
1 on the recommendation made by Dr. Hvorslev, a series of rotary cone pene-
' I 
1 trometer investigations was proposed by WES and approved by the Potamology 
I 

: Board. 

This report describes the results of these investigations, which were 

initiated in 1957 and continued during 1958, 1959, and 1960. The investi

gations were conducted on an annual basis, and this report was authorized 

by lst indorsement from the Mississippi River Commission to aU. S. Army 

~1gineer Waterways Experiment Station letter of 24 May 1960, subject, 
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"Status of Soils Division Projects for MRC and IMVD for FY 1960 and Request 

for Funds for Projects for FY 1961." 
Details of the portion of the investigation conducted during 1957 

were planned by Messrs. R. w. Cunny and w. M. Nichols. Mr. c. R. Mansur, 

then at WES, provided valuable suggestions during the initial planning 

phase. The data for this portion of the investigation were analyzed and 

the text was prepared by Mr. Nichols. Details of the subsequent portions 

of the investigation were planned by Messrs. Cunny and w. E. Strohm, Jr. 

Data were analyzed and this portion of the report was prepared by Mr. 

Strohm, under the supervision of Mr. Cunny. Testing was supervised by 

Messrs. T. B. Goode and A. L. Mathews. The investigation was conducted 

under the general direction of Messrs. w. J. Turnbull, w. G. Shockley, and 

J. R. Compton. This report was reviewed prior to publication by personnel 

of the Mississippi River Commission and members of the Potamology Board. 

Directors of the Waterways Experiment Station during preparation and 

publication of this report were Colonel Edmund H. Lang, CE, and Colonel 

Alex G. Sutton, Jr., CE. Technical Director was Mr. J. B. Tiffany. 
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SUMMARY 

This report describes a series of field and laboratory investigations 
conducted during 1957- 1960 , as part of a general program concerned with the 
stabilization of the Mississippi River banks, to develop techniques for use 
of the rotary cone penetrometer in the field in determining the suscepti
bility of point bar sand deposits to liquefaction-type failure . Cone pene
trometer borings are proposed for this purpose because they are more eco
nomical to perform and provide more complete data than undisturbed borings 
in sand . 

The first part of the laboratory investigation consisted of cone 
penetration tests performed on three sands having different gradations, 
placed in a steel tank at relative densities of 20, 40, 65, and 90%, satu
rated, and subjected to surcharge pressures of 30, 60, and 100 psi. WES 
pressure cells were installed in the sand specimens to measure vertical 
pressure at various depths in the specimens . Results of the tests indicate 
that cone thrust is a measure of the combined effect of gradation and den
sity. A relation between cone thrust, vertical pressure, and relative den
sity was determined for the different sands tested. Tests were also con
ducted on laboratory specimens having sand strata of different relative 
densities to determine the minimum stratum thickness detectable by the cone 
penetrometer . This thickness was found to be about 6 in. 

The second part of the laboratory investigation included tests to de
termine the change in density of sand caused by sampling. Undisturbed tube 
samples were obtained from sand placed in a steel tank at relative densi
ties generally of 20 and 90%, saturated, and subjected to surcharge pres
sures of 30, 60, and 80 or 100 psi. The densities of 3-in.-long increments 
of the samples were measured, and results indicated that the change in den
sity was affected by the vertical pressure and location in the sample tube. 
In general, the density of dense sands decreased and the density of loose 
sands increased during sampling. Corrections for the changes in density 
during sampling were developed and indicated that the change in the central 
18-in. portion of a sample 30 in. long is not significant. 

The field investigation consisted of cone penetration borings made in 
point bar deposits adjacent to undisturbed and general sample borings. 
Cone criteria for analysis of cone thrust data and prediction of stability 
with respect to liquefaction-type failures were developed . 

. . 
Vll 



Results of the laboratory and field tests indicate that the rotary 
cone penetrometer measures the combined effects of density and gradation, 
and can be used to differentiate between stable and unstable sand deposits. 

It is recommended that the rotary cone penetrometer be used for 
routine investigation of point bar deposits at proposed revetment sites, 
and that the cone thrust data be analyzed using the cone criteria proposed 
in this report. It is also recommended that annual studies of the perform
ance of prediction sites be made for the purpose of verification or improve
ment of the cone criteria. 

Appendices A through D describe the cone penetrometer, and the lab
oratory cone penetration and undisturbed sampling tests in detail. 
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RO~RY CONE PENETROMETER INVESTIGATIONS 

PART I: INTRODUCTION 

Statement of Problem 

1. An increase in the natural meandering tendency of the Lower 

Mississippi River, resulting from improvements in the alignment of the 

river, has caused an increase in bank caving in recent years. As a result, 

extensive potamology investigations wer e initiated in 1947 to determine the 

nature and cause of the large bank fai l ures and to develop methods and 

criteria for locating potentially unstable deposits. 

2. During the period 1947 to 1952, the soils phase of the potamology 

investigations established that all of the large flow failures investigated 

occurred in point bar deposits and resulted, at least in part, from lique

faction of relatively loose strata of fine sand in these deposits. Thus, 

one of the main objectives of the investigations became the development of 

field apparatus and techniques by which it would be possible to locate 

these fine sand deposits and determine their degree of susceptibility to 

failure. 

3· In the early part of the soils investigations, point bar deposits 

were explored by means of 2- in.-diameter split barrel samplers. Samples 

thus obtained were used for classification tests and qualitative density 

determinations. Efforts were made to obtain correlations between penetra

tion resistance (number of blows to drive sampler 1 ft) and the relative 

density of the sand . Reliable correlations were not obtained, and the 

split barrel sampling method generally was replaced by undisturbed sampling 

with a thin-wall piston sampler. 

4. Techniques have been developed for obtaining undisturbed samples 

of sand with a thin-wall piston sampler, and for measuring the density with 
. 

a fair degree of accuracy. However, undisturbed sand sampling is time-

consuming and expensive. Also, it is sometimes mechanically impossible, 

even with improved sampling techniques, to obtain continuous samples in an 

undisturbed sand sample boring, and thus it is possible that critical 

layers may be missed in the sampling operation. Because of these drawbacks, 
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Fig. 1. Rotary cone penetrometer 

a rotary cone penetrometer, de

scribed in an earlier report,* was 

developed to make continuous static 

soundings to a depth of 200 ft in 

sand deposits. A schematic diagram 

of the cone penetrometer is shown 

in fig. l; details of its design 

and operation are presented in 

Appendix A. 

Previous Investigations 

5. In the period 1949 
through 1951 limited laboratory in

vestigations were conducted to de

termine the changes in density 

caused by sampling. Undisturbed 

samples were obtained from medium

and fine-grained sands placed in a 

steel drum 2.5 ft in diameter and 6ft high. Surcharge pressures, ranging 

from 0 to ll psi, were applied during sampling, but pressures within the 

tank were not measured. Results indicated that loose sands compacted and 

dense sands expanded during sampling. 

6. Although these tests were the most comprehensive of their type at 

the time, they were not conclusive because low surcharge pressures were 

used and an insufficient number of tests were performed. Also, a different 

sand was used when surcharge pressure was increased, and it was therefore 

not possible to draw definite conclusions concerning the influence of over

burden pressure on the density changes. It was believed that the increase 

in density of loose sand during sampling would further increase with in

creasing overburden pressure, and it was recommended that further investi

gations be conducted with surcharge pressures ranging up to those existing 

* U. S. Army Engineer Waterways Experiment Station, CE, Construction and 
Testing of the Cone Sounding Device, Miscellaneous Paper No. 3-4 (Vicks
burg, Miss., April 1952). 

• •or aO,, 0 ' • ,..,_._•--•••••·--••••••• .. •••-' 
0 

·-• - - 0 •• '• 0 ' ''• ••••• • • 



at a depth of about 200 ft, which was, and is presently, the maximum depth 

of penetration possible in fine sand with the cone penetrometer. 

3 

7. A limited laboratory investigation was conducted during 1951 to 

determine the influence of sand gradation, relative density, and overburden 

pressure on penetration resistance of the rotary cone penetrometer. The 

first series of tests, with no surcharge pressure, indicated that penetra

tion resistance did vary with density, but was not influenced significantly 

by the gradation of the sand. However, since the test apparatus was small 

and somewhat crude, and no surcharge pressure was applied, the results were 

not considered reliable. 

8. In a second series of tests during 1951, the penetration resist

ance of coarse sand at surcharge pressures ranging up to 30 psi was meas

ured. Although results indicated that penetration resistances increased in 

a general way with surcharge pressure, results were not conclusive because 

an insufficient number of tests were performed to establish the influence 

of density. Also, it was believed that because of the small size of the 

sample cylinder (12 in. in diameter, 20 in. high) the pressure at the lO

in. depth, where resistance was measured, was significantly reduced by the 

effect of sidewall friction. 

9. In field investigations performed during 1951, undisturbed sample 

borings were made adjacent to a number of cone soundings at several sites, 

and attempts were made to correlate directly the influence of natural den

sity and overburden pressure on cone penetration resistance. The correla

tion obtained indicated that a substantial portion of the total cone thrust 

is dependent on natural density and overburden pressure, but the variation 

in thrust attributable to any one combination of natural density and over

burden pressure was rather large. It was apparent that cone thrust is af

fected by other factors as well as density and overburden pressure. These 

factors were believed to include stratification and sand gradation. 

Purpose and Scope of Current Investigation 

Purpose 

10. The general purpose of the investigations reported herein, which 

were begun in 1957, was to improve the usefulness of the cone penetrometer 
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in determining the location of unstable sand deposits {called zone A sands 

in this report) along the Mississippi River. The specific purposes were to: 

a. Determine the relation between cone thrust and (1) overbur
- den pressure, (2) relative density, and (3) sand gradation . 

b. -

c . 

d . 

Determine the minimum thickness of sand strata of different 
density detectable by the co~ penetrometer. 

Determine, for undisturbed samples, the influence of over
burden pressure, gradation, and height of the sand increment 
in the sampling tube on changes in density of sand during 
sampling. 

Determine the degree to which the relative densities of sand 
measured with the cone penetrometer in the field can be cor
related with relative densities measured on increments of 
undisturbed samples taken from borings adjacent to the cone 
penetration borings. 

e . Develop techniques for routine use of the cone penetrometer 
in predicting the stability of point bar riverbank deposits 
with regard to flow failure. 

Laboratory investigations 

11. Part of the objectives of the investigation (those listed in 

subparagraphs lOa, b, and c) were accomplished by two series of laboratory - - -
tests. The first series consisted of pressure calibration tests and cone 

penetration tests on sands placed in a steel tank 6.5 ft deep and 3·5 ft 

in diameter . Three gradations of zone A sand were used for test specimens. 

The specimens were placed at relative densities ranging from 20 to 90% to 

simulate the range of natural densities commonly found in the field. WES 

pressure cells were placed in each specimen to measure pressure at selected 

depths . The specimen was then saturated, also to simulate field conditions, 

and subjected to surcharge pressures of 30, 60, and 100 psi. The resist

ance of the specimen to penetration was measured with the cone penetrom

eter, which was advanced with a truck-mounted drill rig identical with that 

used for the field investigations. 

12 . The second series of laboratory tests, made to determine changes 

in density caused by sampling, consisted of undisturbed sampling of two 

gradations of zone A sands, each contained in the same steel tank used for 

the cone penetration tests. Specimens were prepared at relative densities 

generally of 20 and 90% . Pressure cells were placed 1n the specimens to 

determine the pressures at selected depths and to measure the change in 



pressure during sampling. Three undisturbed samples, one at each of three 

surcharge pressures (30, 6o, and 80 or 100 psi), were obtained from each 

specimen and tested to determine the variations of change in density with 

respect to surcharge pressure and height of sample increment in the tube. 

Field investigations 

13 . Two field investigations were performed to accomplish the ob

jectives listed in subparagraphs lOd and e. The first consisted of two - -
cone penetration borings made in 1958 adjacent to two undisturbed sample 

borings at Kempe Bend, La., on the Mississippi River at 380 MAHP.* Rela

tive densities measured on 3-in. increments of undisturbed samples were 

compared with relative densities determined from results of the cone pene

tration tests. 

5 

14. The second field investigation consisted of cone penetration 

measurements at ten locations in point bar deposits adjacent to general 

borings made during FY 1960 by the Vicksburg District; the cone thrust data 

obtained were used to predict the susceptibility of these locations to 

flow-type failures. 

* Miles above Head of Passes. 
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PART II: LABORATORY INVESTIGATIONS 

Pressure Calibration and Cone Penetration Tests 

Materials tested 

15. The pressure calibration and cone penetration tests were per

formed on three different 

1-
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Fig . 2 . Gradation curves for sands 1, 2, 
and 3 and Kempe Bend sand 

Specific 
Material Gravity 

Sand 1 2.65 

Sand 2 2.66 

Sand 3 2.67 

Kempe Bend sand 2.67 

• r • ' • • - • • • •• - --• • •• • - • • • '•'- '· •• • •• • •• •- • • - •• • - • • • •· • • • 

sands hereinafter referred to 

as sands 1, 2, and 3· These 

sands, classified as zone A 

sands, were chosen as repre

sentative of the range of 

gradations for zone A sands 

commonly found in point bar 

deposits. The gradations of 

sands 1, 2, and 3 are shown 

in fig. 2, where they can be 

compared with the gradation of 

a typical zone A sand tested 

in the field at Kempe Bend, 

La. The specific gravities 

and maximum and minimum dry 

densities for the sands are 

given in the following tabula

tion. A detailed discussion 

of the properties of these 

sands is presented in 

Appendix B. 

Dry Density, lb/cu ft 
Maximum Minimum 

104.2 87.2 

111.6 95.6 
101.6 81.7 

105.8 88.2 



16. Consolidation, shear, and permeability tests were performed on 

representative specimens of sands 1, 2, and 3 and Kempe Bend sand; details 

of the procedures and results are presented in Appendix B. Consol idation 

tests on the sands placed dry at 40% r el ative density and then saturated 

indicated that sand 3 had the greatest compressibility, followed in order 

by the Kempe Bend sand, and sands 1 and 2 which had about the same com

pressibility ( see. table Bl) . 

7 

17. Consolidated- drained, controll ed stress and controlled strain, 

direct shear tests on dry and saturated specimens placed at relative den

sities ranging from 20 to 100% indicated that the shear str ength increased 

with increase in relative density, and that sand 2 had the highest shear 

strength, followed by the Kempe Bend sand, sand 3, and sand 1, in that 

order (see plate B3) . The angles of internal friction ranged from about 29 

(sand 1) to 40 degrees (sand 2) . Angl es of inter nal friction determined 

from consolidated-undrained, multiple- stage triaxial shear tests performed 

at a controlled rate of strain on dry and saturated specimens placed at 

about 40% relative density ranged from 31 to 36 degrees and were from about 

1 degree less to 3 degrees higher than those deter mined from direct shear 

tests on specimens of the same sand placed at the same relative density . 

The results of the direct shear tests and triaxial tests are intended to 

provide only an indication of the effect of gradation and relative density 

on the angle of internal friction . 

18. Results of falling- head permeability tests on the four sands 

placed at 40% rel ative density indicated that sand 1 had a permeability of 
- 2 

3·5 X 10 em per sec, the highest of the four, and was six times more 

permeable than sand 3, almost twice as permeable as the Kempe Bend sand, 

and only slightly more permeable than sand 2 . Sand 1 had about the same 

permeability when tested at relative densities of 40 and 65%, but about 

30% less permeability when tested at a relative density of 90%. 

Apparatus and test procedures 

19. The penetration tests were conducted on specimens of sands 1, 

2, and 3 placed in a steel tank 6- 1/2 ft high, with an inside diameter of 

3- 1/2 ft. A schematic diagram of the tank test apparatus is shown in 

fig. 3· The specimens were built in 3- in. lifts using oven- dried material 

placed and tamped as necessary to produce specimens of 11niform density. 
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18 steel rods. The cone 

penetrometer and assem

bled tank test apparatus 

are shown in fig. 4. 
Details of the tank test 

apparatus and test pro

cedure are presented in 

Appendix c. 
20. Since fric

tion at the walls of the 

tank reduces the normal 

pressure inside, WEB

type pressure cells were 

placed in each of the 

penetration test speci

mens for measurement of 

the actual vertical 

pressure experienced at 

various depths within 

the tank. Small (2 in. 

square) ab1rnjnum settle

ment plates were also 

placed at various depths 

in the specimens. Meas

urements after the test 

of the change in eleva

tion of these plates 

and the pressure cells, together with measurements of the settlement of the 

.... ~' - - .. -- -- .. -- ..... - - ·- -· - .. -·- - --.- . 



Fig . 4. Cone penetr ation tank test apparatus 
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surcharge plate during the test, were used to estimate the change in den

sity under each surcharge pressure. All specimens were saturated under a 

surcharge load of 30 psi. Then penetration tests were made at three dif

ferent locations in the specimens, using a different surcharge pressure for 

each penetration; the first penetration was made at a surcharge pressure 

of 30 psi, the second at 60 psi, and the third at 100 psi. The speed of 

penetration was controlled to a nominal rate of 1 ft per min. To stabilize 

the drill hole drilling mud was used, and the hole made during a penetra

tion test was backfilled with sand before a subsequent penetration was made 

in the same specimen. 

Tests performed 

21 . A total of 16 penetration specimens were prepared; pertinent 

data are given in the following tabulation. These specimens were 72 in. 

high and 42 in. in diameter. Twelve of them were of uniform density, and 

Strata of 
Specimen Different Densities 
Relative Relative 

Specimen Density Thickness Density 
Material No. Type of Test % in. % 

Sand 1 1 Pressure calibration 40 --
2 Pressure calibration 65 --
3 Pressure calibration 90 --
4 Penetration calibration 90 
5 Penetration resistance 20 --
6 Penetration resistance 40 
7 Penetration resistance 65 --
8 Penetration resistance 90 --
9 Penetration resistance 40 12 90 

10 Penetration resistance 40 6 and 3 90 
11 Penetration resistance 90 12 40 
12 Penetration r esistance 90 6 and 3 40 

Sand 3 13 Penetration r esistance 20 --
14 Penetration resistance 40 --
15 Penetration resistance 65 --

Sand 2 16 Penetration resistance 40 

Note : Surcharge pressures for all specimens were 30, 60, and 100 psi . 
Relative density values are nominal and correspond to the density at 

,.,hich the sand was placed in the tank. 

~ 4 • - • -. ~ • • • • • -- - .. ·-
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four had strata of different densities. Three of the uniform density 

specimens of sand 1 were used to determine the change in pressure wi·l.,h 

depth for applied surcharge pressures of 30, 60, and 100 psi, and were not 

penetrated. It was later found necessary to install pressure cells in all 

penetration specimens in order to determine actual pressure changes during 

the penetration tests. 

Test results 

22 . From pressure cell and cone thrust data, the relation between 

cone thrust and normal pressure was obtained for each test specimen. Meas

urements of placement density, pressures, and cone thrust for sand 1 placed 

at a uniform nominal relative density of 40% are shown in fig. 5 to 
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Fig. 5. Pressure measurement and cone thrust data for sand 1 placed 
at 40% relative density 

illustrate the type of data obtained. For this particular specimen, cone 

thrust ranged from about 900 to about 2900 lb for vertical pressures of 20 

to 80 psi. Details of the test results and analysis of data obtained from 

all the penetration specimens are contained in Appendix C. 
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23 . A summary pl ot of cone t hr ust versus vertical pr essure deter

mined from the penetration tests i s shown in f i g . 6. (The curves ar e ba sed 

Cl) 
Q. 
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Fig . 6. Measured cone thrust versus vertical pressure 
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4 

8 000 9000 

on data which were corrected for the estimated change in relative density 

caused by an increase in surcharge pressure . ) This plot indicates that 

cone thrust increases with increasing vertical pressure, increasing rela

tive density, and increasing grain size . It is especially noteworthy that 

the cone thrust for medium fine sand 2 at 40% relative density is greater 

than t hat f or the very fine sand 3 at 65% relative density . From these 

data i t is apparent that gradation of the sand can be a very significant 

factor i n penetration resistance . 

24 . The cone thrust data were also compared with theoretical pene

tration res istance . The measured cone t hrust was a l ways significantly less 

than the computed . It is believed that the difference between the measured 

and computed penetration resistances may be attributed to a combination of 

factors . Perhaps the most important of these are the influence of (a) 

pressure gradient in the tank test specimens, (b) pressure relief afforded 

by the augered hole in the specimen 15-1/2 in . above the cone penetrometer 

tip, (c) por e pressure resulting from nonuniform drainage of the fine sands 
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in the tank even at the moderately slow rate of penetration used for these 

tests, and (d) lateral pressures in the tank which were possibly smaller 

than those assumed in the theoretical expression. However, the relations 

determined from results of the laboratory cone penetration tests are con

sidered to be significant and useful, since some of the factors which cause 

the measured penetration resistance in the tank to differ from the theo

retical also exis.t to a certain extent in the field. 

25. The laboratory penetration tests conducted on loose sand speci

mens with 12-in.-, 6-in.-, and 3-in.-thick strata of dense sand, and on 

dense specimens with 12-in.-, 6-in.-, and 3-in.-thick strata of loose sand 

showed that the presence of such strata could be detected. However, a 

6-in. stratum probably is the minimum thickness for which the cone thrust 

value is not significantly influenced by adjacent material of different 

relative density. 

Tests to Determine Density Changes Caused by Sampling 

26. As stated in paragraph 6, results of previous studies conducted 

to investigate the change in density of sand caused by sampling were not 

conclusive. In order to properly compare relative density measurements 

from undisturbed samples obtained during the field investigation at Kempe 

Bend, La., with relative densities determined from the field cone penetra

tion test results, it was desired to determine the change in density caused 

by sampling so that measured densities from the undisturbed samples could 

be corrected if this were found necessary. 

S-pecimens 

27. Four specimens were prepared for the laboratory tests: two of 

sand 1 placed at relative densities of 20 and 90%, and two of sand 2 placed 

at relative densities of 24 (inadvertently) and 90%. These relative densi

ties were chosen to simulate the extremes of natural density believed to 

exist in the field. 

Apparatus and test -procedures 

28. The same general procedures and apparatus used for preparing the 

specimens and applying surcharge pressures in the first series of labora

tory tests were used for the undisturbed sample tests. Details of the 
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apparatus and procedures are given in Appendix D. Three 30- in .- long un

disturbed samples, one at each of three surcharge pressures (30, 60, and 

80* or 100 psi), were obtained from each of the four specimens through the 

three holes in the reaction and surcharge plates, using a Hvorslev 3- in .

diameter, fixed-piston, thin-walled, steel tube sampler . Pressure cells 

and settlement plates were installed during preparation of the specimens . 

The pressure cells were used to measure the change in pressure with depth 

for each applied surcharge pressure . Measurements of (a ) the settlement of 

the surcharge plate during testing, and (b) the change in elevation of the 

pressure cells and settlement plates after the test were used to estimate 

the change in density of the specimen caused by application of the sur

charge pressures. 

29 . Each specimen was saturated under an applied surcharge pressure 

of 30 psi . A 3- in .-diameter hole was augered to a depth of 15 in. at the 

location to be sampled and the sample tube was pushed to a depth of 45 in . 

or until the capacity of the drill rig was reached . Each sample tube was 

left in place until all three had been pushed into the specimen . The sand 

was then excavated from around the samples, and the samples were removed 

carefully and cut into 3- in . increments . The density of each increment was 

measured, and the measured density was compared with the placement density 

to determine the variation of change in density with respect to surcharge 

pressure and position in the tube . 

Test results 

30. Analysis of data (details of which are presented in Appendix D) 

indicated that the change in density during undisturbed sampling of sand 

is dependent upon overburden pressure and the position of the sample in

crement in the sample tube. In general, loose material increased in den

sity and dense material decreased in density during sampling . Correction 

factors, based on a comparison of the measured density of sampled incre

ments with placement density, were developed for both overburden pressure 

and the position of the increment in the sample tube; these factors are 

illustrated in fig . 7. The combined correction factors generally amounted 

* Only one sample, the third from the specimen of sand 2 at 90% relative 
density, was obtained at 80-psi surcharge pressure . 
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caused by sampling 

to less than l lb per cu ft , or about 5 to 6% in relative density for the 

middle 18 in . of the 30- in . sample, under conditions commonly encountered 

in the field . Based on the results of this series of tests, it is con

cluded that the change in density of the cent r al 18 in. of a 30- in. - long 

sample that occurs during undisturbed sampling of sand is not a serious 

problem in the current studies of riverbank deposits . 
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PART III: FIELD INVESTIGATIONS 

31 . Two field investigations were made as part of the rotary cone 

penetrometer investigations . The first was performed in 1958 to investi

gate the degree of correlation obtainable between relative densities de

termined with the cone penetrometer in the field (using results of the 

laboratory tests) and relative densities measured from increments of undis

turbed samples taken from borings adjacent to the cone penetration borings. 

The second field investigation, made in 196o, consisted of cone penetration 

borings at several revetment sites adjacent to previously made sample 
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Fig. 8. Plan location of field in
vestigation site, Kempe Bend, La. 

borings, to provide data for de

velopment of techniques for rou-

tine use of the cone penetrometer 

in predicting the stability of 

point bar riverbank deposits with 

regard to flow failure. 

1958 Field Investigation 

32 . The 1958 field in-

vestigation, to obtain data for 

use in applying the results of 

the tank tests, was made at range 

8D, Kempe Bend, La.' on the Mis-

sissippi River, 38o MAHP. Kempe 

Bend was chosen because access 

to this site was relatively easy 

and because previous investiga-

tions indicated that the river

bank contained about 50 ft of 

zone A sand having a shear 

strength similar to that of sands used in the laboratory tests. One ex-

ploratory boring (D-1), two undisturbed sample borings (U-1 and U-2), and 

two cone penetration borings (C-1 and C-2) were made at the locations 

shown in fig. 8. The location and ground surface elevation of each 
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undisturbed boring and cone penetration boring were accurately determined 

with reference to the Vicksburg District revetment survey line. Cone pene

tration boring C-1 and undisturbed boring U-1 were located 5 ft apart and 

10 ft from D-1. Cone penetration boring C-2 and undisturbed boring U-2 

also were located 5 ft apart, 10 ft from D-1, and 20 ft from C-1 and U-1. 

A view of the investigation site is shown in fig. 9. 

Fig. 9. Field investigation site, Kempe Bend, La. 

33· The exploratory boring D-1 was made to confirm the depths of 

zone A and zone B sands near range 8D where boring 5-D, made in 1950 and 

described in Potamology Report 9-1,* indicated that about 25 ft of over

burden was underlain by 50 ft of zone A sand and 25 ft of zone B sand, 

* See list of Potamology Reports on inside of the covers of this report. 
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respectively. Data from boring D- 1 showed that about 35 ft of overburden 

was underlain by 40 ft of zone A sand and 25 ft of zone B sandj it was 

concluded that the site was suitable for the field investigation . 

Soj_l and geologic conditions 

34. The general soil and geologic conditions at Kempe Bend are dis

cussed in detail in Potamology Report 9- l . I n general, the soils composing 

the bank at Kempe Bend are point bar deposits covered by natural levee and 

point bar overburden soils . 

Undisturbed sample tests 

35 . Borings U-1 and U- 2 were completed to depths of 104.44 and 

107 .00 ft, respectively . Continuous undisturbed 5- in .-diameter samples, 

2- l/2 ft long, were obtained in the overburden. The overburden samples 

were pushed from the sample tube, weighed and measured to determine the ap

proximate natural wet density, sealed in cardboard tubes, and transported 

to the vlES soils laboratory where they were stored for possible future 

testing. 

36 . Undisturbed 3- in .-diameter samples, 2- l/2 ft long, were obtained 

at 3 ·5- ft intervals in the zone A sand according to procedures described in 

WES Bulletin No . 35 ·* The sampler was pushed into the sand at a rate of 

0 . 1 ft per sec. The weight of drilling f l uid was maintained at 74 lb per 

cu ft. When the 3- in .-diameter, sand- filled tubes were withdrawn from the 

boring, an expanding packer was placed in each end . The samples were then 

drained for 24 hours, placed horizontally on sponge- rubber- lined racks, and 

struck 50 light blows with a hammer to prevent uncontrolled disturbance. 

The samples were transported to the laboratory on the racks and cut into 

3-in. increments . The dry density of each increment was then determined as 

described in WES Bulletin No. 35 · 

Cone penetration tests 

37 . Preliminary investigations. Before cone penetrations C-1 and 

C-2 were made, a preliminary penetration test was made to establish suit

able uniform rates of drill rotation and drilling fluid flow for a rate 

of penetration of l ft per min such that drill cuttings would be removed 

* U. S . Army Engineer Waterways Experiment Station, CE, Undisturbed Sand 
Sampling Below the Water Table, Bulletin No. 35 (Vicksburg, Miss., June 
1950 ). 
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but without unnecessary circulation pressure at the bottom of the hole and 

excessive erosion from the wall of the hole. The suitable rate of rotation 

and rate of drilling fluid flow were determined to be 26 rpm and 17 gpm, 

respectively . 

38 . It was also desired to obtain data on the thrust and pull of the 

cone rods in order to evaluate the influence of friction between the drill

rod guides and the cone rod which might occur above and below the outflow 

coupling . In these tests, the cone was raised after each of five 10- ft 

penetrations (standard drill rod length is 10 ft) so that the cone and cone 

rods hung free in the open hole and a reading of the proving frame dial was 

obtained with the drill fluid flowing at a rate of 17 gpm and the drill 

rods rotating at a rate of 26 rpm. A second r eading was then made with the 

fluid flowing at 31 . 5 gpm and the rods rotating at 28 . 5 rpm. No signifi

cant difference between the dial readings for these two conditions was 

noted, and it was apparent that no significant friction occurred between 

the drill rod guides and the cone rod . 

39. Tests. Cone penetrations C-1 and C-2 were made to depths of 

106.5 and 113.8 ft, respectively, following procedures described previ

ously .* The length of the cone stem used was 15-1/2 in., and the rate of 

penetration was 1 ft per min, with a drilling fluid flow rate of 17 gpm and 

a rotation rate of 26 rpm. During the penetration, the proving frame dial 

was read for each 0.1- ft advance; the hydraulic pressure and drilling fluid 

pressure were recorded at frequent intervals . The weight of the drilling 

fluid was maintained at 74 lb per cu ft so that the column of mud in the 

hole would not exert a pressure at the bottom of the hole greater than the 

overburden pressure . Each time the hydraulic feed was reset or additional 

drill rods were added, the flow of drilling fluid was stopped to prevent 

excessive enlargement of the borehole . The depth of each penetration read

ing was accurately measured, and these measurements were corrected for com

pression of the drill rods. 

40. During penetrations C- 1 and C- 2, the pull of the cone rods was 

measured before and after each 10- ft penetration, with the drill rods being 

-----------------------------------------------------------------------------------------------------------------
* U. S . Army Engineer Waterways Experiment Station, CE, Construction and 

Testing of the Cone Sounding Device, Miscellaneous Paper No . 3-4 (Vicks
burg, Miss ., April 1952) . 
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rotated, and both with and without the flow of drilling fluid. These meas-

urements were used to correct the thrust for the weight of the cone rods. 

After completion of the cone penetrations, the calibration of the proving 

frame was checked for compression and tension in a testing machine. 

Test results 

41. Undisturbed sample increments. As stated earlier, each undis-

turbed sample was cut into 3-in. increments, and density tests were per-

formed on all increments. Gradation tests, maximum-minimum density tests, 

and direct shear tests were performed on selected increments. The results 

of the gradation and density tests are shown in table 1. Gradation test 

results indicated that about 35 ft of overburden is underlain by about 45 

Boring 

U-1 

U-2 

Sample 
and 

Increment 

24-7 
24-5 
26-7 
26-3 
27-4 
27-1 
28-7 
28-3 

29-4, -5, -6 
29-2 
30-3 
31-7 
31-2 
32-6 
32-4 
33-4 
33-1 
34-8 
34-4 
34-2 
35-3 
36-2 
38-2 
40-2 
42-7 
43-6 

22-2 
23-4 
23-7 
24-4 
24-6 
25-3 
25-8 
26-5 
27-4 
28-4 
28-7 
29-3 
29-7 
30-5 
31-4 
32-8 
33-7 
34-3 
34-7 
35-3 
36-1 
36-2 
38-6 
39-6 

Sample 
Elevation 
ft, msl 

35·5 
32·9 
26.3 
25.3 
22.0 
21.2 
19· 3 
18.3 
15.3 
14.6 
11.3 
8.1 
6.8 
4.9 
4.4 
0.9 
0 .2 

-1.5 
-2.5 
-3.0 
-6.2 
-9·1 

-16.4 
-23.0 
-29·3 
- 32.8 

31.4 
21.4 
26.6 
23.9 
23.4 
20 .7 
19·3 
16.7 
12.3 
8.9 
8.1 
5·7 
4.7 
1.7 

-1.6 
-6.1 
-9·5 

-12.0 
-13.0 
-15 . 6 
-18.8 
-19.1 
-21.6 
- 31.7 

Table 1 

Summary of Laboratory Tests, Kempe Bend Borings U-1 and U-2 

Laboratory 
Classification 

Fine sand 
Fine sand 
Pine sand 
Fine sand 
Fine sand 
Fine sand 
Fine sand 
Fine sand 
Fine sand 
Fine sand 
Pine sand 
Pine sand 
Pine sand 
Fine sand 
Fine sand 
Pine sand 
Fine sand 
Fine sand 
Fine sand 
Fine sand 
Pine sand 
Pine sand 
Fine sand 
Fine sand 

SP 
SP 
SP 
SP 
SP 
SP 
SP 
SP 
SP 
SP 
SP 
SP 
SP 
SP 
SP 
SP 
SP 
SP 
SP 
SP 
SP 
SP 
SP 
SP 

Medium sand SP 
Medium sand SP 

Fine sand 
Fine sand 
Fine sand 
Fine sand 
Pine sand 
Fine sand 
Fine sand 
Fine sand 
Fine sand 
Fine sand 
Pine sand 
Fine sand 
Fine sand 
Fine sand 
Fine sand 
Fine sand 
Fine sand 
Fine sand 
Pine sand 

SP 
SP 
SP 
SP 
SP 
SP 
SP 
SP 
SP 
SP 
SP 
SP 
SP 
SP 
SP 
SP 
SP 
SP 
SP 

Fine sand SP 
Medium sand SP 
Fine sand 
Fine sand 
Medium sand 

SP 
SP 
SP 

Mechanical Anabvsis 
<0 .42 <0.25 <0.0'74 

mm mm mm D50 Zone* 
~ ~ ~ mm Class 

98.2 94 ·9 4.7 
98 .6 95 ·7 3.2 
99.6 89 .2 0. 3 
98.8 90 ·9 3·2 
99 .6 76.5 0. 5 
99·1 78 .5 2.0 
99·8 8o .3 1.6 
99· 5 49 .2 0.4 
99.1 86.6 1.0 
99·1 96·9 2.6 
99.6 79·5 0.9 
99·2 76.7 0. 5 
98.7 83.7 0.8 
99 .6 75.2 1.0 
99 .4 6o .l 0.8 
99· 3 52 · 3 0.4 
99·5 98 .0 0.8 
99·8 86.2 1.0 
99·1 62 .1 0.6 
98.9 53 ·5 0.2 
99.9 31·1 0.5 
99.6 72.0 0.4 
76.5 4.6 0. 3 
86.4 6.0 0.6 
36. 5 4.7 0.4 
34.0 18.1 6. 3 

99·3 91 ·9 1.1 
99·2 54 .1 0.1 
99·8 57.0 2.4 
99·9 91 ·0 2.2 
99·1 89.5 0.4 
99·9 77 .6 1.1 
99 ·1 91 .6 1.8 
99 ·9 53·7 0 .8 
99 .1 89.9 1.0 
99 .4 85 .8 0 .5 
98.1 85 .2 0.7 
99 .6 85 .0 0 .3 
98·5 8o.8 1.0 
99·9 89 ·7 1.2 
99·8 79· 5 0 .1 
98.8 44.4 0 .1 
98.0 36.4 0 .8 
86.6 7.2 0 .1 
90 ·9 8 .3 0.2 
64.7 5·6 0. 3 
49.6 3.2 0.7 
53.1 4.2 0. 5 
54.9 18.0 0.6 
39·5 5.6 1.7 

0.12 
0 .14 
0.19 
0 .13 
0 .20 
0 .16 
0.17 
0.25 
0 .17 
0 .15 
0.21 
0 .22 
0 .19 
0 .20 
0.22 
0.25 
0 .16 
0.19 
0.22 
0 .25 
0.26 
0.22 
0.36 
0 .35 
0.47 
0 .48 

0 .17 
0 .24 
0.24 
0 .16 
0 .17 
0.19 
0.17 
0. 24 
0.17 
0.20 
0.18 
0.20 
0.19 
0.18 
0.20 
0.26 
0.26 
0. 36 
0. 32 
0.38 
0.42 
0.41 
0.39 
0.45 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
B 
B 
L 
L 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
A 
B 
B 
B 
B 
B 
B 
L 

Natural 
Dry Density 
lb/cu ft 

Measured Corrected 

85 .6 
86.7 
97 .2 
89 .7 
97 . '• 
95 .6 
97·1 

103.4 
92.2 
95·9 

100.6 
99·1 
93 .8 
98.7 
96.4 
99·1 
94 .6 
95.8 

102.1 
104 .5 
101.8 
100.3 
105.6 
103.0 
108.0 
102.5 

89.2 
102.2 
98.8 
97.6 
92.2 

101.5 
96.1 

104 .0 
95 .6 
96.6 
91.3 

101.5 
91.8 

100 .1 
102.4 
103·5 
97 .8 

104 .7 
103.8 
102 .0 
106.8 
106.9 
lo8.9 
106.2 

83 .7 
85 .7 
96 .7 
89 .8 
97 ·5 
95 ·7 
91 · 3 

103·7 
92.1 
96.4 

100.9 
99 ·6 
93 .8 
99·3 
96 .5 

100.1 
95·0 
96 .0 

102.9 
105.1 

87 .7 
103.1 
98.8 
91·9 
92 .1 

102. 2 
96 .4 

104.5 
94 .6 
96 .2 
90·9 

102.5 
91.8 
99 ·1 

101.4 

4 See Potamology Report No. 12-9 for detailed description. 

Density 
lb/cu ft 

Maximum Minimum 

98. 6 
97.8 

104 .9 
96.7 

104 .6 
104 ·5 
102 .4 
108.8 
101.7 
100.6 
106.9 
102.7 
101.4 
102.9 
104 .0 
104 ·9 
100.1 
101.9 
104 ·1 
105.0 

110.4 
112.4 

101.0 
105.2 
107.4 
102.9 
101.5 
105 .6 
102.2 
108.5 
105.9 
104 .9 
103.2 
104 .4 
102.6 
113 · 3 
112.9 

79 .0 
78.8 
88.0 
8o.9 
87 .8 
86.5 
86.7 
90·5 
81.4 
83 .2 
89 .2 
83 .6 
85 ·3 
86.4 
85.3 
86.9 
81.8 
8J.6 
88.9 
90.1 

92.8 
93·9 

81.3 
87 .1 
88.9 
85 .1 
83.8 
88.0 
84 .0 
90 ·1 
87 .4 
87 .0 
85 .7 
87 .7 
82.5 
95 ·3 
95 .4 

Relative 
Density,,.. ~ 

Measured Corrected 

39 
47 
59 
6o 
61 
55 
70 
74 
58 
11 
68 
84 
57 
78 
64 
75 
74 
71 
86 
91 

76 
54 

50 
86 
58 
74 
52 
8o 
71 
78 
49 
58 
36 
85 
52 
30 
44 

21 
59 
56 
61 
62 
56 
71 
76 
58 
79 
70 
86 
57 
81 
64 
77 
76 
72 
90 

100 

37 
90 
58 
76 
52 
83 
72 
8o 
44 
56 
34 
90 
52 
24 
38 

~~ Measured relative density based on uncorrected measured density and maximum-mdnim1m density testa . Corrected relative density baaed on measured 
density corrected for change ln density during sampling, and maximum-minimum density teats . 



ft of zone A sand and about 19 ft of zone B sand, respectively. The zone 

B sand is underlain by the lower sand series. 

21 

42. The measured and corrected dry densities of the sampled incre

ments from the zone A stratum ranged from 83.7 to 105.1 lb per cu ft, with 

the majority of values below 102 lb per cu ft, which is normally the upper 

limit for dry density of zone A sands. The measured dry density (uncor

rected) of the increments from the zone B stratum ranged from 102.0 to 

108.9 lb per cu ft, with the majority of values in the range of 102 to 106 

lb per cu ft, which is the normal range for zone B sands. 

43 . The relative density of the zone A stratum, based on results of 

maximum-minimum density tests on selected sample increments and corrected 

as described in Appendix D, ranged from 24 to 100%. 

44. Results of direct shear tests performed on representative sam

ples from boring U-1, shown in plate B3 of Appendix B, indicate that the 

Kempe Bend sand tested had a higher friction angle than that of sands l 

and 3, but lower than that of sand 2. 

45 . Cone penetrometer calibration tests. Results of the check cali

bration of the double-ring proving frame indicated that the calibration had 

not changed appreciably for the lower range, but had changed significantly 

for the upper range. The average difference between the two calibration 

curves for the upper range amounted to about 200 lb, which was considered 

significant. Therefore, the cone thrust for all proving frame dial read

ings was determined using the check calibration data. 

46. Cone penetration boring tests . Results of cone penetration bor

ing tests C-1 and C-2 are shown in plates 1 and 2, together with boring 

logs and a summary of results of tests on samples from the adjacent undis

turbed borings (U-1 and U-2). 

47 . The cone thrust generally ranged from 100 to 200 lb in the clay 

overburden, from 2000 to 4000 lb in the zone A sand stratum, and from 

4000 to 8000 lb in the zone B sand stratum. An exception may be noted in 

plate 2 between elevations of about - 22 and - 29* for penetration C-2 where 

the thrust decreased below 4000 lb to a minimum of about 300 lb. In 

boring U-2 decayed wood was encountered between these elevations, and 

* All elevations are in feet referred to mean sea level. 
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the low thrust was probably due to the presence of this material . 

48 . Comparison of the thrust for the two penetrations indicates that 

the general pattern and magnitude of cone thrust for the major strata are 

quite similar. However, the elevations of maximum and minimum peaks of 

penetration resistance within the major strata are not the same from one 

penetration boring to the otherj therefore, results indicate that continu

ity of very thin strata (about 1 ft or so thick) having the same penetra

tion resistance does not exist . 

Analysis 

49 . For the purpose of analyzing the cone penetration boring data, 

the relative density of the zone A sand at various depths was computed from 

the cone thrust values on the basis of data obtained from the cone penetra

tion laboratory investigation . These relative densities were then compared 

with relative densities computed from results of tests on selected 3- in. 

increments from the undisturbed sample borings . The comparison of rela

tive density was made only for the zone A sand since the data from the 

laboratory cone penetration tests were considered applicable only for the 

relatively fine sands tested in the tank and having gradations similar to 

zone A sand. 

50 . The laboratory cone penetration tests were performed on sands 

having n
50 

sizes of 0 .13 mm (sand 3), 0 . 24 mm (sand 1), and 0 . 33 mm (sand 

2) . The n
50 

size of samples of zone A sand from Kempe Bend ranged from 

0.12 to 0.25 mm, and averaged 0 . 19 mm . Zone A sand in borings U- 1 and 

U-2 extended from a depth of about 36 ft to about 75 ft, with overburden 

pressures ranging from about 25 to 42 psi . The relation of overburden 

pressure to depth is shown in plate 3 . 

51. In order to determine relative densities from the field cone 

penetration data for comparison with relative densities measured for se

lected sample increments, plots of cone thrust versus vertical pressure 

were prepared using the data from the laboratory tests of sands 1 and 3 

(see plates C9 and ClO, Appendix C). These plots, for vertical pressures 

ranging from 25 to 45 psi, are shown in plate 4 . Data for sand 1 at rela

tive densities of 40, 65, and 90% were interpolated to obtain intermediate 

curves for intervals in relative density of 5% · Data for sand 3 at rela

tive densities of 40 and 65% were interpolated in a similar manner, and 
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were also extrapolated for estimation of cone thrust for relative densities 

up to 100%. 

52 . The cone thrust values indicated by arrow symbols in plates 1 

and 2 were selected generally at the peaks and valleys of the thrust

measurement traces and at an elevation for which comparable density meas

urements were made on increments usually from the center portion of the 

undisturbed sample tubes . The n
50 

size of the sand at each selected eleva

tion in the cone penetration boring was assumed to be the same as that 

measured for an undisturbed sample increment at an elevation generally 

within 2 ft of the cone thrust measurement; these increments were selected 

by inspection so that increments with low density were matched with low 

cone thrust, and increments with high density with high cone thrust . Us

ing the selected cone thrust value and corresponding overburden pressure, 

the relative density was determined, first for a n
50 

size of 0 .13 mm and 

then for a n
50 

size of 0 . 24 mm (using the curves shown in plate 4); the 

relative density for the n
50 

size of the comparable sand increment was then 

determined by direct proportion. 

53 · Since undisturbed samples could not be obtained continuously 

with depth in zone A sands, it was not possible to determine the relative 

density from an undisturbed sample increment for comparison with every 

peak and valley of the cone thrust data . However, the relative densities 

of 35 sample increments selected from borings U- 1 and U- 2 were determined 

for comparison with the relative densities estimated from the cone thrust . 

The relative densities of these selected increments were computed using 

(a) the results of maximum- minimum density tests, and (b) the results of 

natural dry density measurements corrected for overburden pressure and lo

cation in the sample tube, using the correction factors given in Appendix 

D and summarized in fig . 7 (page 15) . Dry density corrections ranged from 

+1 .0 to - 1 . 9 lb per cu ft, but generally were less than 1 lb per cu ft . 

54 . A summary of the relative densities of the zone A stratum, com

paring data from undisturbed sample increments with values derived from the 

cone penetration data, is given in table 2. As stated previously, the 

relative density of the sample increments was compared with the relative 

density estimated from cone thrust at the elevation considered most ap

propriate; the elevations chosen were based on the trends for changes in 
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Table 2 

Relative Densities Determined from Sample Increments Compared with 

Relative Densities Estimated from Cone Thrust, Zone A Sands 

Undisturbed Sample Data Cone Thrust Data 

Eleva
tion 

ft msl 

35 -5 
32 -9 
26.3 
25-3 
22.0 
21.2 
19-3 
18.3 
15-3 
14.6 
11.3 
8.1 
6.8 
4.9 
4.4 
0 .9 
0.2 

-1.5 
- 2 .5 
- 3.0 

31.4 
27 .4 
26 . 6 
23.9 
23 .4 
20 .7 
19.3 
16.7 
12.3 
8.9 
8 .1 
5·7 
4.7 
1.7 

-1.6 
Average 

0 .12 
0 .14 
0 .19 
0 .13 
0 . 20 
0.16 
0 .17 
0.25 
0 .17 
0 .15 
0 . 21 
0.22 
0 .19 
0 . 20 
0.22 
0 . 25 
0.16 
0.19 
0 . 22 
0 . 25 

0 .17 
0 . 24 
0.24 
0 .16 
0.17 
0 .19 
0 .17 
0 . 24 
0 .17 
0.20 
0 .18 
0 . 20 
0 .19 
0.18 
0 . 20 

0 .19 

( 1) 
Relative 
Density 

% 

( 2) 
Eleva- Relative 
tion Density 

ft msl % 

Comparison 
Difference Difference in 

in Elevation Relative Density 
ft msl (2) minus (1) 

Data from Boring U-1 and Cone Penetration C-1 

27 
59 
56 
61 
62 
56 
71 
76 
58 
79 
70 
86 
57 
81 
64 
77 
76 
72 
90 

100 

34 -5 
33·5 
24 .9 
24.0 
22.0 
21.0 
19-5 
17-5 
13-5 
13.0 
10.5 
8.8 
7-1 
6.5 
5-5 
2 . 2 
1.0 

- 2 .0 
- 2 . 3 
-2.8 

52 
57 
72 
71 
60 
58 
68 
68 
67 
79 
70 
77 
61 
74 
54 
71 
75 
73 
78 
83 

1.0 
0.6 
1.4 
1. 3 
0.0 
0.2 
0.2 
0.8 
1.8 
1.6 
0 .8 
0.7 
0.3 
1.6 
1.1 
1-3 
0 .8 
0.5 
0.2 
0.2 

Data from Boring U-2 and Cone Penetration C-2 

37 
90 
58 
76 
52 
83 
72 
80 
44 
56 
34 
90 
52 
24 
38 

65 

31-5 
27.8 
26 . 5 
21.9 
21.3 
20.6 
18.8 
18.0 
11.7 
9.0 
7-4 
6 .0 
4.5 
1.5 

-1. 5 

43 
76 
66 
82 
58 
86 
80 
70 
63 
62 
31 
84 
51 
66 
75 

67 

0.1 
0.4 
0 .1 
2.0 
2.1 
0.1 
0 .5 
1.3 
0.6 
0 .1 
0 .7 
0.3 
0 .2 
0.2 
0 .1 

0 .7 

25 
- 2 
16 
10 
-2 

2 
- 3 
-8 
9 
0 
0 

-9 
4 

-7 
-10 
-6 
-1 

1 
-12 
-17 

6 
-14 

8 
6 
6 
3 
8 

-10 
19 
6 

- 3 
-6 
-1 
42 
37 

2 
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density and cone thrust with depth, shown in plates 1 and 2. As can be 

seen from table 2, the difference in elevation for all comparative points 

ranged from 0.0 to 2.1 ft and averaged 0.7 ft . These differences in ele

vation for the density values being compared appear reasonable since strata 

of sand in a point bar deposit may vary 1 or 2 ft in elevation in a hori

zontal distance of 5 ft; also, change in stratification with depth varies 

in a random manner in this type of deposit. 

55 · The rel ative densities based on the undisturbed sample data 

averaged 65%, wher eas relative densities based on cone thrust data at com

parable elevations averaged 67%· Although the difference between the aver

ages is only two percentage points, the relative densities determined from 

cone thrust data ranged from 42 percentage points higher to 17 points lower 

than those based on undisturbed sample data . Thi s range of differences in 

relative density can probably be attributed primarily to (a) the hetero

geneous nature of the point bar deposit, and (b) the consequent change in 

gradation and perhaps in density within the 5- ft lateral distance between 

the undisturbed sample boring and the cone penetration. However, the most 

significant feature of these data is the fact that the average relative 

densities determined from undisturbed sampl es and from cone thrust data 

agreed within two percentage points, and that, therefore, cone thrust may 

be considered a rel iable index of the average in- situ density of zone A 

sand in point bar deposits . 

56. I t is pointed out that the relative densities based on cone 

thrust data were deter mined using gradation data for increments of sand at 

comparable elevati ons in the undisturbed boring . I f the relati ve densities 

from cone thrust data had not been corrected for gradation, and it had been 

assumed that the n
50 

size of the zone A sand was 0 .13 mm, the average rela

tive density based on cone thrust would have been 81%, which is 13 per

centage points greater than that determined using corrected gradations. 

If it had been assumed that the n
50 

size of the zone A sand was 0 . 24 mm, 

the average relative density based on cone thrust would have been 58%, 

which is 10 percentage points lower than that determined using corrected 

gradations . Thus it is apparent that the gradation of the zone A sand 

significantly affects the cone penetration resistance, and that cone thrust 

data alone cannot be used to determine relative density . 
19220 
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57. Results of the laboratory tests described previously herein 

also indicated that, with other factors constant, resistance to cone thrust 

penetration increases with increase in relative density and with increase 

in sand sizes . However, there is also evidence (discussed in the follow

ing paragraphs) which indicates that the relative density that differenti 

ates stable from unstable sands decreases with increasing coarseness in 

gradation . Since these factors more or less compensate each other , cone 

thrust resistance may be the most reliable of available indices for differ

entiation of stable and unstable sands. 

Discussion of results 

58. The density at which saturated sands a r e susceptible to flow 

failure, based on results of triaxial tests , is discussed in Potamol ogy 

Reports 5- 3 and 12- 5.* Two ranges of density with regard to flow failure 

are described in Report 12- 5 and are based on data from Report 5- 3· In 

the first range, sands with densities corresponding to relative densities 

varying from 0 to about 18% are thought to be subject to instantaneous flow 

failure . In the second range, sands with densities corresponding to rela

tive densities varying from about 18 to 80% are believed to be subject to 

progressive flow failure . 

59· The results of field investigations made during 1951 near large 

flow failures which occurred at Free Nigger Point and Point Menoir prior 

to 1950, described in Potamology Report 15-1,* indicated that the relative 

densities of samples of zone A sands from this location ranged from about 

75 to 86%, and that the percentage of material passing the No. 60 sieve 

ranged from about 75 to 100, with n50 sizes ranging from about 0.1 to 0.3 
mm. The cone thrust values for these zone A sands were generally less than 

those for sand 1 at 65% relative density. 

60. The tests and studies made thus far indicate that sands similar 

in gradation to sand 1, with relative densities greater than about 65%, 

will not be susceptible to flow failure. Sands finer than sand 1, with 

relative densities as high as 80%, may be subject to progressive flow fail

ure, but they probably would have a range of cone thrust values similar to 

or less than that of sand 1 at 65% relative density . Sands similar to 

* See list of Potamology Reports on inside covers of this report. 
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sand 2, at relative densities greater than about 40 to 50%, would probably 

not be subject to flow failure and would probably have a range of cone 

thrust values similar to or greater than that of sand 1 at 65% relative 

density. Sand 2 is very close to the coarse gradation limit for zone A 

sand . 

61. The range of cone thrust values and computed overburden pres

sures for penetration tests made in zone A sand at Kempe Bend, La., during 

the 1958 field investigation is shown in fig. 10, together with curves of 
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Fig. 10. Cone thrust versus vertical pressure 

cone thrust versus vertical pressure from the laboratory cone penetration 

tests (same curves shown in fig . 6). It can be seen that thrust values 

measured in the laboratory are similar in magnitude to those measured at 

Kempe Bend. (Results of density tests on undisturbed samples indicated 

that the relative density of zone A sand at Kempe Bend ranged from about 

20 to 90%.) 
62 . Considering the factors described in the preceding paragraphs, 

it is believed that when the cone thrust values for a sand stratum are 

less than the values represented by curve A in fig. 10, the sand is sus

ceptible to flow failure. vlhen the thrust value is greater than the 
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values represented by curve B, the sand is stable. When the thrust value 

falls between curves A and B, the stability (or instability) of the sand 

is uncertain. Thus the curves shown in fig. 10 may be used to determine 

the stability of natural sand deposits by simply plotting the cone thrust 

values measured in the field against respective overburden pressures (ver

tical pressures) and noting where the plotted points fall with respect to 

curves A and B. 

1960 Field Investigations 

63. Ten cone penetrations were made in the fall of 1960 in point bar 

deposits at four planned revetment sites adjacent to Vicksburg District 

sample borings made some months earlier. Analysis of gradation data on 

samples from the District borings indicated a potentially stable condition 

at five of the boring locations and potentially unstable conditions at the 

other five. The potential conditions were determined by means of gradation 

criteria described in Potamology Report 12-10.* 

64. In this section, data from the field cone penetration tests are 

correlated with laboratory cone penetration test data, and susceptibility 

of the cone penetration locations to flow failure is predicted on the basis 

of cone penetration resistance, and on the basis of the empirical method 

using gradation criteria and data obtained from the adjacent general sample 

borings. Observations of future performance will be necessary to determine 

the degree to which the cone penetration resistance method is superior to 

the old empirical gradation method for predicting riverbank stability. 

Locations 

65. Cone penetration borings were made adjacent to Vicksburg Dis

trict sample borings at the four selected revetment sites listed below: 

* 

Revetment Site 

Grand Gulf, Miss. 

Vicksburg District 
S~~le Boring No. 

GG-7-60 
GG-16-60 
GG-18-60 
GG-20-60 

(Continued) 

Cone Penetration 
Boring No. 

GG-7C 
GG-16C 
GG-18C 
GG-20C 

See list of Potamology Reports on inside covers of this report. 



Revetment Site 

Mayersville, Miss. 

Carolina, Miss. 

Yellow Bend, Ark. 

Vicksburg District 
Sample Boring No. 

MR-1-60 

CR-1-60 
CR-3-60 
CR-4-60 

YB-1-60 
YB-2-60 

Cone Penetration 
Boring No. 

MR-lC 

CR-lC 
CR-3C 
CR-4C 

YB-lC 
YB-2C 

The general locations of the borings at each site are shown in plate 5. 
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66. In general, cone penetrations were made within 15 ft of the 

Vicksburg District sample borings. However, at Grand Gulf, Miss., revet

ment was placed before the cone penetration borings could be made, and at 

two locations, GG-16C and GG-18C, the District boring locations were not 

accessible. At these locations, the cone penetration borings were located 

at the top of the newly revetted bank as near as possible to the original 

location of the District borings. 

Procedures 

67. Cone penetrations were made in the same manner as for the field 

investigation made at Kempe Bend, La., described in the preceding section. 

Cone thrust readings were obtained for each 0.1 ft of depth. The depth to 

the water table was determined at each of the cone penetrations at the 

time it was made. 

Test results 

68. Data from the cone penetrations of the 1960 field investigations 

are shown in plates 6 through 15, together with data from adjacent Vicks

burg District sample borings. Cone thrust versus depth and the location of 

the water table are shown on the right side of each plate, and the log of 

the adjacent District boring on the left side. 

Ana~ysis 

69. The analysis of cone thrust data for the purpose of predicting 

susceptibility to flow failure requires the establishment of: (a) cone 

criteria defining the soil conditions believed present in riverbanks sus

ceptible to flow failure, and (b) a technique for interpretation of cone 

thrust data to identify the existing soil conditions. Once the existing 

soil conditions are determined, they can be compared with those conditions 

set forth by the criteria, and the stability can then be predicted. 

• 
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70. Gradation criteria. The empirical or gradation method, de

scribed in Potamology Report 12-10, for predicting susceptibility of sands 

to flow failure is based on thickness of overburden and thickness of sand 

classified as zone A sand on the basis of gradation data. The criteria for 

an unstable condition set forth in the gradation method require that 

(a) the thickness of zone A sand be at least 20 ft, and (b) the ratio of 

overburden thickness to zone A sand thickness be 0.85 or less. Although 

use of these criteria has resulted in prediction of instability at all 

sites which have had flow failure, the criteria are believed to be incom

plete because the relative looseness or denseness of the zone A sand re

quired for susceptibility to flow failure is not included, and thus many 

sites predicted to be unstable have not experienced flow failure. 

71. Cone criteria. Since the gradation criteria apparently have 

some validity, the general requirements for a minimum 20-ft thickness of 

zone A sand and a maximum ratio of 0.85 for overburden thickness to zone A 

sand thickness have been retained in the cone criteria. However, the 

potentially susceptible sands are identified on the basis of penetration 

resistance rather than gradation. In addition, it is necessary that a 

predominant portion of these sand strata have a penetration resistance 

less than that indicated by curve A in fig. 10. Since the thickness of 

sand analyzed using the cone criteria includes coarser sands as well as 

zone A sands, the sands used in the analysis are referred to as cone thrust 

analysis sand, or CTA sands. Although the cone criteria for susceptibil

ity to flow failure are similar to the gradation criteria, techniques for 

establishing thickness of overburden and CTA sands are different, and are 

described below. 

72. Results of cone penetration field tests have indicated that, 

in general, cone thrust values in overburden soils are below 300 lb, except 

in silts and silty sands above the water table where the thrust may ap

proach 1000 lb. Results of the laboratory cone penetration tests indicate 

that for submerged very fine sand having a relative density of about 20%, 

the cone thrust value may be as low as 300 lb. Although laboratory cone 

penetration tests were performed only on saturated sand, it is believed 

that cone thrust values for fine sands above the water table would be 

greater than 1000 lb. Because of the heterogeneous nature of the 



overburden materials in some of the cone borings, it was sometimes diffi

cult to determine the depth at which CTA sands begin. For the purpose of 

determining the thickness of overburden based on the results of a cone 

penetration boring, the following criteria are used: 

a. Above the water table, materials are considered as over
burden until the cone thrust values exceed 1000 lb for a 
de~th of at least 5 ft. When this occurs, the top of the 
sand is considered to be where the cone thrust value 
reaches 1000 lb. 

b. Below the water table, materials are considered as over
burden until the cone thrust values exceed 300 lb for a 
depth of at least 10 ft . When this occurs, the top of the 
sand is considered to be where the cone thrust value 
reaches 300 lb. 
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73. The stability of the CTA stratum is determined using curves A 

and B of fig. 10. Strata having cone thrust values predominantly to the 

left of curve A are considered to be unstable, or susceptible to flow fail

ure; the stability of strata having cone thrust values predominantly be

tween curves A and B is considered to be uncertain; strata having cone 

thrust values predominantly to the r ight of curve B are considered to be 

stable, or not susceptible to flow failure. 

74. In the stability analysis the only portion of the sand stratum 

considered as CTA is that which extends from immediately below the over

burden to a depth where the cone thrust values of underlying sand pre

dominantly exceed the values for curve B for a thickness of at least 10 

ft. I t is believed that a stratum thickness of at least 10 ft with thrust 

values predominantly exceeding those of curve B establishes a barrier below 

which a flow failure will not penetrate. 

75. To determine the proportion of CTA sand which may be unstable, 

stable, or uncertain, the cone penetration log is examined and the depth 

of overburden established in accordance with the procedures described 

above . A p~essure versus depth curve is then drawn on the cone penetra

tion log, taking into account the location of the water table and using 

nominal values for the soil densities. Unit weights used in this investi

gation for overburden and sand are based on numerous measurements of den

sity from the undisturbed sample borings from Kempe Bend and are as 

follows: 
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Unit Weight2 lb per cu ft 
Material Above Water Table Below Water Table 

Overburden 110.0 50.0 

Sand 122.0 63.0 

The thickness of overburden as used here is defined by values of cone 

thrust rather than by gradation of the soil. 

76. After the pressure versus depth curve has been drawn, curves A 

and B from the pressure versus thrust plot shown in fig. 10 are drawn on 

the cone penetration log by plotting values for curves A and B at appro

priate depths, as indicated by the pressure versus depth plot. The bottom 

of the CTA stratum is defined by the point on curve B below which thrust 

values predominantly exceed curve B for at least 10 ft. Using curves A 

and B in the CTA sand stratum, the thickness of sand which is unstable is 

determined by totaling the thicknesses of individual strata having thrust 

values less than those for curve A; the thickness of sand which is stable 

is determined by totaling the thicknesses of individual strata having 

thrust values greater than curve B; the thickness of sand for which sta

bility is uncertain is determined by totaling the thicknesses of individual 

strata having thrust values between curves A and B. The stability of the 

entire CTA sand stratum is then arbitrarily considered to be that for 

which the sum of the thicknesses of individual strata is greatest. Thus, 

the CTA sand stratum will be considered potentially unstable only if the 

total thickness of individual strata having cone thrust values in the un

stable range is greater than the total thicknesses of the strata in either 

the uncertain or stable range. In addition, the total thickness of the 

CTA sand must be greater than 20 ft and the ratio of overburden thickness 

and CTA sand thickness must be less than 0.85 for an unstable condition. 

77. Predictions for field sites. The pressure versus depth curve 

and curves A and B are shown on each plot of cone thrust versus depth in 

plates 6 through 15 for each of the 10 field cone borings made in 196o. 

Using the criteria outlined above, the cone thrust data for each of these 

borings were analyzed and the stability was predicted. Table 3 shows the 

results of the analysis and the stability predictions based on the cone 

criteria for each boring location. 

78. Logs of the Vicksburg District borings are also shown in plates 



Table 3 

Stability Predictions at Selected Boring Locations 

CTA Sand Stability Condition Stability 
Overburden Stratum of CTA Sand Strata Prediction 

Thickness Thickness Un- Un- of 
Boring ft ft Ratio stable certain Stable Boring 

No. ~1~ ~ 2) (1)/(2) ft ft ft Location 

Based on Cone Criteria 

GG-7C 43 .2 55.8 0.78 24.0 18.5 13- 3 Unstable 
GG-16C 27.5 46.2 0.59 8.4 19.5 18.3 Uncertain 
GG-18C 30.7 18.6 1.65 8.5 2.3 7.8 Stable 
GG-20C 14 .5 23.0 0.63 0.3 9·9 12.8 Stable 

MR-lC 18.0 81.3 0.22 36.8 25-5 19.0 Unstable 

CR-lC 17.0 56·5 0.30 17.4 27.1 12.0 Uncertain 
CR- 3C 31.8 15.9 2 .00 3·8 1·1 4.4 Stable 
CR-4C 33·1 22.8 1.48 10.7 8.8 3·3 Stable 

YB-lC 20.0 57.6 0 . 35 2.1 19-7 35 . 8 Stable 
YB-2C 13 ·5 44.7 0.30 3·4 18.0 23.3 Stable 

Based on Gradation Criteria 

Zone A 
Overburden Sand 
Thickness Thickness 

Boring ft ft Ratio Stability 
No. ( 1) ( 2) (1)/(2) Prediction 

GG-1C 43 54 0.80 Unstable 
GG-16C 28 55 0.51 Unstable 

GG-18C 29 23 1.25 Stable 
GG-20C 23 78 0.30 Unstable 

MR-lC 14 29 0.48 Unstable 

CR-lC · 9 63 0 .14 Unstable 

CR-3C 39 10 3-90 Stable 

CR-4C 33 2b 1.27 Stable 

YB-lC 19 10 1.90 Stable - Stable YB-2C 9 9 1.00 -

Note: Underlined figures denote controlling factor. 



6 through 15; gradation data were used to define thickness of overburden 

stratum, zone A stratum, zone B stratum, and the lower sand stratum, as 

indicated to the right of each boring log. Based on these data, the sta

bility of each boring location was predicted, using the gradation criteria 

described in Potamology Report 12-10. The predicted stability of each 
' 

boring location using the gradation criteria is also shown in table 3. 
Discussion 

79. Comparison of the stability predictions (table 3) shows that the 

predictions based on the cone criteria are similar to those based on the 

gradation criteria. However, one location (GG-20C) rated unstable accord

ing to the gradation criteria was rated stable by the cone criteria, and 

two locations (GG-16C and CR-lC) rated unstable by the gradation criteria 

were rated uncertain by the cone criteria. Thus, it appears that if the 

rotary cone penetrometer were used for revetment site investigations, and 

the cone criteria proposed in this report used for stability analyses, a 

smaller number of locations would be predicted to be unstable. 
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PART IV: SUMMARY OF TEST RESULTS 

80. The results of the investigations described in this report are 

smnmariz ed below. 

a. -

b. -

Cone thrust increased with increase in overburden pressure, 
increase in relative density, and increase in coarseness of 
sand. Therefore, at any particular overburden pressure the 
con·e thrust is a measure of the combined effect of density 
and gradation of the sand. 

A 6-in. stratum probably was the minimum thickness for 
which the cone thrust was not significantly influenced by 
adjacent material of different relative density. 

c. The change in density during undisturbed sampling of sand - was not a serious problem, since the change generally 
amounted to less than l lb per cu ft for the middle 18 in. 
of the 30-in. sample, under conditions commonly encountered 

... in the field. 

d. At Kempe Bend, the average relative density determined from 
cone thrust data and that determined from undisturbed sam
ples agreed within two percentage points. 

e. Techniques for routine use of the cone thrust data for 
prediction of stability of point bar riverbank deposits 
with regard to flow failure were developed. Stability pre
dictions based on cone thrust data and gradation data from 
ten locations on the Mississippi River banks indicate that 
fewer locations would be predicted to be unstable if the 
rotary cone penetrometer and cone criteria were used for 
the analysis. 



PART V: CONCLUSIONS AND RECOMMENDATIONS 

81. On the basis of the laboratory and field investigations con

ducted with the rotary cone penetrometer, it appears that cone thrust is a 

reliable measure of the combined effect of gradation and density of the 

sand being penetrated. Criteria based on cone thrust have been developed 

for predicting the stability of revetment sites against flow failure. 

Observations of past performance have shown that flow failures have not oc

curred at many locations previously predicted to be unstable by the grada

tion criteria. It appears that the rotary cone penetrometer, which meas

ures the combined effect of density and gradation, furnishes information 

which can be used to more adequately define critical foundation conditions, 

and that use of the cone criteria will result in fewer predictions of un

stable areas. Further, the penetrometer provides a continuous sounding 

that will disclose loose strata which may not be found by general sample 

borings. 

82. It is recommended that the rotary cone penetrometer be used for 

routine investigations of point bar deposits at proposed revetment sites, 

and that the cone thrust data be analyzed using the cone criteria proposed 

in this report. One or two general sample borings should also be made at 

each revetment site in a point bar deposit to supplement the cone penetrom

eter borings until greater confidence in the cone criteria is established. 

It is further recommended that annual studies of the performance of the 

prediction sites be made for the purpose of verification or improvement of 

the cone criteria. Use of the rotary cone penetrometer is recommended on 

the basis of increased utility of data without an increase in cost, since 

more complete data can be obtained from cone penetration borings and the 

cost will be about equal to that of general sample borings. 







0 ~---------.----------~-----------.----------,---------~70 

10 j-------~~~-t-----------t-----------+-----------+----------~60 

20j----------t----~----,_--------~~---------+---------- 50 

1- 1\ u. . 30 w 40 

u '\] 
W. T. 

c( 

u. ...J 
II) 

a:: ::E 
:J 
II) 1-

0 
u. 

z z -:J 
0 40 30 z 
a:: 0 
C) -

1-
~ 

c( 

0 > 
...J w 
w ...J 
aJ w 
I 1\ 1- so 20 
Q. 
w 
0 

sor-----------,_----------~-----------4----~~----+---------~ 10 

7or---------r---------r-------~~------~~\ ------~ 0 

aoL-----------~-----------L----------~------------~--~----__J -10 

0 10 20 30 40 50 

OVERBURDEN PRESSURE, PSI 

NOTE: RELATION OF OVERBURDEN 

PRESSURE AND DEPTH BASED 

ON DATA FROM BORINGS U-1 

AND U-2. 

OVERBURDEN PRESSURE 
VS DEPTH 

PL ATE 3 



u.i' 
a: 
:::> 
II) 
II) 
UJ 
a: 
~ 35~------+-~--~~~~--~----+-~~---4r-+-~----~----~ 
.J 
<( 
1.) 

ti 
UJ 
> 

4~~------,o~oo-----L~2~~U---L--3~~~--~--4~ooo~--~-5~o~o~o~--~~~----~=7o~oo----~~e~ooo 
CONE THRUST, L B 

A. SAND I, D50 = 0.24 MM 

25~--~,~,~,~,~,-~,,\~,-~,~,~,--~----~----~----~----~ 

\\\\\,\ 
\\\\\\\ 

_30~----~~~+-+-1~~\~\~~'M-4-'-~4-~--------~------+-------+-----~ 
If) ' I\ ' ' ' ' ' 
:.... \ \ \ \ \ \ \~ 
~ \\\\\\ '$-~ 
~ 35 \ \ \a> • \ \ m 
~ ~------~l+~+~4~~~-+~~,~,·o \ '~ • \~------~------~------~------~ 

~ ~~~~~ ~ ~ \ f \ \~ \ \~ 
~ :o ' I \ \ \ \ \ \ 

~40~--~H+~~~\~\-++\~+-'~'--'+-4~~-r-----r----~--~ 
\ \ \ \ \ \ 

\\\\\\\ 
45o~----~,o~oo~~~'~'~i~ooo~-\~-\~3~o~~~o--'~-'~~~oo~o~\~·---\~\5~o~070----~6~oo~or---r-7~o~o~o----~eooo· 

CONE THRUST, LB 

B. SAND 3, D50= 0.13 MM 

PLATE 4 

CONE THRUST VS 
VERTICAL PRESSURE 

SANDS I AND 3 

























APPENDIX A: DESIGN AND OPERATION OF THE 
ROTARY CONE PENETROMETER 

1 . The rotary cone sounding device shown in plate Al was designed 

for use with the truck-mounted rotary drilling rig shown ln fig . 4 of the 

main text . The device consists of a 60- degree cone with a projected area 

of 1.55 sq in . att~ched to a cone rod . The cone is made in two pieces . 

Al 

The top section fits over the cone rod, while the lower or point section 

screws onto the end of the cone rod and acts as a lock nut against the top 

or skirt section to prevent loosening of the cone during operations . A 

short, double- thread screw auger, approximately 3-1/8 in. in diameter, with 

six jet holes 18 in . above the tip of the cone to facilitate advancement of 

the cone into the soil is connected to drill rods, and the lower part or 

auger bit stem extends down into the cone skirt . The inner cone rod ex

tends upward through the auger stem and auger section by means of cone rod 

extensions up through the inside of the drill rods attached to the top of 

the auger s ection . The upper cone rod section extends through a special 

water swivel fitted to the top of the drill rods . The drill rods are 

fitted with brass bushings so that the cone rod is supported laterally at 

least every 2-1/2 ft for its entire length but may move vertically and in

dependently of the drill rods . The top of the upper cone rod is connected 

to the bottom of the proving frame . The top of the proving frame is at

tached to a thrust plate connected to the top of a water swivel by means of 

tie rods in the flange on top of the swivel . 

2 . Pressure exerted on the drill rods by the drilling rig is trans

mitted through the proving frame to the cone rod and thus to the cone 

point . Drilling fluid enters the hollow cone rod above the swivel and is 

diverted into the annular space between the drill rods and the cone rods 

and thence out the jet holes by means of an outflow coupling on the cone 

rod at the bottom of the drill rod string . 

3· The independent suspension of the cone rod allows the cone to be 

forced into the soil without being rotated while the drill rod and auger 

are rotating . The rotation of the auger attached to the drill r ods and 

the jetting action of the drilling fluid discharging through the jet holes 

onto the top portion of the auger blades make a borehole and remove 
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material passing the auger, thus allowing free passage of the drill rod. 

The presence of drilling fluid in the borehole keeps the hole open during 

operation. The auger stem is of sufficient length (15-1/2 in.) to place 

the cone point below the zone of significant disturbance created by the 

auger bit. 

4. The soil drill rig used to operate the cone is equipped with a 

hydraulic feed that permits a continuous thrust of 2-1/2 ft at a practi

cally constant rate of penetration against changing resistance from zero 

to the maximum thrust capacity of the drill rig, which is about 12,000 lb. 

Penetration resistance can be determined at any point during the 2-1/2-ft 

drive by means of the proving frame (plate A2) and its attached dial gage. 

If sufficient sections of drill rod and cone rod were added, penetration 

resistance data could be obtained to the 1500-ft depth capacity of the 

drill rig. However, the proving frame which measures the cone thrust has 

a capacity of 9095 lb; therefore, the depth to which exploration can pres

ently be made is limited by the capacity of the proving frame to about 200 

ft. The proving frame was calibrated previously in the laboratory to ob

tain the load values required to deflect the frame; this calibration is 

shown in plate A3. 

5. Tests have been made to determine the correction in pounds to be 

added to the cone thrust to correct for the influence of weight of cone 

rods. 

. ..... 
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APPENDIX B: PROPERTIES OF SANDS USED IN lABORATORY INVESTIGATION 

1. The laboratory cone penetration tests of this investigation were 

performed on three different sands: a medium-fine sand (sand 2), a fine 

sand {sand 1), and a very fine sand {sand 3). Sand 1 was obtained from a 

borrow pit in Campbell's Swamp near the Big Black River about 7 miles south 

of the Waterways Experiment Station. This sand was used because it was 

readily available near the Experiment Station and because its gradation re

sembles that of fine zone A sand. Sand 2 was obtained from a bar deposit 

near Delta, La., and was used because its gradation resembles that of 

medium-fine zone A sand. Sand 3 was obtained near range 32 at Reid Bed

ford, La., and was chosen because it appeared to be similar to a very fine 

zone A sand in both gradation and grain shape. 

2. In order to compare the properties of the three s~nds (1-3) used 

in the laboratory tests with the properties of zone A sand tested in the 

field, results of laboratory tests on a typical zone A sand from Kempe 

Bend, La., are included. The Kempe Bend sand was a mixture of four 3-in. 

increments of sample 30 obtained from a depth of 58.5 ft in boring U-1, 

which was made as part of the 1958 Kempe Bend field investigation. 

Gradation 

3. Based on the modified criteria described in Potamology Report 

12-9, sands with more than 50% of the particles finer than the No. 40 

sieve, more than 25% finer than the No. 60 sieve, and less than 20% finer 

than the No. 200 sieve are classified as zone A sands. The gradation 

curves in plate Bl show that all of the sands used in this investigation 

are zone A sands. The percentage passing significant sieve sizes, the 

grain size for certain fractions, and the coefficient of uniformity for the 

sands are listed in the following tabulation. 

Coefficient 
Percent Passing Grain Sizez mm of Uniformity 

No. 40 No. 60 No. 200 
D90 D50 DlO D60/Dl0 Material Sieve Sieve Sieve 

Sand 3 100 98 15 0.18 0.13 0.06 2.3 

Kempe Bend sand 99 83 1 0.28 0.21 0.14 1.5 

Sand 1 97 55 1 0.32 0.24 0.16 1.6 

Sand 2 70 27 2 0.55 0.33 0.19 2.0 
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4. Examination of sand 3 under a low-power microscope showed it to 

be partly subangular and partly subrounded, and that it is more angular 

than Kempe Bend sand, or sands 1 and 2 (see photomicrographs in plate Bl). 

The specific gravity of sand 3 was 2.67 as compared with a specific gravity 

of 2.65 for sand 1, 2.66 for sand 2, and 2.67 for the Kempe Bend sand. 

Maximum-Minimum Density Tests 

5· Results of maximum-minimum density tests performed on sands 1-3 
and the Kempe Bend sand in accordance with procedures outlined in Pota

mology Report 12- 2 are shown in the following tabulation, together with the 

dry densities for relative densities of 20, 40, 65, and 90%. Relative 

density (RD) was determined using the equation 

'Yd - 'Yd min 
RD - --~~---------

'Yd max- 'Yd min 

where 

'Yd max X __;,;;..__ 

yd- the dry density under consideration, lb/cu ft 

y - minimum dry density, lb/cu ft d min 
y - maximum dry density, lb/cu ft d max 

Relative D£Y Densityz lb/cu ft 
Density Kempe Bend 

% Sand 1 Sand 1 Sand Sand 2 
100 (max) 101.6 104 .2 105.8 111 .6 
90 99 .2 102 .2 103.7 109.8 
65 93.6 97 ·5 98 .9 105 .4 
40 88.6 93 ·3 94 .5 101.4 
20 85 .0 90 .1 91. 2 98.5 
0 (min) 81.7 87 .2 88.2 95.6 

Shear and Consolidation Tests 

Test procedures 

6. Controlled stress, consolidated- drained direct shear tests were 

performed on specimens of sands 1-3 and the Kempe Bend sand which were 

2. 36 in. square and 0.398 in . highj the specimens were subjected to normal 

loads of 0 .5, 1.5, and 3.0 tons per sq ft (equivalent to 6.9, 20.8, and 

41 .7 psi, respectively) . Test time to failure was generally about 45 min . 

' 
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Controlled strai n, consol idated- drained direct shear tests were per formed 

on specimens of the four sands 3.00 in . square and 0.500 in. high, which 

were subjected to the same normal loads as those listed above. Rate of 

strain was about 0 .001 in. p er min, and time to failure ranged from 35 to 

60 min . 

7. Multiple- stage, consol idated- drained triaxial shear tests were 

performed on specimens of all four sands 2.8 in . in diameter and 5.6 in. 

high, using confining pressures of 30, 60, and 90 psi . Rate of strain was 

about 0 .002 in. per min, and time to fail ure ranged from 22 to 35 min. 

8 . Consolidation tests were performed 

four sands formed by placing dry sand in the 

on saturated specimens of all 

consoli dometers at 40 and 65% 
relative densities . The specimens, saturated after placement, were 4. 25 
in . in diameter and 1. 25 in . high, and were subjected to pressures up to 

16 tons per sq ft (222.4 psi) . 

Test results 

9· Results of these tests are summarized in table Bl . 

Table Bl 

Summary of Results of Direct Shear, Triaxial Shear, Consolidation, and Permeability Tests 

Direct Shear Tests Triaxial Testst 
Angle of In- Angle of In-

ternal Friction ternal Friction 
All Tests Dry Relative Density ~ ~ desree ~~ desree Consolidation Permea-

Initial Initial Densit~ 1 lbLcu ft Tested Tested Tests bility 
Dry Relative After At Max After At Max After After Pres- Compres- Tests 050 Density I'Qnsity Consoli- Shear Consoli- Shear Tested Satura- Tested Satura- sure sion k 

Material mm lbLcu ft 1! dation Stress* dation Stress* Dry tion** oa tion** ESi Indextt em/sec 

Sand 2 0 . 33 99 .4 24 101.8 101.0 43 37 33-6* 
101.4 40 34 .1 
101.4 40 102.7 101.6 48 41 33 .2* 
101.5 40 104.4 104 .4 59 59 34 .8 50 0.016 0.0295 
111.0 97 112. 3 110 .1 104 92 39 . 2* 
111.0 97 112.4 110.8 104 96 39·8 

Sand 1 0 .24 90 .1 20 92 .7 92 .5 36 35 29 . 3 
93 · 3 40 95 .6 95.6 54 54 29 -7 50 0 .017 0.0355 
93 · 3 40 94 .9 95 .2 50 52 31.4* 
93 · 3 40 98 .3 98.8 69 72 32 .6 
93 · 3 40 31.0 
93 .6 42 31.0 
97 .2 65 99 ·9 99·4 78 75 30 . 3 50 0.0354 

102.2 90 103.4 102.6 96 92 32 .0 0 .0253 
104.2 100 104 .4 102.1 101 89 32 ·3 

Kempe Bend 0 .21 91.2 20 94. 5 94 .2 40 38 32 .1 
sand 93 .6 35 36.0 

94 .4 40 97 .6 98.4 58 62 33 ·2 50 0.024 0 .0204 
94 .4 40 98 .0 97 .2 59 56 33 .0* 
98 .8 65 101.2 101.2 77 77 33 .2 

Sand 3 0 .13 85 .0 20 90 ·7 91.2 51 53 31.5 
88 .6 40 35 .0 
88 .6 40 90 .9 94 .0 52 67 32 .0* 

0.0056 88 .6 40 92 .9 94 .5 62 69 31.9 50 0.052 
93 .6 65 97 .8 98 .8 84 88 )3.0 
94 .8 71 97 .0 97 ·3 8o 82 32. 5 

* Based on direct shear specimen loaded to 3.0 tons per sq ft . 
** Specimens were allowed to drain during shear . 

t Multiple stage triaxial. Change in relative density during test was not measured. Specimens sheared at controlled rate of 
strain. 

t t Compression i ndex based on line drawn tangent to void- ratio pressure curve at 50 psi . * Sheared at controlled rate of strain; all other direct shear tests sheared at controlled rate of stress . 
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10. Direct shear tests. The relation of shear stress and vertical 

deformation to horizontal deformation for consolidated-drained direct shear 

tests on sand 2 placed at 40% relative density is shown in plate B2. Data 

are shown for a controlled stress test on dry sand, and for a controlled 

strain test on sand placed dry, saturated after application of the con

solidation load, and then sheared. The results in plate B2 are typical of 

the other direct shear tests performed. 

11. The angle of internal friction determined from direct shear 

tests versus relative density, for specimens loaded to 3.0 tons per sq ft, 

is shown in plate B3. Open symbols denote results from specimens tested 

dry, and solid symbols denote results from specimens which were saturated 

and then tested. The relative densities in the left-hand plot of plate B3 

were computed after consolidation at the start of shear; those in the 

right-hand plot were computed at maximum shear stress. The angles of in

ternal friction are those for maximum shear stress. 

12. The plots shown in plate B3 indicate that the angle of internal 

friction increased with an increase in relative density. They also in

dicate that, except for sand 1, the angle of internal friction increased 

with an increase in coarseness of gradation. Sand 1, which is finer than 

sand 2 but coarser than sand 3 and the Kempe Bend sand, showed the lowest 

angle of internal friction. This lower angle may be related to mineral 

composition, since sand 1 was almost pure quartz and the other sands con

tained several types of minerals including chert, quartz, quartzite, and 

feldspar . The angle of internal friction for the saturated sand was about 

equal to the angle of internal friction for the dry sand. 

13. Triaxial tests. The angles of internal friction determined from 

multiple-stage triaxial tests on specimens of oven-dried and saturated sand 

with initial relative densities of 35, 40, and 42% are shown in table Bl. 

Kempe Bend sand had the highest angle of internal friction, and sand 1 the 

lowest. The angles of internal friction for the oven-dried specimen of 

sand 1 and the saturated specimen of sand 1 were identical. 

14. The angles of internal friction determined from the triaxial 

tests ranged from 1.6 degrees less to 3.1 degrees higher than those deter

mined from the direct shear tests. However, the triaxial test results 

should not be compared directly with those of the direct shear tests 

I 
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because of the difficulty in preparing uniform triaxial specimens, and be

cause the change in relative density during the triaxial tests was not 

measured. 

15. Although close agreement should not necessarily be expected, the 

angles of internal friction determined from triaxial tests and those from 

direct shear tests, both on specimens of sand 1 and sand 2 placed at a 

relative density of 40%, agree within about 1 degree. The angles of in

ternal friction determined for sand 3 and Kempe Bend sand were about 3 de

grees higher in the triaxial tests than in the direct shear tests, which 

may have been caused by a significant increase in relative density during 

the triaxial tests, since the compressibility of these two sands is greater 

than that of either sand 1 or sand 2. The results of the direct shear 

tests and triaxial tests are intended to provide only an indication of the 

effect of gradation and relative density on the angle of internal friction. 

16. Consolidation tests. Void ratio-pressure curves for the four 

sands placed at 40% relative density are shown in plate B4. These curves 

indicate that the compressibility of the sands generally decreases with 

increasing coarseness in gradation, as may be expected. To compare the 

relative compressibility of the sands tested, the compression index based 

on a line drawn tangent to the void ratio-pressure curve at a pressure of 

50 psi was determined for each test. Values of the compression indices are 

shown adjacent to the curves in plate B4, and in table Bl. 

Permeability Tests 

17. Falling-head permeability tests were performed on specimens of 

sands 1, 2, and 3 and the Kempe Bend sand at a relative density of 40%. 

Tests were also performed on sand 1 at relative densities of 65 and 90%. 

The permeabilities measured are shown in table Bl. There were no changes 

in densities during the tests. 

18. Sand 1 had a permeability of 0.0355 em per sec, the highest 

permeability of the four sands tested at a relative density of 40%; thus, 

sand 1 was over six times more permeable than sand 3, almost twice as 

permeable as the Kempe Bend sand, and slightly more permeable than sand 2. 

Sand 1 had approximately the same permeability when tested at relative 
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densities of 40 and 65%, with a reduction of about 30% when tested at a 

relative density of 90%. 
' 
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APPENDIX C: DETAILS OF CONE PENETRATION LABORATORY TESTS 

Apparatus 

1. The cone penetration test specimens were prepared in a cylindri

cal tank (fig. Cl) with an inside 

diameter of 3-1/2 ft and a height of 

6-1/2 ft. The tank was made of 1/2-

in.-thick rolled steel, sandblasted 

to remove rust and irregularities, 

and welded to form a circular con

tainer. Two 0.18-in.-ID piezometer 

tubes were attached at distances of 

12 and 36 in. from the bottom of the 

tank to measure the water level in 

the tank. A 1-1/4-in. pipe was 

fitted to the bottom of the tank for 

use in saturating the test specimen. 

The pipe was attached at the side of 

the tank to a perforated channel in

side and on the uottom of the tank. 

I IIi \ ' 
I 

Fig. Cl. Tank in which cone penetra
tion test specimens were prepared 

This channel, which formed an equilegged 120-degree Y that extended to the 

walls of the tank, was embedded in a 2-in. layer of coarse sand. Before 

preparation of the specimens, the tank was placed in a hole so that the 

top of the tank was flush with the ground surface. 

2. A steel surcharge plate, 2 in. thick, was placed on top of the 

specimenj three jacks (each with 30-ton capacity) and three load cells were 

placed on the steel plate (fig. C2). Another 2-in.-thick steel plate, used 

as a load reaction top plate for the jacks, was connected by 18 steel rods 

of l-in. diameter to a collar on the outside of and 6 in. below the top of 

the tank. · Both plates had four 3-1/2-in.-diameter holes: one in the 

center and the other three equispaced on the circumference of a circle with 

a radius of 10-1/2 in. The cone penetration tests were made through these 

holes. Pressure cells were used to determine vertical pressure inside the 

tankj they were 50- and 100-psi WES type, and have been described in 
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Fig. C2. Load jacks and load cells 

another publication.* A schematic and a general view of the test appara

tus are shown in figs. 3 and 4 of the main text (pages 8 and 9). 
3· A hard, clear lacquer was applied to the inside of the tank as 

frequently as necessary to prevent rusting. To estimate the effect of the 

lacquer on the friction of the sand against the tank wall, shear tests 

conducted with fine sand on a lacquer-coated specimen of steel, an un

coated specimen, and a specimen with a rusty surface were made, in which 

friction coefficients of 0.52, 0.35, and 0.73, respectively, were obtained. 

Thus, the lacquer apparently was too soft to reduce the sidewall friction, 

but it did prevent a variation in friction by preventing the formation of 

rust. 

Preparation of Specimens 

4. Prior to the start of the testing program, techniques were de

veloped for placing the sand in the tank. Before placement of the sand, 

the inside diameter of the tank was measured at 6-in. increments of depth 

to take into consideration changes in size of the tank which occurred dur

ing welding. 

* u. S. Army Engineer Waterways Experiment Station, CE, Pressure Cells for 
Field Use, Bulletin No. 40 (Vicksburg, Miss., January 1955). 
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5. The feasibility of placing the sand at a relative density of 20% 

was established in preliminary laboratory tests which indicated that wet 

sand having a water content of about 10% (about the bulking water content) 

placed with a moderate compaction effort would provide a specimen capable 

of sustaining a surcharge pressure of 100 psi without collapse of the soil 

structure. 

6. The following procedure was used to place sand in the tank at a 

relative density of 20%. The wet weight of sand required for each 3-in. 

lift was calculated. The dry sand 

and water were weighed and mixed 

to provide a sufficient quantity 

of wet sand for the lift being 

placed. The wet sand was placed 

in a covered bin and mixed at in

tervals to prevent drying and to 

maintain uniform moisture distri

bution. Four equal increments of 

the wet sand for the lift being 

placed were each weighed, as 

needed, in a bucket and lowered 

into the tank. The bucket was 

tipped and the sand gently 

dumped, keeping the rim of the 

bucket as close as possible to 

the top of the previously placed 

lift. After the correct weight of 

wet sand had been dumped, it was 

spread evenly over the area; the 

low density was obtained with two 

coverages of a 4-3/4-in.-diameter, 

17.5-lb tamper, dropped 1 in. (see 

fig. C3a). The surface of each 

lift was smoothed level with a 

straightedge after placement (fig. 

C3b). The covered bin, dry sand, 

a. Tampers (heavy tamper foot shown 
at left edge of tank) 

b. Leveling a layer of specimen 

Fig. C3. Tampers and leveling 
operation 
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and bucket used in preparing and placing the sand are shown in fig. C4a. 

The method used to lower and tip the bucket is shown in fig. C4b. 

a. Covered bin, 
sand ( in bags), 
scale, and 
bucket (on 
scale) used in 
preparing and 
placing sand at 
20% relative 
density 

b. Method of con
trolling bucket 
in placing sand 
in tank 

Fig. c4. Materials and procedure used in placing sand at 
20% relative density 
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7. For relative densi

ties of 40, 65, and 90%, the 

sand was placed dry. The 

quantity of sand required for 

each 3-in. lift was weighed 

and placed in the tank. The 

dry sand was poured through a 

funnel suspended by a rope and 

connected at the bottom to a 

l-in. pipe, with the length 

varying from 3 to 8 ft, de

pending upon the depth of the 

sand. An 8-in.-diameter plate 

was attached 5 in. below the 

bottom of the pipe to reduce 

Fig. C5. Plate used to reduce momentum of 
falling sand during placement of sand 

in tank 

the momentum of the falling sand (see fig. C5). The height at which the 

plate was maintained above the top of the sand depended on the density 

desired. 

a . .... 

b • ..... 

For 40% relative density, the plate was held 4 in. above the 
surface of the sand at the beginning of each 3-in. lift; it 
remained in the same position while the lift was poured. 
Thus, the distance of the plate above the top of the lift was 
l in. at the end of the pouring. The sand was allowed to 
spill off the plate as the plate was slowly moved over the 
area. 

For 65 and 90% relative densities, the plate was maintained 
at an initial height of 8 in. above the surface of the sand 
and kept in the same position while each 3-in. lift was 
poured. The funnel and pipe assembly was moved rapidly from 
side to side over a distance of about l ft as the sand was 
poured. 

8. The 40% relative density was obtained by pouring the sand without 

tamping. The 65% relative density was obtained by use of a 4-l/2-in.

diameter, .13-lb tamper dropped l/2 in. with one coverage of each lift (fig. 

C3a). The 90% relative density was obtained by use of a 4-3/4-in.-diameter, 

17·5-lb tamper dropped 1 to 2 in. with two coverages of each lift (fig. 

C3a). After placement, the surface of the sand in all lifts of each speci

men was made level with a straightedge (fig. C3b). 
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9· Following the leveling of each lift, the average depth to the 

sand surface was obtained in each penetration specimen by using a sur

veyor ' s rod to measure the distance below a steel ruler laid across the top 

of the tank (fig. c6a). Using the measurements made for each lift to ob

tain the volume of sand and the weight of sand placed in each lift, the 

density of each lift was computed. (The relative densities for the lifts 

a. Depth measurement 

b. Pressure cells in place 

Fig. c6. Depth measurement and pressure cells 

. . . . -- . ~ -
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of specimens 4-16 are shown in plates c4 through C7; densities of specimens 

1-3 are not shown.) 

10. Pressure cells were placed at the required depths near or at the 

surface of the sand and were leveled; the lead wires were attached to the 

side of the tank (fig. C6b). For specimens with strata of different densi

ties, aluminum settlement plates 1/8 by 4 by 4 in. were placed at each 3 

in. of depth within the stratum which had a different density from that of 

the majority of sand in the specimen, and at 3- and 6-in. distances both 

above and below each such stratum. In several of the uniform density 

specimens, settlement plates were placed at each 6 in. of depth. The depth 

to each plate was measured both after placement and after testing of the 

specimen, to determine any changes in position of the plates, which would 

indicate large or unusual changes in density during testing. 

11. Since the diameter of the surcharge plate was 1/2 in. less than 

the inside diameter of the tank, some piping of sand occurred around the 

edge of the plate during the first tests. Piping was eliminated in the 

later tests by placing a 3- in. wedge of graded gravel filter around the 

top edge of the specimen. 

12. After the tank was filled with sand to a depth of 72 in., the 

surcharge plate, load jacks, and reaction plate were placed in position. 

Three Ames dials were used to measure settlement of the surcharge plate 

during testing. Load was applied to the surcharge plate with the jacks by 

remote-control pumps. Although hydraulic gages were attached to the load 

pumps, load cells on top of the jacks (see fig. C2) and SR-4 strain gage 

indicators were used to obtain more accurate readings than those obtain

able from the pump gages. An initial load of 30 psi was applied just be

fore saturation was started. About two hours were required for saturation, 

which was accomplished by introducing water through the 1- 1/4-in. pipe 

shown on the right-hand side of the tank in fig . Cl. After saturation, the 

load was released overnight and reapplied the next day before testing was 

begun . 

Test Procedures 

13. A list of the specimens tested is shown in the tabulation in 

paragraph 21 of the main text. As the investigation progressed, 
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improvements in techniques and modification of procedures were made. The 

first series of tests (specimens 1-4 and 6-12) comprised pressure calibra

tion tests and penetration tests on sand 1 at relative densities of 40, 65, 
and 90%. Both uniform density specimens and specimens with strata of dif

ferent densities were included in the first series. The second series 

(specimens 5 and 13-16), consisting of penetration tests on sand 1 at 20% 
relative density, sand 3 at 20, 40, and 65% relative densities, and sand 2 
at 40% relative density, was conducted later in the program after the first 

series of penetratlon tests had been analyzed. The following tabulation 

shows the number and locations of pressure cells used in each test specimen. 

Specimen 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
~ 
1~ 

1~ 

1~ 

13 
14 
15 
16 

Relative Total 
Sand Density, % Cells Depth, in. 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
l 
3 
3 
3 
2 

40 
65 
90 
90 
20 
40 
65 
90 
40 
40 
90 
90 
20 
40 
65 
40 

6 
6 
4 
6 
9 
3 
3 
3 
3 
3 
3 
3 
9 
9 
9 
9 

18, 36, 54 
18, 36, 54 
18, 36 
18, 36, 54 
18, 36, 54 
36 
36 
36 
42 
36 
36 
36 
18, 36, 54 
18, 36, 54 
18, 36, 54 
18, 36, 54 

* Contains strata of different densities. 

No. at 
Each Depth 

2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
3 

14. Similar procedures were used for preparing pressure calibration 

specimens, uniform density specimens, and specimens with strata of dif

ferent densities. About six days was required for preparing and testing 

each specimen. 

Pressure calibration tests 

15. Pressure calibration tests were made to determine the variation 

in vertical pressure with depth of sand placed at various densities. Meas

urements of this variation were necessary because, as the depth increases, 

vertical pressure within the specimen is reduced by friction of the sand 

against the wall of the tank. 



C9 

16. Pressure calibration tests were performed on three specimens of 

sand l placed at relative densities of 40, 65, and 90%, with surcharge pres

sures of 30, 6o, and 100 psi applied to each specimen. Pressure measure

ments were made with six WES pressure cells installed at depths of 18, 36, 

and 54 in. At each depth two cells were installed diametrically opposite 

each other on a radius of 10-l/2 in. (i.e. one-half the radius of the tank). 

17. The surcharge loads of 30, 60, and 100 psi were applied suc

cessively to the surcharge plate on each specimen. Each load was applied 

and held constant until the pressure cell readings, observed on an SR-4 

strain gage indicator, had stabilized. An average of about two hours was 

required for stabilization. The final, stabilized reading of each pressure 

cell was recorded as the measured p~essure at the cell depth. The 100-psi 

surcharge load was applied and released three times, and pressure cell and 

settlement readings were obtained after each load application to determine 

the effect of cyclic loading on the increase in pressure and settlement. 

18. The pressure calibration tests were intended to provide pressure 

data for analysis of data from penetration tests on specimens identical 

with the pressure calibration specimens . However, the pressure calibration 

test data indicated significant variations in vertical pressure for various 

densities, and it was concluded that it would be necessary to install pres

sure cells in all penetration specimens . 

Penetration calibration test 

19. To determine the feasibility of measuring the pressure in the 

same specimens in which penetration tests were made, and the feasibility of 

performing more than one penetration test on each specimen, a combination 

calibration and penetration test was made. For this test, sand l was 

placed in the tank at 90% relative density, and pressure measurements were 

made for surcharge loads of 30, 60, and 100 psi. Six pressure cells were 

placed, two each at depths of 18, 36, and 54 in. Two penetrations were 

made after the 100-psi load had been applied. Results indicated that 

vertical pressures could be measured in the same specimen in which pene

tration tests were to be made, and that more than one penetration test 

could be made in the same specimen, since the first penetration did not 

unduly disturb the specimen at other penetration locations. 

20. These first two penetrations were also made to check the 

• 
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operations and procedures for the penetration test, and to establish the 

rate of penetration, rate of rotation of the outer rods, and rate of drill

ing fluid flow . A rate of rotation of 26 rpm and rate of fluid flow of 17 

gpm were found to be satisfactory . However, because of the high density 

and surcharge pressure, the desired rate of penetration of l ft per min was 

not obtained for the first two tests . The flow control valve on the drill 

rig, which controlled the hydraulic feed and thus the r ate of penetration, 

was not set to provide sufficient pressure; therefore, a rate of penetra

tion of about 0 .4 ft per min was measured for the first two penetrations. 

I n subsequent tests the flow control valve was adjusted for each density 

and surcharge pressure, and a rate of penetration of about l ft per min was 

obtained. 

Penetration resistance tests, sand l 

21 . Cone penetrations were made through the holes in the surcharge 

and reaction plates, using the field rotary cone penetrometer advanced with 

a drill rig in a manner similar to that used for field investigations. 

Penetrations in the sand 1 specimens generall y wer e made only through the 

three holes located at one- half the radius of the tank. However, in two 

cases (specimen 7 at 100- psi surcharge, and specimen 9 at 60-psi surcharge), 

penetrations were made through the center hole in addition to those at the 

one-half radius, to check the resistances measured through the outer holes. 

Drilling mud was used during the penetration operation. Plugs consisting 

of 3- 1/2- in.-OD steel tubing about 4 in. long, with the bottom of the tub

ing plugged, were placed and attached in the holes through which penetra

tion was not being made. The bottom of the plug was placed flush with the 

bottom of the surcharge plate. The purpose of these plugs was to prevent 

disturbance of the sand at the locations of the holes not being penetrated . 

Cone thrust measurements during penetration were made at l - in. intervals to 

a depth of 60 in. , except in the 40% relative density sand l specimen (No . 

6 ) with 100-psi surcharge pressure, where the cone thrust was measured at 

l - in . intervals to a depth of 69 in . 

22. Three WES pressure cells were placed at a depth of 36 in . in all 

penetration resistance specimens of sand 1, except the 20% relative density 

specimen (No. 5) and the 40% relative density specimen with a 12- in. 

stratum at 90% relative density (No.9). In specimen 5, three pressure 



cells each were placed at depths of 18, 36, and 54 in. In specimen 9, 
three pressure cells were placed at a depth of 42 in. at the midpoint of 

the 12-in. stratum. 
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23. Three cells were installed at the same depth in the other pene

tration resistance specimens (Nos. 6-8 and 10-12), instead of two cells as 

in the calibration tests, so that the cells would be equidistant from all 

penetration locations. Therefore, the three cells were installed equi

spaced on a circl~ with a 10-1/2-in. radius, equal to one-half the radius 

of the tank. Each of the pressure cells was read before and after each 

penetration test. In addition, except for the 20% relative density speci

men 5, one of the cells adjacent to the penetration was read at 6-in. pene

tration intervals while the cone was penetrating from a depth of 30 to 60 

in. In the tests of specimen 5, a continuous record of the change in all 

pressure cell readings was obtained electronically during penetration to a 

depth of 60 in. 

24. After each penetration except the last in each specimen, the 

penetration holes were filled with sand. As the sand was removed from the 

tank, the diameters of the holes were measured. Depth measurements of the 

settlement plates near and in the strata of different densities were made 

after completion of the tests in the same manner as the average depth to 

the sand surface was measured (see paragraph 9, page c6). For specimen 5 

the depth to the pressure cells and settlement plates was measured after 

testing to determine the change in position which in turn indicates the 

approximate change in density during the tests. 

Penetration resist-
ance tests, sands 2 and ~ 

25. Three penetration tests were made through the three holes lo

cated on a 10-l/2-in. radius in each of the specimens of sands 2 and 3, 

at surcharge pressures of 30, 60, and 100 psi, in the same manner as for 

sand 1. Cone thrust readings were made in all specimens of sand 2 and 3 

at l-in. intervals to a depth of 60 in. 

26. For the specimens of sands 2 and 3, three pressure cells each 

were placed at depths of 18, 36, and 54 in., equispaced on a 10-l/2-in. 

radius. Pressure cell readings were obtained during preparation of the 

specimen and before, during, and after each penetration test. Before the 
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penetration test, the lead wires from the pressure cells were disconnected 

from the SR-4 strain gage indicator and connected to an electronic record

ing apparatus. Continuous records of changes in all pressure cell readings 

during the penetration were thus obtained. 

27. One 4-in.-square aluminum settlement plate, 1/8 in. thick, was 

installed at each 6-in.-depth interval between the pressure cells. The 

depth to each settlement plate and each pressure cell was measured before 

and after a test to determine the approximate change in density during the 

test. After each penetration except the last, the penetration hole was 

filled with sand, and the diameter of all three holes was measured after 

the test during removal of the sand from the tank. 

Test Results 

Settlement 

28. The average settlement of the surcharge plate for each loading 

condition in all specimens is shown in table Cl. The maximum settlement 

of the surcharge plate was 3.148 in. for specimen 13 (sand 3 at 20% rela

tive density); this settlement was measured at the end of the test under 

the 100-psi surcharge pressure. A plot of the average of the total settle

ment of the surcharge plate, after testing under maximum surcharge, versus 

placement relative density, for the uniform density specimens, is shown in 

plate Cl. This plot shows that settlement decreased with increase in 

placement relative density, and was greater for sand 3 than for sands l 

and 2 at similar densities. The pressure calibration test specimens ex

hibited the least total settlement. 

29. The settlement of the pressure cells and 4-in.-square aluminum 

plates, for specimens 5 and 13-16, is shown in plate C2. Close agreement 

was found between the settlement of the plates and that of the pressure 

cells. The few plotted points which appear out of line can perhaps be at

tributed to disturbance of the plates during the removal of sand from the 

tank. Also, a few of the plates were found to be tilted. The observations 
. 

indicate that the incremental settlement of the tank specimens decreased 

with depth, and that the major portion of the settlement occurred generally 

in the upper 30 in. of the specimens, as would be expected. 
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Table Cl 

Settlement of Surcharge Plate 

Nominal Average Settlement of Surcharge Platez in. z for Indicated Surcharge Pre~sures 
Relative First Cycle Third Cycle 

Specimen Density 30 ESi 30 psi...-.- 6o ESi*" 100 ESi"".,. 1 oo E s i''- .,. 
No . 'f, Initial* Final-l'-"'" Initial Final Initial Final Initial Final Initial Final 

Sand 1 

1 40 0 . 363 0 . 500 0 .717 0 . 718 o .8o4 0 . 8o6 0 .904 0 .907 1.052 1.053 
2 65 0 . 233 0 . 262 0 .288 0 . 285 0 . 345 o . 345 0 . 414 0 . 415 0 . 511 0 . 511 
3 90 0 .. 028 0 .053 0 .053 0 .088 0 .088 0 . 141 0 .141 0 .191 0 . 191 
4 90 0 .079 0 .082 0 .094 0 .095 0 .151 0 . 152 0 .195 0 . 268 
5 20 0 . 221 0 . 564 0 .648 0 . 667 1.231 1 . 281 1 . 523 1.577 
6 40 0 .190 0 . 285 0 . 338 0 .438 0 . 531 o . 6o5 0 . 692 0 . 818 
7 65 0 .128 0 .165 0 . 189 0 . 217 0 . 286 0 .453 0 .488 0 . 895 1.383t 1.507t 
8 90 0 .082 0 .086 0 .093 0 .150 0 . 195 0 .266 0 . 316 0 -397 
9 40tt 0 . 275 0 . 304 0 . 341 0 . 38o 0 .469 0 .471 0 . 714 0 . 781 

10 40tt 0 . 123 0 .154 0 .191 0 . 248 o . 337 0 .410 0 . 502 0 . 568 
11 90tt 0 . 215 0 . 223 0 . 238 0 . 245 0 . 324 o . 349 0 .405 0 . 422 
12 90tt 0 . 163 0 .165 0 .172 0 . 211 0 . 263 0 . 299 0 . 358 0 . 373 

Sand 3 

13 20 0 . 717 1.075 l . 38o 1. 636 2.170 2 . 266 2 .967 3.148 
14 40 o . 6o1 1. 762 1.911 1.952 2 . 349 2 .414 2 .891 2 .999 
15 65 0 . 389 1.038 1. 134 1.154 1.412 1.466 1 . 817 1.874 

Sand 2 

16 40 0 .184 0 . 397 o. 343 0 . 359 0 . 622 0 . 647 0 .896 0 .947 

Note : All pressures shown are surcharge loads applied to the surcharge plate . 
"Initial" refers to the settlement immediately after application of surcharge load . 
"Final " refers to the settlement after testing under each surchar ge . Specimens 1- 3 were not 

penetrated; specimen 4 was penetrated only at 100- psi surcharge pressure . 
A portion of the settlement in specimens 1, 2, 3, 4, 7, and 8 was due to piping of the sand 

around the edges of the surcharge plate . A filter was placed around the edge of the plate in 
testing specimens 5, 6, and 9- 16. 

* Before saturation . 
-IH~ After saturation . 

t Second cycle . 
t t Specimen with strata of different densities {see paragraph 21 of main text) . 

30. Curves for specimens 6 through 8, also shown in plate C2, were 

drawn using the settlement of the surcharge plate as a starting point at 

zero depth and the curves for the other specimens as a guide below the zero 

depth. This was necessary because settlement plates were not placed in 

specimens 6 through 8, and settlement measurements of the pressure cells 

at the 36- in. depth after test were not obtained. The curves for speci

mens 6 through 8 were used to estimate the relative density of the speci

mens under each surcharge load before the penetration test was made . 

Change in density 

31. Table C2 summarizes the change in placement density and relative 

density at the end of the tests (i.e. after application of the last 100-psi 

surcharge) f or specimens 5 and 13-16 between the 15- and 30-in. depth and 



Cl4 

Table C2 

Average Change in Placement Density and Relative Density at End of Test 

Based on Average Settlement oi' Pressure Cells and Settlement Plates 

Average Average 
Depth Before Test After Testt Cha!?_Se 

Below Top of Relative Relative Relative 
Specimen Specimen** Density Density Density Density Density Density 

No . -:.: t-laterial in . lb/cu ft % J..b/cu ft % lb/cu ft % 
5 Sand 1 15 to 30 90.3 20.9 92 . 9 37.6 +2.6 +16.7 

30 to 45 90 . 2 2U . 3 ~n .4 28 .0 +1.2 +7 · 7 

13 Sand 3 15 to 3- 85 . ? 20 . 7 jC.6 50 .0 -5. ~29 . 3 

30 to 45 85 . 3 20 . 5 88 .1 i6 .9 +2.8 +16.4 

14 Sand 3 15 to 30 88 . 5 39 · 3 93 . 8 65 . 8 +5 . 3 +26 . 5 
30 to 45 89 .6 .., ' "' / . 90 .9 -, 

)- · ..) +2.::; t-11 . 9 

15 Sand 3 15 to 30 )l3 .6 64 .9 o6 . 8 79 .8 +3 . 2 +14 .9 
30 to 45 93 ·6 65 . 2 95 .4 73 .7 +1.8 +8 . 5 

16 Sand 2 15 to 30 101.7 41.4 103. 4 52·3 +1.7 +10.9 
30 to 45 101.5 40 . 2 101.9 43 . 2 +0 . 4 +3 .0 

* Settlement of pressure cells in specimens tested prior to those listed in this table 
was not obtained . 

** 15- to 30- in . and 30- to 45- in. depths were used for analysis of cone penetration data, 
vrhich 1-rere obtained between depths of 15 and -.5 ::.n . 

t After application of 100- psi surcharge . 

the 30- and 45-in. depth, based on the average settlement for these depth 

increments. The average measured placement density of individual layers is 

also shown in table C2 for comparison. The average change in placement 

density for each 3- in. lift was computed using the curves shown in plate 

C2, and the results were averaged for the 15- to 30-in. depth and the 30-

to 45- in. depth. The data shown in table C2 indicate that the average 

change in density was significant, particularly at the shallower depths, 

for the sand 3 specimens and sand 1 specimen 5· 

Change in vertical pres
sure during penetration 

32 . Pressure cell readings were obtained by reading the SR-4 strain 

indicator for one cell adjacent to the penetrometer at a depth of 36 in. 

while the cone was penetrating from a depth of 30 to 60 in . in the speci

mens of sand 1 having relative densities of 40, 65, and 90%. Generally, 

readings of nine pressure cells (three each at depths of 18, 36, ana 54 

in.) were obtained continuously during the penetration tests on specimen 5 

(sand 1 at a uniform relative densit.y of 20%) and on specimens 13 through 

16 (sands 2 and 3) . 



33 · Pressure cell readings at the 36- in. depth for the cell located 

adjacent to the cone penetration in specimens 6 through 8 (sand 1 with 

relative densities of 40, 65, and 90%) generally decreased as the cone tip 

approached the depth of the pressure cell . The pressure cell reading at 

the time the cone tip passed the cell at the 36- in. depth was about 2 to 8 

psi less than that when the cone tip was at the 30- in . depth. The pressure 

cell reading for the 36- in . depth when the cone was at the 60- in. depth was 

approximately the same as when the cone was at the 30- in. depth . 

34. For the three pressure cell readings obtained continuously at 

each depth of 18, 36, and 54 in. in specimens 5 and 13- 16, the two pressure 

cells adjacent to the cone penetration generally indicated first an in

crease, then a decrease in pressure as the cone tip approached the same 

depth as the cellj then as the cone penetrated below the depth of the cell, 

the cells generally indicated an increase t o about the same pressure as at 

the beginning of the test . However, in a few instances, when the cone tip 

was at a depth of 60 in. the pressure cells at the 54- in. depth and adja

cent to the penetration indicated pressures less than those at the be

ginning of the penetration. The pressure cell opposite and farthest from 

the penetration generally indicated an increase in pressure for the entire 

60- in. depth of penetration. Maximum increases in pressure amounted to as 

much as 40 psi. A plot of change in pressure cell readings versus depth of 

cone tip is shown for specimen 16 (sand 2 at 40% relative density) in 

plate C3j this plot is similar to those obtained from other specimens 

tested. Note that for specimen 16, the adjacent pressure cell readings at 

the time the cone tip passed the pressure cell were about 1 to 7 psi less 

than that at the beginning of the test . Because of the changes in pressure 

distribution during penetration, data from the cone penetration tank tests 

should be interpreted with caution. 

Pressure calibration tests, sand 1 

35 · Results of pressure calibration tests of sand 1 are shown in 

fig . C7 • . The curves in this figure were drawn by making a smooth curve be

tween the averages of the pressure cell readings at each depth and the 

applied surcharge pressure at zero depth . These curves show that the 

vertical pressure for each of the applied surcharge pressures of 30, 60, 

and 100 psi follows a similar pattern for each of the three densities 
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Fig. C7. Results of pressure calibration tests, 
sand 1 (specimens 1-4) 

A summary of the reduction in pressure in the various specimens 

1 through 3 at 36-in. depth is shown in the following tabulation. 

Specimen 
No. 

1 

2 

3 

Nominal Placement 
Relative Density 

i 
40 

90 

Surcharge 
Load 
psi 

30 
60 

100 

30 
60 

100 

30 
60 

100 

Average 
Vertical Reduction in 
Pressure Surcharge 

36-in. Depth Pressure 
• pSl % 

24 20 
43 28 
66 34 

20 33 
37 38 
61 39 

13 57 
26 58 
41 59 
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36. It may be seen from the preceding tabulation and fig. C7 that 

the maximum reduction of vertical pressure at a depth of 36 in. was observed 

in speci.men 3 placed at 90% relative density. This is reasonable when it 

is considered that sand layers which are most heavily tamped will develop 

the greatest lateral pressure under the tamping load and, hence, the 

greatest sidewall friction when the surcharge loads are applied. The 

lighter tamping necessary to obtain 65% relative density of specimen 2 de

veloped only a moderate amount of lateral pressure, and the reduction of 

vertical pressure was less for this specimen than that of specimen 3 al

though still more than that of specimen 1 (40% relative density) which was 

placed without tamping. 

37. Readings of the two pressure cells at the same depth in each 

test specimen varied from almost identical readings to generally less than 

25% difference. Some of the difference probably is due to pressure cell 

performance, while the remainder may be due to differences in stress con

ditions at the locations of the cells. However, the readings for one of 

the two cells at the 18-in. depth in specimen 3 (90% relative density) were 

abnormally high, i.e. about 45% greater than readings from the other cell 

at the same depth and applied pressure. Since this variation is greater 

than the variation between any other two cells placed at 18-in. or greater 

depths, it is believed that the cell with the high reading was not func

tioning properly during the testing of the specimen. 

Penetration tests, uniform 
density specimens, sand 1 

38. The first penetration tests were made on the calibration test 

specimen, sand 1 at 90% relative density (specimen 4). This specimen con

tained six pressure cells, two each at depths of 18, 36, and 54 in. Two 

penetrations were made under a surcharge pressure of 100 psi with the cone 

advanced at a rate of about 0.4 ft per min, to determine whether the first 

penetration in the tank disturbed the remainder of the specimen to such 

an extent that additional penetrations would be meaningless. The results 

of this test are shown in plate c4 . The left-hand plot shows the varia

tion in vertical pressure with depth just before the start of the first 

penetration, and the right-hand plot shows the variation of cone thrust 

with depth. The plot on the far right shows the relative densities of 
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the 3-in. lifts as placed. The results indicate that the first penetra

tion did not materially disturb the specimen, since the results of the 

two penetrations were similar. 

tween the two penetrations was 

The maximum variation in cone thrust be

about 600 lb, or 7% · Since the results of 

the two penetrations were similar, it was concluded that three penetrations 

could be made on each specimen during the remainder of the program. The 

results of other penetration tests and pressure measurements on uniform 

density specimens of sand 1 at 20, 40, 65, and 90% relative densities 

(specimens 5- 8) are shown in plate C5 and discussed in the following 

paragraphs . 

39. Curves of vertical pressure at the start of the penetration 

test versus depth, shown in plate C5, for specimen 5 (sand 1 at 20% rela

tive density) were obtained from pressure cell readings of nine cells in

stall ed in the penetration specimen, three at each depth of 18, 36, and 

54 in. (This specimen was tested in the second series of tests, after the 

other penetration specimens of sand 1.) 

40 . The curves for the 40, 65, and 90% relative density specimens 

(6- 8) were obtained from readings of cells installed at the 36~in. depth 

in the penetration specimen; these curves were adjusted for depths above 

and below 36 in. on the basis of the calibration curves shown in fig. C7. 

Three pressure cells were installed at the 36-in. depth in specimen 7 at 

65% relative density, but one of the cells failed to function at the start 

of the penetration test, and no pressure data were obtained from this cell . 

41 . Several of the pressure cell readings in specimen 5, at 20% 

relative density, were higher than the applied surcharge pressure; these 

higher readings are believed to have been caused by overregistration of the 

pressure cells . Overregistration occurs when the compressibility of the 

surrounding soil is significantly greater than the compressibility of the 

pressure cell, and the amount of overregistration is dependent on the ratio 

of the moduli of deformation of the pressure cell and the medium in which 

it is installed . 

42 . The curves for specimen 5 were drawn through the average of the 

three pressure cell readings at each depth, except for (a) the 30-psi 

curve, and (b) the 18-in. depth on the 60-psi curve. The average pressure 

cell reading at the 18- in . depth for the applied surcharge pressure of 30 
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psi was 33.2 psi. To correct for this overregistration, the average pres

sure cell readings at all depths were reduced by 10%, based on the reduc

tion in pressure for the calibration curves, and the 30-psi curve was drawn 

through these points. The average of the three pressure cell readings at 

the 18- in . depth for the 60-psi applied surcharge pressure was 48.8 psi, 

considerably lower than would be expected . This low average is believed 

to have resulted from nonuniform redistribution of vertical pressure after 

the first penetration, as indicated by the variation of pressure cell read

ings at the same depth. A correction was made by drawing the curve between 

the average pressure cell readings at the 36- and 54-in. depths and the ap

plied surcharge pressure at zero depth, using the pressures from the 30-

and 100-psi curves at the 18-in. depth as guides for the location of the 

60-psi curve at the 18-in. depth. 

43. As may be seen from the cone thrust plots in plate C5, cone 

thrust generally increased with depth to a maximum value near the 15-in. 

depth. In specimens 5 and 6, at 20 and 40% relative densities, the cone 

thrust decreased below the 15-in. depth. In specimen 7, at 65% relative 

density, the cone thrust decreased below the 15-in. depth to a depth of 

about 45 in., and then increased slightly. In specimen 8, at 90% relative 

density, the cone thrust decreased only slightly below the 15-in. depth to 

a depth of about 45 in., and then increased below the 45-in. depth. 

44. The low penetration resistance in the upper few inches of pene

tration is believed to be the result of (a) partial embedment of the cone 

point and sleeve, (b) pressure relief afforded by the 3-1/2-in.-diameter 

hole in the surcharge plate, and (c) nonuniform stress conditions in the 

top of the specimen. These conditions influenced the penetration resist

ance to a depth of about 15 in. Below the 15-in. depth the cone penetra

tion resistance generally decreased as the vertical pressure decreased. As 

the penetration approached the bottom of the tank, the resistance of the 

sand increased, apparently because of the bou.ndary conditions at the bottom 

of the tank. It may be noted from the cone thrust plots that this boundary 

effect was more pronounced as the relative density increased. Because of 

the gradual increase in resistance at the top of the specimen and the ap

parent effect of the boundary condition near the bottom of the tank, only 

the data between the depths of 15 and 45 in. were used in the analysis. 
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45. To determine the depth at which the boundary condition at the 

bottom of the tank became apparent in the specimens of lower relative den

sity, the penetration under the 100-psi surcharge in specimen 6, at 40% 

relative density, was carried 9 in. deeper than in the other tests. An 

increase in penetration resistance resulting from the boundary condition 

was noted below a depth of 63 in. 

46. The penetration resistance curves shown in plate C5 for sand 1 

indicate that the cone thrust increases with increasing applied surcharge 

pressure and generally with increasing relative density. This tendency 

is illustrated in the following tabulation by a comparison of vertical 

pressure and cone thrust values at a depth of 36 in. for each of the speci

mens under the applied surcharge pressures of 30, 60, and 100 psi. 

Applied 
Nominal Placement Surcharge Vertical Cone 

Specimen Relative Density Pressure Pressure Thrust 
No. % psi psi lb 

5 20 30 23 500 
60 38 1~0 

100 66 2600 

6 40 30 21 900 
60 40 1600 

100 66 2400 

7 65 30 20 3000 
60 40 4200 

100 69 5200 

8 90 30 13 5700 
~ 29 8200 

100 47 8~0 

47. As can be noted in the tabulation above, the cone thrust for 

specimen 5, at 20% relative density, under the 60-psi surcharge is the same 

as the thrust for specimen 6, at 40% relative density, under the 60-psi 

surcharge. Also, the thrust for specimen 5 under the 100-psi surcharge is 

greater than the thrust for specimen 6 under the 100-psi surcharge. The 

cone thrust data shown in plate C5 for specimen 5 at 60- and 100-psi ap

plied surcharge pressures are erratic. These erratic results are believed 

to have been caused in part by (a) nonuniform pressure distribution, as in

dicated by the erratic pressure cell readings, and (b) disturbance from the 

penetration at 30-psi surcharge pressure. Therefore, the results from the 
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penetrations at 60- and 100-psi surcharge pressures are not considered re

liable for the 20% relative density condition. 

48 . The cone thrust values between the depths of 5 and 20 in. for 

specimen 7, at 65% relative density, were only a few hundred pounds greater 

under the 100-psi surcharge than under the 60-psi surcharge. Also, the 

thrust values between the depths of 35 and 50 in . under the 100-psi sur

charge were erratic. A check penetration was attempted through the center 

hole under the 100-psi surcharge, but thrust values measured were as much 

as 900 lb less than the thrusts measured through the outer hole. There

fore, the data for the check penetration are not included in this report. 

49. Comparison of the thrust values measured in the two 90% rela

tive density sand specimens under 100-psi surcharge (specimen 4, plate c4, 

and specimen 8, plate C5) shows that the thrust in specimen 4 decreased 

about 1000 lb between the depths of 35 and 60 in., while the thrust in 

specimen 8 increased about 200 lb between the same depths. The rate of 

penetration for specimen 4 was 0.4 ft per min, and that for specimen 8, 

1.0 ft per min. The difference in the rates of penetration may account 

for the difference in penetration resistance for the two specimens . 

50. Cone thrust measurements could not be made from depths of about 

10 to 30 in. under the 100-psi surcharge pressure in either of the two 90% 

relative density specimens, because the thrust exceeded the capacity of 

the proving frame. 

Penetration tests, specimens with 
strata of different densities, sand 1 

51. Specimens 9 through 12 were constructed with strata of different 

densities to determine the ability of the cone penetrometer to detect such 

strata . Results of the tests are shown in plate c6 together with loca

tions of the various strata in the specimens, and their relative densi

ties. The strata which had a different density from that of the majority 

of sand in the specimen were located generally near the middle of the 

tank so that boundary conditions at the top and bottom of the tank would 

not affect the readings in these strata . The strata also were located so 

that they would be at least 6 in. from the 30- in. depth, because each 

thrust of the penetrometer with the drill rig was 30 in. Thus, the strata 

were located to preclude any disturbance that might develop as a result of 
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stopping the cone between the first and second thrusts. 

52. The relative densities, after testing, of the 3-in. lifts of 

each specimen (plate c6) were determined from changes in vertical eleva

tion of settlement plates measured during excavation of the specimens . 

These relative density values are believed to be only approximately cor

rect, because the settlement plates did not stay level during preparation 

and excavation of the specimens, and thus the depth measurements used for 

volume determination and density computation were not precise. However, 

they are believed to indicate the tendency of change in density. 

53. The penetration resistance curves in plate c6 indicate that the 

cone penetrometer readily detected the strata of different densities in 

all specimens . A transition in readings rather than an abrupt change was 

observed as the cone approached and left each such stratum. Curves from 

the pressure calibration tests (on specimens 1-4) shown in fig. C7 are 

plotted in plate c6, together with data from pressure cells in specimens 

9 through 12. Note that for each stratified specimen, curves from uniform 

specimens of both 40 and 90% relative density are given. A comparison of 

the cone thrusts recorded in the stratified specimens with cone thrusts 

recorded in 40 and 90% uniform density specimens 6 and 8 is shown in 

table C3. 

54. Specimen 9. Specimen 9 was constructed at 40% relative density 

with a 12-in. stratum of sand at 90% relative density located between the 

depths of 36 and 48 in. Three pressure cells were installed in this speci

men at a depth of 42 in.; the measured pressures from these cells at the 

three surcharge loads ranged from about 2 to 17% less than that obtained 

for the calibration tests on the 40% uniform density specimen 1, and from 

about 53 to 70% more than that obtained on the 90% uniform density speci

mens 3 and 4. Other significant data about this specimen are shown in 

table C3 and discussed below. 

55· The maximum penetration resistance in the 12-in. stratum of 

specimen 9 occurred at a depth of 41 in. Based on the observed pressure 

cell readings, the vertical pressures at this depth were estimated at 18, 

33, and 57 psi for the three surcharge loads. The cone thrusts in the 

stratum and equivalent cone thrusts for the 90% uniform relative density 

specimen 8, shown in table C3, indicate that in the stratum the cone 
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Compar ison of Cone Thrusts i n Specimens with Strata of Differ ent Densities 

and Uniform SEecimens z Sand 1 

Applied Estimated Thrust in Thrust in 
Surchar ge Critical Vertical Stratif i ed Uni form 
Pressure Depth* Pressure** Speciment Specimentt 

Specimen psi in . psi lb lb 
No . Descripti on a b c d e 

9 40% r el a t ive density 30 41 18 3800 6ooo 
with 12- in. s t ratum 6o 33 5500 8300 
at 9fYfo 100 57 7300 * 

10 40% r elative density 30 22 27 36o0 5900 
with 3- and 6- in. 60 54 5800 8100 
strata at 9CYfo 100 88 7550 * 

30 47 16 2250 6ooo 
60 32 3200 8300 

100 53 4500 8800 

11 90% rel ative density 30 45 14 1650 700 
with 12- in . strat um 6o 30 2150 1900 
at 40% 100 52 3350 2400 

12 90% relative density 30 22 24 2800 1000 
with 3- a nd 6- in. 6o 44 4150 1700 
strata at 40% 100 72 6000 2500 

30 47 12 3250 
60 22 5000 950 

100 42 6700 16o0 

* Approximate depth where maximum or minimum thrust occurred in the str ata of different 
densities . 

** Estimated on basis of pressures measured in stratified speci mens and uniform specimens . 
t Minimum for loose strata and maximum for dense strata . 
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Ratio 
of 

dLe 

0 . 63 
0 . 66 

0 . 61 
0 . 71 

0 . 38 
0 . 39 
0 . 51 

2 . 36 
1.13 
1.39 
2 .80 
2 .44 
2 .40 

5 . 25 
4 .18 

tt Unif orm 4CY{o relative density specimen 6 used for comparison with specimens 11 and 12; uni
form 90% relative density specimen 8 used for compar ison with specimens 9 and 10 . Thrust 
val ues for uniform specimen obtained from curves in pl ate C5 for estimated vertical pressure 
shown in column c . 

* Not measur ed because thrust exceeded capacity of proving f r ame . 

measured thrusts only 63 and 66% as great as those measured in the 90% 

uniform density specimen . 

56. The density data shown in plate c6 indicate that after construc-

tion and testing the average relative density of the 12- in. s tratum of 

specimen 9 increased slightly . Therefore, even though the relative density 

data are not precise, the low cone thrust in the stratum cannot be ex

plained by a decrease in rel ative density, and it appears that the decrease 

in thrus.t may have been influenced somewhat by the l ess dense material be

low and above the dense stratum. 

57 · A penetration was made through the center of specimen 9 under 

60-psi surcharge after the three penetrations had been made through the 

outer holes . This additional penetration was made becau se r esults of the 
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penetration at 60-psi surcharge through the outer hole were lower than ex

pected in the 10- to 20-in. depth, and did not give a curve similar in 

shape to the curve obtained between these depths for the 30- and 100- psi 

surcharges. The test through the center hole gave results similar to those 

obtained through the outer hole. The results indicate a low resistance 

over a significant range, and this low resistance is believed to be lower 

than that which would be expected if the specimen had been of uniform 

density. 

58 . Specimen 10. Specimen 10 was constructed at 40% relative den

sity, with two strata of sand at 90% relative density . The upper stratum 

was 6 in. thick and was located between the depths of 18 and 24 in . ; the 

lower stratum was 3 i n. thick and was located between the depths of 45 and 

48 in. The pressures measured from the cells at the three surcharge loads 

ranged from 9% less to 5% greater than the pressures obtained for the cali

bration tests on the 40% uniform density specimen 1 . 

59· The maximum penetration resistances in the 6- and 3- in. strata 

occurred at depths of about 22 and 47 in., respectively . Based on the 

pressure cell readings for cells at the 36-in. depth, and the relation of 

pressure versus depth for corresponding uniform density calibration speci 

mens, the vertical pressures for the three surcharge loads were estimated 

to be 27, 54, and 88 psi at the 22- in. depth, and 16, 32, and 53 psi at 

the 47- in. depth . Table C3 shows that the measured penetration resistances . 
in the 6- in. stratum were 61 to 71% of those measured in the 90% unifor m 

density specimen 8, and in the 3-in. stratum the penetration resistances 

were 38 to 51% of those measured in specimen 8. 

60 . The density data in plate c6 show that during construction and 

testing of specimen 10, the average rel ative density of the 6- in. stratum 

decreased slightly, and the looser sand above and below the stratum in

creased in relative dens i ty. The principal cause of the low penetration 

resistance in the 6-in. stratum is believed to be the influence of the low 

density material above and below the 90% density stratum. Density data for 

the 3-in. stratum were not obtained after construction and testing of the 

specimen, because of accidental disturbance of one of the aluminum pl ates 

during excavation of the specimen. 

61. Specimen 11 . Specimen 11 was constructed at 90% relative 
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density with a 12-in. stratum of sand at 40% relative density located be

tween the depths of 36 and 48 in. The pressures under the three surcharge 

loads, indicated by the pressure cells at a depth of 36 in., ranged from 

about 28 to 49% greater than those obtained for the calibration test on the 

90% uniform density specimens 3 and 4, and from about 7 to 29% less than 

those obtained on the 40% uniform density specimen 1. 

62. The minimum penetration resistance in the 12-in. stratum oc

curred at a depth .of 45 in. The vertical pressures at this depth were 

estimated to be 14, 30, and 52 psi for the three surcharge loads. Table C3 

shows that the cone thrusts for the same estimated vertical pressures were 

700, 1900, and 2400 lb. Therefore, for the 12-in., 40% relative density 

stratum, the cone measured penetration resistances from 1.13 to 2.36 times 

larger than those measured in specimen 6. 

63. Although it appears that penetration resistance in the low

density stratum was relatively high, it should be noted that after con

struction and testing of specimen 11, the measured relative density of the 

3-in. lift between the 42- and 45-in. depths in the 12-in. stratum at 40% 

relative density had increased from 35 to 66%. As has been mentioned ear

lier, these observations were based on elevation measurements of thin alu

minum plates, and the data are admittedly not precise. Because the meas

urements of change in d~nsity were not precise, an attempt to determine the 

amount of penetration resistance which can be attributed to increase in 

density is not feasible. 

64. S~ecimen 12. Specimen 12 was constructed at 90% relative den

sity with two strata of sand at 40% relative density. The upper stratum 

was 6 in. thick and was located between the 18- and 24-in. depthsj the 

lower stratum was 3 in. thick and was located between the 45- and 48-in. 

depths. The pressure under the three surcharge loads, measured by the 

three pressure cells located at a depth of 36 in., ranged from 19 to 38% 

greater than those obtained from the calibration tests on specimens 3 and 4 

at uniform 90% relative density. 

65. The minimum penetration resistance in the 6- and 3-in. strata 

occurred at depths of about 22 and 47 in., respectively. Based on the 

pressure cell readings, the vertical pressures for the three surcharge 

loads were estimated to be 24, 44, and 72 psi for the 22-in. depth, and 
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12, 22, and 42 psi for the 47-in. depth. As shown in table C3, the meas

ured resistances in the 6-in. stratum were 2.40 to 2.80 times larger, and 

those in the 3-in. stratum were 4.18 to 5.25 times larger, than those meas

ured in the 40% uniform density specimen 6. 

66. An examination of the density data for specimen 12 indicates 

that after construction and testing, the average relative density of the 

6- and 3-in. strata increased slightly. Data on changes in relative den

sity above and below the 6-in. loose stratum appear to be particularly er

ratic, and it was impossible to determine how much of the increased pene

tration resistance in the 40% relative density strata may be attributed to 

an increase in density. However, it appears logical that the penetration 

resistance in the 6- and 3-in. strata may have been significantly influ

enced by denser material above and below. 

67. Evaluation of data. The penetration resistance curves shown in 

plate c6 indicate that the cone penetrometer will detect the existence of 

12-, 6-, and even 3-in. strata, whether looser or denser than the adjacent 

material. However, since a transition in penetration resistance rather 

than an abrupt change occurred when the cone approached and left each 

stratum, it appears that the cone penetrometer may not indicate reliably 

the relative density of individual strata 6 in. or less in thickness, es

pecially if there is a change in relative density as great as from 40 

to 90%. 

Penetration tests, sands 2 and 3 

68. To investigate the effect of gradation on cone thrust, penetra

tion tank tests were made on specimens of sands 2 and 3. Specimens of sand 

3 were tested at 20, 40, and 65% relative density, and a specimen of sand 2 

was tested at 40% relative density. 

69. In general, the cone thrust data are much more uniform for the 

specimens of sands 2 and 3 than for the sand 1 specimens. Because of the 

experience gained during preparation of sand 1 specimens, the as-placed 

relative densities of sands 2 and 3 specimens were more uniform with depth 

than were the specimens of sand 1, and this uniformity is believed to have 

contributed to the uniformity of test results. The improved uniformity of 

test results may also be attributed at least partly to the uniform rate of 

penetration, which varied only from 1.0 to 1.2 ft per min for specimens of 
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sands 2 and 3, while the rate varied from 0.9 to 1 . 7 ft per min for uniform 

specimens of sand 1 . 

70 . The main difference between the tests performed on sands 2 and 3 

and those on sand 1 was that nine pressure cells were installed in the 

specimens of sands 2 and 3, three each at 18- , 36- , and 54- in. depths . 

Continuous records of changes in pressure cell readings were obtained dur

ing penetration of the specimens of sands 2 and 3 in an effort to determine 

the change in pressure dur ing penetration. 

also installed in the specimens of sands 2 

ter val between the pressur e cells . 

Aluminum settlement p l ates were 

and 3 at each 6- in .-depth in-

71 . Pressure versus depth plots. The pressure cell readings, 

plotted in plate C7, were obtained after each applied sur charge load had 

stabilized, and just before each cone penetration test was made . Pressure 

cell readings were also obtained after the last penetration . The variation 

in readings for the three pressure cells at the same depth in any one spec

imen of sand 3 ranged from 3 to 24% of the high reading . For the specimen 

of sand 2 the variation ranged from 7 to 27% - The pressure curves shown in 

plate C7 were drawn using the average pressure cel l readings, which were 

corrected for overregistration as discussed below. 

72 . The average pr essure cell readings at each depth and each sur

charge pressure for the specimens of sand 3 are shown in plate c8, in which 

it can be seen that the average pr essure cell readings for sand 3 at 20% 

relative density (specimen 13) are the highest, and that those for sand 3 

at 65% relative density (specimen 15) are lowest . Also, the average pres

sur e cell readings at the 18- in. depth for all specimens of sand 3 are 

greater than the applied surcharge pressures . 

73 . The high average readings resulted from overregistration of the 

pressure cells in the loose sand . To correct for this overregistration at 

the 18- in. depth, preliminary smooth curves were drawn between the average 

pressure cell readings at the 36- and 54- in. depths and the surcharge pres

sure at zero depth, and a corrected average pressure at the 18- in . depth 

was determined by this procedure . The percentage decreases in average 

pressure readings at the 18- in . depth were then computed; they ranged from 

6 to 13%· The average pressure cell readings at the 36- and 54- in. depths 

then were reduced by the same percentage as that computed for the 18- in . 
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depth, and the curves below the 18-in. depth were so adjusted. 

74. The curves for sand 2 at 40% relative density (specimen 16) were 

drawn through the average pressure cell readings at each depth and the ap

plied surcharge pressure at zero depth. It is believed that overregistra

tion did not occur in this specimen, since the compressibility character

istics of this coarser sand were not significantly greater than those of 

the pressure cell. 

75. Pressure cell readings generally were greater after a penetra

tion test than before the test, the increase ranging from zero to about 

15%· The increase was greater for the cell opposite the penetration loca

tion than for the cells nearest the penetration location. However, the 

difference between the high and low pressure cell readings at the same 

depth did not change significantly after the test. 

76. Cone thrust plots. Results of penetration tests for sands 2 and 

3 are shown in plate C7. As indicated in the cone thrust plots, the pene

tration resistance increased with increasing applied surcharge pressures. 

The penetration resistance for each specimen and each surcharge pressure at 

a depth of 36 in. is tabulated below. From these data it can be noted that 

the penetration resistance increases with increase in relative density, and 

is higher for sand 2 than for sand 3 at a comparable relative density. 

Applied 
Nominal Placement Surcharge Vertical ~~ 

Specimen Relative Density Pressure Pressure Thrust 
No. Material % psi psi lb 

13 Sand 3 20 30 22 500 
60 41 900 

100 66 1800 

14 Sand 3 40 30 19 700 
60 36 1200 

100 58 2000 

15 Sand 3 65 30 17 1200 
60 33 2100 

100 54 3300 

16 Sand 2 40 30 18 1~0 
60 37 2700 

100 64 4500 

77· It can be noted from the penetration resistance curves shown in 

plate C7 that the cone thrust increased to a depth of about 10 to 15 in., 
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and then generally decreased to a depth of about 60 in . However, the cone 

thrust for the three penetrations in sand 3 at 40% relative density (speci

men 14) increased s l ightly below a depth of 50 in . Because of the bound

ary effects at the top and near the bottom of the specimen, only data for 

the 15- to 45- in . depth are used in the analysis . 

Analysis of Data from Uniform Density Specimens 

Effect of vertical pres
sure and relative density 

78. For the purpose of analyzing cone thrust versus relative density, 

the approximate aver age relative density of each of the uniform specimens 

was computed for the condition existing befor e penetration under each sur

charge pressure . To make this computation, settlement data were used in 

the foll owing manner: 

a . --

b . 
--

The total settlement at the end of the test (i . e . after 
testing under the 100-psi load) was determined for each 
3- in . l ift between the 15- and 45- in . depth, using the 
curves of total settlement versus depth shown in plate C2 . 

The portion of settlement occurring for each 3- in . lift 
under each applied surcharge load was determined, using a 
ratio of the settlement of the surcharge plate under each 
s11rcharge load and the total settlement of the surcharge 
plate at the end of test . These ratios were then multi 
plied by the total settlement of each 3- in. stratum to ob
tain the total settlement under each surcharge load . 

c . These computed settlements wer e then used to compute the 
density of the strata, which was then converted to rela
tive density . 

d . The computed relative densities of the lifts under each 
surcharge pressure were then averaged to determine the 
average relative density between the 15- and 45- in. depth 
for each specimen under each surcharge pressure . The com
puted average relative density for the 15- to 45- in . depth 
was used rather than the relative densities of individual 
lifts, because the corrected relative density for individ
ual lifts is only an approximation, and it would be mislead
ing to imply that the density of any individual lift is 
known with a great degree of precision . 

79. To analyze the effect of vertical pressure and relative density 

on cone thrust, cone thrust was plotted versus vertical pressure for each 
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penetration, using values of cone thrust and vertical pressure obtained 

from the curves shown in plates C5 and C7. These plots are shown in plates 

C9 through Cll. The circled values, shown adjacent to groups of individual 

plotted points for each penetration, are the average relative densities de

termined as described in the preceding paragraph. These values were higher 

than the placement relative densities because of consolidation that oc

curred under the surcharge load. Curves for average relative densities of 

40, 65, and 90% before each penetration were drawn by extrapolation or in

terpolation using the average values of the computed relative density. 

80. It can be noted from plates C9 through Cll that for any one test 

specimen the groups of plotted points for each applied surcharge pressure 

cannot be joined by a single connecting curve. This deviation is believed 

to be due in part to the effect of lateral pressure and to variations in 

relative density. Although only vertical pressures were measured in the 

tank, it can be assumed that the ratio of lateral pressure to vertical 

pressure varied with depth due to variable restraint of the tank in the 

lateral direction. It is also possible that the ratio of lateral pressure 

to vertical pressure varied with applied surcharge pressure and relative 

density. However, because the deviations from a single connecting curve 

are small, the data from the tests are believed to be satisfactory for use 

in determining the relation of cone thrust to vertical pressure and rela

tive density. 

81. Sand 1. The relation between cone thrust and vertical pressure 

for sand 1, placed at nominal relative densities of 20, 40, 65, and 90%, 

is shown in plate C9. It can be seen that, under 30-psi surcharge pres

sure, the cone thrust for the 20% relative density specimen was less than 

that for the 40% relative density specimen, but under surcharge pressures 

of 60 and 100 psi, the 20% specimen had about the same cone thrust as that 

for the 40% specimen. The difference between the high and low readings for 

pressure cells at the same depth was greater for the 20% relative density 

specimen, both before and after the penetration, than for other specimens 

tested. Therefore, the relatively high cone thrust readings under the 60-

and 100-psi surcharge pressures for the 20% relative density specimen may 

have been caused by nonuniform redistribution of pressures within the 

specimen during testing. Because of the somewhat erratic pressure cell 
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readings and variations in thrust, the results of the test on the 20% rela

tive density specimen of sand 1, for vertical pressures greater than 30 
psi, are believed to be less reliable than results from other specimens 
tested. 

82. Since the reliability of the data from the 20% relative density 

specimen at surcharge pressures of 60 and 100 psi is questionable, the 

data were not used in determining the curve for a relative density of 40% 
before penetration. Using the computed average relative densities at each 

surcharge pressure for the 40, 65, and 90% nominal relative density speci

mens, the curves were determined as described in paragraph 78 of this ap

pendix. The curves indicate that cone thrust increased with increase in 

vertical pressure and increase in relative density. 

83. Sand 3. The relation between cone thrust and vertical pressure 

is shown in plate ClO for sand 3 (specimens 13, 14, and 15, placed at rela

tive densities of 20, 40, and 65%, respectively). Curves drawn for cor

rected relative densities of 40 and 65% indicate that the thrust increased 

with increase in vertical pressure and increase in relative density. 

84. Comparisons of sands 1, 2, and 3. To compare the cone thrust 

and pressure relation of sands placed at 40% relative density, the data 

for sand 2 are shown in plate Cll with the 40% relative density curves for 

sands 1 and 3· The curves indicate that for the same relative density the 

increase in cone thrust with pressure was greatest for sand 2 and least for 

sand 3. This indicates that cone thrust is dependent on gradation as well 

as pressure and relative density, and that the cone thrust increases with 

an increase in grain size for a given relative density. 

Effect of gradation 

85. Results of investigations by Skempton* and Plantema** indicate 

that cone penetration resistance in sand is a function of the angle of in

ternal friction, ¢ , and the effective overburden pressure. Using the 

relation established by Skempton, curves of cone thrust versus effective 

* A. W~ Skempton, A. A. Yassin, and R. E. Gibson, "Theory de la force 
portante des pieux dans le sable," Annales de !'Institute Technique du 
Batiment et des Travaux Publics, vol 6 (1953), pp 285-290. 

** G. Plantema, "Influence of density on sounding results in dry, moist, 
and saturated sands," Proceedings, Fourth International Conference on 
Soil Mechanics and Foundation Engineering, vol 1 (1957), p 237. 
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overburden pressure were 

developed for various 

values of ¢ as shown in 

fig. c8. 

86. Usually ¢ is 

a function of gradation and 

density. Therefore, since 

cone resistance is a func

tion of ¢ , it is also a 

function of density and 

gradation. Thus the curve 

shown in fig. c8 for Fig. c8. Theoretical relation of cone thrust 
versus effective overburden pressure ¢ = 33 degrees could rep

resent several gradations of sand at various relative densities. For ex-

ample, using the relation of ¢ versus relative density at maximum shear 

stress shown in plate B3 of Appendix B, when ¢ = 33 degrees , sand l has 

a relative density of about 96%, sand 3 has a relative density of 87%, 

Kempe Bend sand has a relative density of about 63%, and sand 2 has a rela

tive density of about 35%· According to the theoretical considerations, 

each of these sands would exhibit the same relation for cone penetration 

resistance versus effective overburden pressure provided the relative 

density of each sand was equal to that stated above. 

87. However, cone thrust measured in laboratory tank tests differed 

from the theoretical relation for the following reasons: 

a. 

b. 

c. -

Vertical pressure in the tank specimens decreased with 
depth, significantly influencing intergranular pressure in 
the area contributing to penetration resistance, whereas 
overburden pressure in the field increases gradually with 
depth. 

The auger hole 15-l/2 in. above the cone tip partially re
lieved pressure in the zone contributing to penetration 
resistance. 

Lateral pressure in the tank was probably smaller than that 
assumed in the theoretical expression. 

d. Nonuniform drainage conditions in the tank and a rate of 
penetration which may have permitted development of pore 
pressure in the fine sands could have caused a reduction of 
intergranular pressure, even at the moderately slow rate of 
penetration used for the tests. 
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Comparison of measured 
and theoretical cone thrust 

88. A Sllmrnary plot of measured cone thrust versus normal pressure 

for sands 1, 2, and 3 is shown in fig. C9 with the theoretical relation for 
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Fig. C9. Measured and theoretical cone thrust versus vertical pressure 

¢ = 30 and 40 degrees. The angle of internal friction estimated on the 

basis of direct shear tests on each sand, and the relative densities at 

which the sand was placed in the tan.k are shown on each curve. It can be 

seen that the theoretical penetration resistance for a material with an ef

fective ¢ of 30 degrees is generally greater than the measured penetration 

resistance for saturated sands placed at a relative density of 65% or less, 

and for which ¢ is estimated to be 29 to 33 degrees. Since the theoret

ical penetration resistance is based on effective intergranular pressures, 

a possible explanation for the lack of agreement with measured penetration 

resistance is that lower effective pressures existed in the high-density 

specimens than in the low-density specimens because of the nature of the 

tank tests, as explained in paragraph 87 of this appendix. However, the 

relations determined from results of the tank tests are considered to be 

significant and useful, since some of the factors which caused the 
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measured penetration resistance in the tank to differ from the theoretical 

may also exist, to a certain extent, in the field. 
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APPENDIX D: DETAILS OF UNDISTURBED SAMPLE TANK TESTS 

1. Results of previous studies investigating the change in density 

caused by sampling were not conclusive. Since relative density measure

ments from undisturbed samples were required for comparison with relative 

densities determined from cone penetration test results, it was necessary 

to perform tests to determine the change in density caused by sampling, so 

that measured densities could be corrected. This appendix describes the 

investigation of changes in density caused by sampling. 

Apparatus 

Cylindrical tank 
and l oading apparatus 

2. The same 3-1/2-ft-diameter, 

6-l/2-ft-deep cylindrical tank and 

apparatus for applying the surcharge 

pressure as described for the cone 

penetrometer tank tests (Appendix C) 

were used in the undisturbed sample 

tank tests. Modifications of the 

apparatus and additional equipment 

used for the density tank tests are 

described below. 

Sampling equipment 

3 · Two sleeves, 3- 3/8-in. ID, 

3-l/2- in . OD, were made from seamless 

16-gage steel tubing to provide a 

casing through the reaction plate and 

the surcharge plate to a depth of 15 

in. below the top of the tank speci

men. The sleeves were used because 

--- -
~~: "§ REACTION 

< ~ lu . ... ~ hi PLATE 
I 
I 
I 
I 
I 
I 
I 
I 
I 
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I 
I 

SETSCREW I 
I 

LOWER SLEEVE 
[ ii:. - COLLAR 

~ ~ ~I ,, ::: SURCHARGE PLATE 

' 

___ LOWER SLEEVE 

SPE CIMEN ' ' SPECIMEN ..., .... 

(NOT TO SCALE > 

Fig. Dl. Schematic diagram of 
sleeve assembly 

it was desired to obtain samples from a depth of 15 to 45 in. below the top 

of the specimen, as this was believed to be the area where the effect of 

end boundary conditions was at a minimum. The sleeve assembly (fig. Dl) 

was made in two parts for convenience in removing the sampler head from the 
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sample tube. The upper sleeve, used to provide stability of the sleeve as

sembly, was fastened to the reaction plate and connected to the lower 

s leeve with setscrews at the lower sleeve collar. 

4 . The Hvorslev-type fixed piston sampler, described previously,* 

with 3-1/8- in.-OD, 16-gage seamless steel sample tubes 4.15 ft long, was 

used to obtain samples. The tubes had an inside cutting-edge diameter of 

2 .97 in. with 0.75% inside clearance. A truck-mounted rotary drill rig 

with one section of the tower removed was used in the sampling operations . 

The assembled sampler with the t ube and sleeves in place prior to sampling 

is shown in fig . D2a. Fig. D2b shows the sampler after the push, with the 

upper sleeve removed. 

* 

a . Sampler and tube with sleeves 
in place befor e sampling 

--

~. :.1.... . 

• 

' 

b. Upper sleeve removed and 
sampler in place after push 

Fig . D2. Fixed piston sampler , sample tube, and sleeves 

u. S. Army Engineer Waterways Experiment Station, CE, Undisturbed Sand 
Sampling Below the Water Table, Bulletin No . 35 (Vicksburg, Miss ., June 
1950 ) . 
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Pressure measuring equi~ment 

5. Pressure cells used to determine the pressure inside the tank 

were the same type as those used for penetration tank tests. An SR-4 

strain gage indicator was used to obtain pressure cell readings except dur

ing the sampling operations. During the time that each sample was being 

obtained, the lead wires from the pressure cells were run to an oscillo

graph, and continuous recordings were thus obtained of the pressure changes 

that occurred during sampling. 

Preparation of Specimen 

Pre~aring sands and placing specimens 

6. Sands 1 and 2 were used in the undisturbed sample tank tests to 

determine change in density caused by sampling. Properties of these two 

sands are described in Appendix B. 

7· Before the density tank tests were begun, sufficient quantities 

of sands 1 and 2 for two tank specimens each were dried in a soil-asphalt 

batcher. Sand 1 was placed in moistureproof bags jmmediately after drying, 

since it contained no lumps or pebbles. Sand 2 was sifted through a 10-

mesh common wire screen after drying, to remove small pebbles, and was then 

placed in moistureproof bags. The moisture content of the two sands at the 

time the specimens were prepared ranged from 0.07 to 0.15%· 

8. One density tank specimen of each sand was prepared at a nominal 

relative density of 20%, and one of each was prepared at 90%. Procedures 

used in placing the sand to obtain the desired density were the same as 

those used for the cone penetration tank tests (described in Appendix C). 

After construction of the sand 2 specimen which was to have been placed at 

20% relative density was begun, a maximum-minimum density check test in

dicated a change in the minimum density from that determined earlier on a 

sample of sand 2 scalped on a No. 10 u. s. standard sieve in the laboratory. 

Thus this specimen was placed at an actual relative density of 24%. 

Placement of pressure 
cells and settlement plates 

9. Since undisturbed samples were to be obtained from depths of 15 

to 45 in., three pressure cells were placed at each depth of 15, 30, and 



D4 

45 in. in both of the sand 2 specimens and the 20% density sand 1 specimen. 

Pressure cells were placed only at a depth of 45 in. in the 90% density 

sand 1 specimen, because pressure calibration test data had been obtained 

for 90% relative density during the cone penetrometer tank tests. The 

pressure cells were placed at the stated depths at or near the surface of 

the appropriate lift and leveled as the specimen was built up. 

10. Aluminum settlement plates, 1/8 in. thick and 2 in. square, were 

placed at depths of 15, 21, 27, 33, 39, and 45 in. in each specimen. The 

depth of each plate was measured both after placement and after sampling 

to determine the amount of settlement that occurred, which would indicate 

the change in density. 

11. Since the diameter of the surcharge plate was 1/2 in. less than 

the inside diameter of the tank, a 4- by 4-in. wedge of graded gravel 

filter was placed around the top edge of each specimen to prevent piping 

during the sampling operation. The surcharge load was applied and the 

specimen saturated in the same manner as described for the cone penetra

tion laboratory tests. 

Summary of specimens prepared 

12. The following tabulation smmnarizes the undisturbed sample speci-

mens used in the laboratory tests. 

Nominal Placement Undisturbed Sample 
Specimen Type Relative Density 

Depth of 
Pressure 

Cells,* in. 
Sample Applied Surcharge 

* 
** 

No. Sand 

1 1 

2 1 

3 2 

4 2 

% 
20 

90 

24 

90 

15 
30 
45 

45 

15 
30 
45 

15 
30 
45 

No. Pressure, psi 

4 30 
5 60 
6 100 

1 30 
2 60 
3 100 

7 30 
8 60 
9 100 

10 30 
11 &J 
12 80** 

Three pressure cells were installed at each depth. 
Reduced surcharge pressure used because of difficulties encountered in 

pushing sample tube in specimen 2 at 100-psi surcharge pressure. 



Test Procedures 

Pressure measurements 

13. Pressure calibration tests were made with the same specimens 

from which undisturbed samples were obtained. These tests were necessary 

because of sidewall friction in the tank. One pressure cell was located 

between each of the three points at which undisturbed samples were to be 

taken, on a circle with a radius equal to one-half the radius of the tank. 
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14. After application, each surcharge load was held steady until 

pressure cell readings from the SR-4 strain gage indicators stabilized. An 

average of about two hours was required for stabilization. The stabilized 

reading was recorded as the measured pressure at the pressure cell depth. 

After the readings had stabilized under each surcharge pressure, the lead 

wires were transferred to the oscillograph, and the undisturbed sample was 

obtained. 

Undisturbed sampling 

15. Sam~ling procedure. Three undisturbed samples were obtained 

from each specimen, one sample being obtained at each of the surcharge 

pressures indicated in the tabulation in paragraph 12 of this appendix. 

The sequence of operations was as follows: 

a . ..... 
b. 

c . ..... 

d • ..... 

e . ..... 

f . 
..... 

g . 
..... 

The surcharge pressure was applied and allowed to stabilize. 

The plug in the sampling hole in the surcharge plate was 
removed and the lower sleeve inserted in the hole. 

The upper sleeve was placed through the corresponding hole 
in the reaction plate and fastened to the top of the lower 
sleeve. 

The sleeves were filled with drilling mud and pushed about 
2 in. into the specimen. 

Sand was removed from inside the sleeve, using a hand auger 
as shown in fig. D3. The sleeve was pushed about 2 in. 
ahead of the depth being augered u.ntil a depth of 15 in. 
was reached. After the sleeve had been advanced to a depth 
of 15 in., the hole was cleaned to the full 15-in. depth. 

The sample tube, attached to the sampler with the piston 
extended, was lowered into the sleeve to the 15-in. depth. 

The drill rod was attached to the top of the sampler and 
secured in the drill rig chuck. The piston rod extension 
was fastened in the drill rig tower clamp. A mark was made 
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on the piston rod extension 
where it emerged from the drill 
rod. 

h. The piston rod screw clamp was 
loosened, and the sample tube was 
pushed into the specimen at a 
rate of 0.1 ft per sec to a 
depth of 45 in. or to refusal. 

i. Hydraulic pressure was main-
..... 

tained on the sampler while the 
piston rod extension was 
loosened from the drill rig 
tower clamp. A moderate force 
was exerted by hand on the 
piston rod extension to deter
mine the amount of downward 
movement, if any, of the piston. 

j. The hydraulic pressure was then ..... 
released, and the distance from 
the previous mark on the piston 
rod extension to the top of the 
drill rod was measured to deter
mine the length of push. 

k. The piston rod extension and ..... 
Fig. D3. Augering sand 

from sleeve 
vacuum breaker rod were re-
moved, and the sampler head was 

1 . ..... 

m • ..... 

filled with water. The piston 
and sampler were then pulled slowly from the sample tube, 
while a positive head of water was maintained on the top of 
the sample in the tube . 

The distances from the top of tube to the top of sample, 
and from the bottom of the piston to the shoulder of the 
sampler head were measured. 

A small quantity of sand was placed and leveled in the tube 
on top of the sample . A perforated expanding packer was 
then placed in the tube snugly against the top of the 
built-up sample. 

16. Removal of the sample tubes and sand . Each sample tube was left 

in the specimen until all three tubes had been pushed the full 45 in. or 

to refusal. Then the surchar ge pressure apparatus was removed from the 

top of the specimen, the tops of the sample tubes were secured to the top 

of the tank by welded rods, and the sand was carefully excavated from 

around the sample tubes (see fig. D4). 

17. During removal of the sand from the tank, measurements were 

made to the tops of the pressure cells and settlement plates to determine 



the amount of settlement, which would 

indicate changes in density between 

the beginning and end of the tests. 

18. Handling of samples. As 

each undisturbed sample was removed 

from the tank specimen, about l in. 

of sand was removed from the bottom 

of the tube, and an expandable 

packer was inserted. Three of the 

tubes from the 90% relative density 

specimens became crimped at the bot

tom during sampling and the expand-

able packers could not be used. The 

samples from the 20 and 24% relative 

density specimens were laid in a 

horizontal position in a sponge

D7 
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Fig. D4. Samples, pressure cells, 
and settlement plate during excava

tion of specimen 4 

rubber lined transportation rack and given 50 light blows with a hammer to 

maintain variations in sample density at the proper location within the 

length of the sample. A line was drawn with a grease pencil along the top 

side of the tubes, and the tubes were kept in the same position until they 

had been cut into increments in the laboratory. (This procedure is used on 

all sand samples obtained in the field.) Although it was not thought 

necessary that the dense samples from the 90% relative density specimens 

be laid in a transportation rack as were the other samples, care was taken 

not to disturb them until they were cut into increments. 

Incremental density tests 

19. The density of the sand in the sample tubes was determined as 

follows: Each sand-filled tube was cut into approximately 3-in.-long in

crements. Each increment was weighed before and after oven-drying. The 

dry weight in grams was determined for the sand in each increment. The 

volume of each increment was determined by accurately measuring the diam

eter and length of the increment of steel tube. The average of four meas

urements to the nearest 0.01 em made for each dimension was used to de

termine the volume of the increment. The dry density was then computed. 
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Test Results 

20. Results of pressure and settlement measurements in each speci

men, and of density tests on the 3-in. increments of each undisturbed sam

ple are presented and discussed in the following paragraphs. 

Pressure measurements 

21. As stated earlier, pressure measurements were made in conjunc

tion with the undisturbed sampling. Results of these measurements for each 
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Fig . D5. Pressure calibration curves, 
undisturbed sample tank tests 

surcharge load applied 

to all four specimens 

are shown in fig. D5. 

The plan locations of 

the cells and samples 

are shown to the right 

of the curves for each 

specimen. 

22. Pressure 

cell readings at the 

15-in. depth in speci

mens l and 3 (20 and 

24% relative density, 

respectively) were 

greater than the applied 

surcharge pressure at 

zero depth. The high 

readings are believed to 

have been caused by over

registration of the 

cells. To correct for 

this overregistration, which was greater in specimen l than in specimen 3, 

the averages of the cell r eadings at each depth were adjusted in the same 

manner as that described for cone penetration specimen 13, sand 3 at 20% 

relative density (see Appendix C). Smooth curves were then drawn between 

the adjusted averages at each depth and extended to the applied surcharge 

pressure at zero depth. 
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23. No corrections were applied to the averages of pressure cell 

readings for specimens 2 and 4 because the overregistration or underregis

tration was relatively insignificant in the dense sand. The curves for 

specimen 4 were drawn between the average pressure cell readings at each 

depth, and extended to the surcharge pressure at zero depth. The curves 

for specimen 2 were drawn between the average of the pressure cell readings 

at the depth of 45 in. and extended to the surcharge pressure at zero 

depth, using as a guide the curves developed during the laboratory penetra

tion tests for specimens 3 and 4, sand 1 at 90% relative density (see plate 

C4, Appendix C). 

24. Changes in pressure during undisturbed sampling ranged from 

about -5 to +8 psi, and are tabulated below; 

.._ 

Specimen 
No. 

1 
2 
3 
4 

Type 
Sand 

1 
1 
2 
2 

Nominal Placement 
Relative Density 

% 
20 
90 
24 
90 

Range of 
Pressure Change 

psi 

-2 to +2 
-1* to +7 
-2 to +2 
-5 to +8 

* No cells installed at 15-in. depth where maxi
mum decrease in pressure was generally observed. 

The two cells nearest the location being sampled indicated the greatest 

pressure change, while the cell farthest from the sample location indicated 

almost no pressure change; it is therefore believed that sampling at one 

location did not cause any significant disturbance at the other locations. 

25. In general, the cells at the 15-in. depth indicated a continual 

decrease in total pressure as the bottom of the sample tube advanced; the 

pressure cells at the 30-in. depth indicated an increase in total pressure 

as the bottom of the tube approached the 30-in. depth, then a decrease in 

total pressure as the bottom of the tube progressed below the 30-in. depth; 

the pressure cells at the 45-in. depth indicated a general increase in 

total pressure as the bottom of the tube approached the 45-in. depth. The 

change in pressure generally returned to zero within 10 to 40 sec after the 

force on the sampler was released. The total pressure registration after 

the sampling operation was about the same as the total pressure registra

tion just before the start of the sampling operation. 
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Settlement 

26. The settlement of the surcharge plate under each surcharge load 

was measured during the tests, and the changes in elevation of the settle

ment plates and pressure cells were measured after each test to determine 

any large or unusual settlements in the specimens. The settlement of the 

surcharge plate under each surcharge load is shown in table Dl. The maxi

mum settlement of the surcharge plate was 0.596 in. and occurred in speci

men 1 under the 100-psi surcharge load. 

Table Dl 

Settlement of SUrcharge Plate 

Nominal 
Placement Aver age Settlement of Surcharge Pl ate, in . 
Relative 

Specimen Type Density 
No . Sand ~ 

for I ndicated Surcharge Pressures 
30 psi 30 ESi** 60 Esi** 80 12si** 100 ESi** 

Initial* Final** Initial Final Initial Final Initial Final Initi al Final 

1 1 20 0 .078 0 .105 0 .149 0 . 193 0 . 311 0 . 36o 0 . 479 0 .596 

2 1 90 0 .044 0 .049 0 .069 o.o8o 0 . 116 0 .132 0 .167 0 .176 

3 2 24 0 .071 0 .078 0 . 103 0 .131 0 .209 0 . 249 0 . 382 0 . 403 

4 2 90 0 .056 0 .058 0 .063 0 .069 0 .111 0 .116 0 .136 0 .141 

* Before saturation. 
** After saturation. 

27. The settlement of the 2-in.-square aluminum plates located ad

jacent to samples 3, 6, 9, and 11 at each 6-in. depth between the 15- to 

45-in. depth did not indicate any unusual settlement in the specimens. The 

maximum measured change in thickness occurred adjacent to sample 6 from the 

depth of 21 to 27 in. and indicated a change in density of about 0.5 lb per 

cu ft in that stratum. However, the settlement data are not considered 

reliable for use in computing the amount of change in density at the end 

of the tests, because when the sand was removed at the end of the tests, 

some plates were found to be tilted. Also, some of the plates were dis

turbed slightly during removal of sand from the tank. 

28. Measurements of the settlement of the pressure cells are consid

ered more reliable, because the cells are heavier than the aluminum plates 

and therefore were less susceptible to accidental movement during removal 

of sand from the tank. The settlement measurements of the pressure cells 

located at depths of 15, 30, and 45 in. in specimens 1, 3, and 4, and of 

pressure cells at the 45-in. depth in specimen 2, are summarized in table 

D2 . It can be noted in this table that the average settlement of the 
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Table D2 

Average Settlement of Pressure Cells Under 100-psi Surcharge Load* 

Nominal Placement 
Specimen Type Relative Density Cell Settlementz 1n. 

No. Sand % 15-in. Depth 30-in. Depth 45-in. Depth 

1 1 20 0.30 0.18 0.11 
2 1 90 0.00 
3 2 24 0.25 0.17 0.05 
4 2 90 0.08 0.00 0.00 

* Specimen 4 was subjected to a maximum surcharge pressure of 80 psi. 

pressure cells generally decreased with depth, and that the greatest settle

ment occurred in specimen 1, sand 1 at 20% relative density. It can also 

be noted that the settlements are less than those observed in the cone 

penetration tank tests. This may be explained by the fact that in the un

disturbed sampling tests, the sampling tubes remained in place until the 

end of the test, while in the cone penetration tests, the cone penetrometer 

was withdrawn after each penetration and the hole filled with sand. 

29. Table D3 is a summary of the average change in placement density 

Table D3 

Average Change in Density at End of Test Based on Average Settlement 

of Pressure Cells Under 100-psi Surcharge* 

Depth Below Average Average 
Nominal Placement Top of Placement Change in 

Specimen Type Relative Density Specimen Density 
lb/cu ft 

Density 
lb/cu ft No. Sand % • 1n. 

1 1 20 15-30 89.8 +0.7 
30-45 90.4 +0.4 

Average +0.6 

3 2 24 15-30 100.3 +0.5 
30-45 99.4 +0.8 

Average +0 .6 

4 2 90 15-30 109.8 +0. 5 
' 30-45 109.4 0.0 

Average +0.2 

* Specimen 4 was subjected to a maximum surcharge pressure of 80 • ps1. 
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at the end of the tests for specimens 1, 3, and 4 between the 15- and 30-

in. and the 30- and 45-in. depths, based on settlement of the pressure 

cells. The average change in density indicated by settlement of the pres

sure cells is consonant with the changes in density indicated by the set

tlement of the surcharge plate, and appears to be less than 1 lb per cu ft 

between the depths where undisturbed samples were obtained. 

Density of undisturbed samples 

30. A full 30-in. undisturbed sample was desired from each tank 

specimen between the depths of 15 and 45 in. However, because of a slight 

give in the drill rig anchorage and compression of the drill rod, the 

length of push for samples 1 and 4 through 11 varied from 28.3 to 29.9 in. 

The length of push for samples 2, 3, and 12 was limited by the capacity of 

the drill rig. These latter samples were taken in the dense sand specimens 

under the greater surcharge pressures (60, 100, and 80 psi, respectively). 

At a hydraulic pressure of 530 psi, the advance of sample 2 stopped at 20.9 

in. Before the start of the push for sample 3 the flow control valve was 

reset to provide a maximum pressure 

when the length of push had reached 
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Fig. D6 . Hydraulic pressure 
versus force on sampler 

of 730 psi; this capacity was reached 

26.3 in. Before the start of the push 

for sample 12, the flow control 

valve was set to provide a maximum 

hydraulic pressure of 780 psi; how

ever, due to difficulties with the 

drilling equipment (see paragraph 40 

of this appendix) this capacity was 

reached when the length of push 

reached 19.1 in. 

31. The relation between the 

hydraulic pressure and force on the 

sampler is shown in fig. n6. The 

curve is based on data from calibra

tion tests for the hydraulic pres

sures below 500 psi; beyond this 

pressure, the curve was extrapolated. 

32. Results of the density 

tests on the 3-in. sample increments 
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are shown in plates Dl through D4. The upper left-hand plot in each plate 

shows the placement density for each 3-in. lift and the corresponding sam

ple increment densities versus depth from 15 to 45 in. The upper right

hand plot and the two lower plots show the change in density (from the 

placement density) of each sample increment versus depth for each of the 

three surcharge pressures. The dashed line at the left in these plots in

dicates the force in pounds on the sampler during the push. The log at the 

right in each of. these plots shows the location of each increment of the 

sample with respect to depth. 

33· A smooth curve was drawn in each plot to determine the general 

trend of the change in density in each sample. When the curves were drawn, 

certain points, denoted by asterisks, were disregarded. Points denoting 

the change in density in the top 3 or 6 in. of all samples were disregarded 

because the placement density between the 15- and 21-in. depths is believed 

to have been disturbed by augering out to the 15-in. depth, positioning of 

the sampler, and perhaps by other factors. Points denoting a change in 

density that did not appear to represent the general trend were also disre

garded, as were points denoting a change in density near the bottom of the 

tubes that were crimped. 

34. Specimen 1. The results of density tests on sampled increments 

from specimen 1, sand 1 at 20% relative density, are shown in plate Dl. 

The placement density for specimen 1 ranged from 88. 6 to 91.6 lb per cu ft 

between the 15- and 45-in. depths and averaged 90.1 lb per cu ft, which is 

equal to an average relative density of 20%. The sampled increment densi

ties ranged from 89.7 to 94.2 lb per cu ft, and generalLy followed the same 

variation with depth as the placement density. 

35 . The change in density of the increments from sample 4 ranged 

from +2.3 to +0.1 lb per cu ft; those from sample 5 ranged from +3.2 to 

+1.1; and those from sample 6 ranged from +3.0 to +0.5. The curves of 

change in density of the increments versus depth indicate that the density 

of the increments increased during sampling, with a greater increase oc

curring near the top of the samples than at the bottom. 

36 . Specimen 2. The results of density tests on sample increments 

from specimen 2, sand 1 at 90% relative density, are shown in plate D2. 

The placement density for specimen 2 ranged from 101.1 to 103.2 lb per cu 
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ft between the 15- and 45-in. depths, and averaged 102.2 lb per cu ft, 

which is equal to an average relative density of 90%. The sample-increment 

densities ranged from 100.1 to 102.4 lb per cu ft. 

37· The change in density of the increments from sample 1 ranged 

from -0.1 to -1.8 lb per cu ft, those from sample 2 from -0.3 to -1.7, 

and those from sample 3 from +0.3 to -2.0. The curves shown in plate D2 

indicate that the density of specimen 2 decreased during sampling, with a 

greater decrease occurring near the top of the samples than at the bottom. 

38. Specimen 3. Results of density tests on sample increments from 

specimen 3, sand 2 at 24% relative density, are shown in plate D3. The 

placement density for specimen 3 ranged from 97.6 to 101.2 lb per cu ft 

between the 15- and 45-in. depths, and averaged 99.1 lb per cu ft, which 

is equal to an average relative density of 24%. The sample-increment 

densities ranged from 97.8 to 102.2 lb per cu ft. 

39. The change in density of the increments from sample 7 ranged 

from +1.0 to -2.1 lb per cu ft, those from sample 8 from +1.8 to -0.7, 

and those from sample 9 from +0.8 to -1.2. The curves shown in plate D3 

indicate that during sampling the density of specimen 3 decreased near the 

top of the 

40. 

samples and increased near the bottom. 

Specimen 4. Samples 10, 11, and 12 were obtained from specimen 

4, sand 2 at 90% relative density, at surcharge pressures of 30, 60, and 

80 psi, respectively. No difficulty was encountered in obtaining samples 

10 and 11, but during the push for sample 12, the drill chuck slipped 

twice, and although it was retightened and the push continued, the total 

length of the push was only 19.1 in. After removal of the tubes from the 

specimen, it was noted that the bottoms of sample tubes 11 and 12 were 

crimped. 

41. Results of density tests on sample increments from specimen 4 

are shown in plate D4. The placement density ranged from 108.3 to 112.2 

lb per cu ft between the 15- and 45-in. depths, and averaged 109.6 lb per 

cu ft, which is equal to an average relative density of 90%. The densi

ties of the sample increments ranged from 102.8 to 110.3 lb per cu ft. 

42. The change in density of the increments from sample 10 ranged 

from -1.4 to -3·7 lb per cu ft, those from sample 11 from -1.5 to -4.4, 



and those from sample 12 from -3.1 to -5.0. The change in density of 

the increments from sample 12 is not considered reliable since the den

sity may have been influenced when the push was stopped and then con

tinued after the chuck was retightened. 

Analysis 
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43. The .change in density of sand 1 (specimens 1 and 2) during sam

pling appears reasonable and is in general agreement with trends indicated 

by earlier tank tests, i.e. dense sands tend to decrease in density and 

loose sands to increase in density during sampling. However, the trend for 

change in density for sand 2 (specimens 3 and 4) is not as apparent, since 

this material in a loose condition did not tend to densify on the average, 

and data from the denser specimen were rather erratic. In the following 

paragraphs some of the factors which may have caused the erratic results of 

sand 2 tests are discussed, and correction factors for sand 1 are developed. 

Basis for analysis 

44. For the purposes of analyzing the change in density during sam

pling, the measured densities of sample increments have been compared with 

placement density. Since the tank specimens consolidated during applica

tion of the surcharge loads, consideration was given to the development of 

correction factors for change in density caused by consolidation of the 

specimen, based on a comparison of the measured placement density with the 

after-testing density computed from settlement data. However, it was not 

possible to determine the settlement of individual lifts during the tests. 

Furthermore, the maximum average change in density occurring under the 

highest surcharge pressure and resulting from consolidation between depths 

of 15 to 45 in. in the tank specimens was less than 1 lb per cu ft. This 

is less than the variation of placement density in the individual lifts of 

the specimen. Therefore, analysis of change in density caused by sampling 

has been based on a comparison of measured density of sample increments 

with placement density of the individual lifts. 

Data plots 

45. To determine the relative effect of vertical pressure and 
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location in the sample tube on the change in density, plots showing the 

change in density of sample increments versus vertical pressure were pre

pared (see plate D5). The change in density for each increment was plotted 

versus the vertical pressure corresponding to the depth of the increment, 

based on the curves of fig. D5 (page D8). 
46. Solid lines were drawn through the points of change in density 

for increments from individual sample tubes. These data indicate the total 

change in density, which includes both the effect of vertical pressure and 

the effect of location of the increment in the tube. Since the vertical 

pressure in the specimens decreased with increasing depth, the upper end 

of the solid lines represents changes in density for the increments near 

the top of the sample, and the lower end of the solid lines represents 

changes in density for increments near the bottom of the sample. 

47. A dashed line is drawn through the approximate average changes 

in density (denoted by the solid symbols) for each sample increment in the 

plots in plate D5. It is assumed that the average change in density in

dicated by the dashed lines represents the effect of overburden (surcharge) 

pressure, and that the difference between the average change in density and 

the change in density for a given increment represents the effect of loca

tion of the increment in the tube. This assumption appears reasonable be

cause the change in density from the top to the bottom of the sample tube 

was generally greater than the difference in the average change in density 

of samples obtained at different surcharge loads. 

48. The dashed-line curves of plate D5 indicate that at overburden 

(surcharge) pressures ranging from about 20 to 50 psi, loose sand 1 densi

fied about 1.2 to 1.6 lb per cu ft, and dense sand 1 decreased in density 

by about 0.7 to 1.0 lb per cu ft, on the average. However, the test data 

indicate that at similar overburden (surcharge) pressures, the density of 

loose sand 2 decreased slightly while the density of dense sand 2 de

creased about 2.4 to 4.0 lb per cu ft, on the average. The results of the 

tests on sand 2 do not appear reasonable, not only because the loose mate

rial did not densify on the average, but also because the incremental den

sities in the top part of the samples from the loose specimen were rela

tively lower than those in the bottom of the tube, which is directly op

posite to the conditions observed for sand 1. Also, incremental densities 



Dl7 

from the top of the tubes of sand 2 at 90% density (specimen 4) do not show 

as large decreases in density, relatively speaking, as those from specimen 

2 of sand 1. In fact, in the case of the tube sample taken under a sur

charge of 80 psi, the decrease in density at the top of the tube was less 

than that at the bottom of the tube. 

49. In general, the data on specimen 4 are erratic, and data on both 

specimens of sand 2 are confusing and inconsistent with data obtained on 

sand 1. Some factors which may explain these inconsistencies are discussed 

in the following three paragraphs. 

Factors causing er
ratic data for sand 2 

50. Each time the low-density specimens were augered and cased to 

the 15-in. depth just before sampling, it was noted that the sand tended 

to flow up into the bottom of the sleeve. Exact measurements of the quan

tity of sand that actually came up into the sleeve during the augering 

operation were not possible since the sleeve was kept full of drilling mud 

to counteract this tendency. However, an estimate of the quantity of sand 

removed, made by weighing the material obtained from the inside of the 

sleeve, indicated that more sand came up into the sleeves in the sand 2 

specimen than in the sand 1 specimen, which may partly explain why some of 

the density measurements near the top of the tubes are relatively low for 

the loose sand 2. 

51. Measurements of the distance from the top of the sample tube to 

the top of the sample, compared with measurements of the distance from the 

top of tube to the bottom of the piston, indicated that in some cases the 

top of the sample had risen in the tubes in the low-density specimens; the 

rise was greater for sand 2 than for sand 1. Since the surcharge pressure 

was maintained during removal of the piston from the tubes, it is possible 

that the length of the samples changed after sampling and before insertion 

of the top expanding packer, which may also partly explain why the density 

measurements near the top of the tubes are low for loose sand 2. 

52. Density measurements for the dense sand 2 near the bottom of 

the sample tubes which became crimped are considered unreliable. Crimping 

of the tube would explain why density measurements near the bottom of the 

tube for specimen 4 are low in relation to those obtained near the top of 

the tube. 
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53· For the reasons discussed in the preceding three paragraphs, the 

data from the specimens of sand 2 are considered to be relatively unreli

able, and will not be analyzed further. However, data from the specimens 

of sand 1 are considered reliable, and correction factors for estimating 

the change in density during sampling of this sand were developed from the 

sand 1 data. These factors are discussed below. 

Corrections for change in density 

54. To determine density correction factors which can be applied to 

measured densities of samples obtained in the field, the vertical pressure 

measured in the tank specimens is considered equivalent to the overburden 

pressure in the field. Using the sand 1 data for changes in density de

termined for vertical pressure and location of the increment in the tube, 

separate plots have been prepared showing the relations of density correc

tions to overburden pressure and of density corrections to location of the 

increment in the tube. 

55· Corrections for pressure. Density corrections for overburden 

pressures in sand 1 were derived from the two dashed lines from specimens 

1 and 2 in the left plots of plate D5. The density change with the sign 

reversed is the correction factor (i.e. +2 becomes -2). Therefore, the 

dashed lines are reversed in direction when they become correction factor 

curves. 

56. The average measured dry density of the sample increments of 

specimen 1 was 91.5 lb per cu ftj that of the sample increments of specimen 

2 was 101.5 lb per cu ft. The correction factor curves, labeled with the 

measured dry densities and corresponding relative densities (30 and 86%, 
respectively), are plotted in plate D6 at the upper left. Lines to indi

cate correction factors for relative densities generally at 10% intervals 

between 30 and 86% were spaced by linear proportion. 

57· The plot of density correction for overburden pressure indicates 

that at overburden pressures ranging from 20 to 50 psi, the density cor

rections for sand 1 at a measured relative density of 30% range from -1.2 

to -1.6 lb per cu ft, and for a measured relative density of 86%, correc

tions range from +0.7 to +0.9 lb per cu ft. At a measured relative den

sity of about 60%, which is a relative density very commonly found in the 

field, the density correction is almost zero. 
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58. Correction for location. The density correction for location of 

the increment in the tube was determined by the following procedure: 

a. -

b. -

-
c. -

The measured change in density of each sample increment was 
corrected for overburden pressure by entering the upper 
left plot of plate D6 at the pressure equal to the vertical 
pressure for the increment and reading horizontally across 
to either the 30 or 86% correction factor curve, depending 
on the measured density of the sample, and then reading 
vertically down to the average density correction scale. 
The difference between the total change in density of the 
increment and the correction determined for the effect of 
overburden pressure is considered to be the change in den
sity effected by the location of the increment in the sam
ple tube. 

The change in density for the location in the sample tube 
was then plotted for each increment, with sign reversed, 
against the height of the increment from the bottom of the 
sample tube. The plot of increments from the 30% measured 
relative density specimen is shown at the upper right in 
plate D6, and the plot of increments from the 8&/o measured 
relative density is shown at the lower left. 

Smooth curves were drawn through the points. These smooth 
curves were then combined in a single plot, shown at the 
lower right in plate D6, and curves for measured relative 
densities of 40, 50, 6o, 70, and 80% were drawn by linear 
proportion between the 30 and 86% relative density curves. 
The corresponding dry densities are given for each relative 
density curve. 

59. The plot of density correction for location of increment in the 

sample tube, for sand 1 at a measured relative density of 30%, indicates 

that at heights greater than about 24 in. in the tube, the density change 

is rather large, and the data are quite scattered. This fact suggests that 

densities of increments at heights greater than 24 in. in the tube should 

not be considered reliable. Also, although density changes in the bottom 

6 in. of the 30-in.-long sample tubes were not excessive, it must be re

membered that the samples of the tank specimens were not pulled from the 

tank immediately after the sampler drive had ended, but were removed from 

the specimen after all three sample tubes had been pushed and the material 

excavated from around the tubes. If the sample tubes had been pulled out 

immediately, as is necessary in the field, it is believed that the density 

changes in the bottom 6 in. would have been larger. Therefore, in the 

analysis of density measurements on samples obtained in the field, data 
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from the heights greater than 24 in. and lower than 6 in. should be disre

garded and the central 18 in. only be used for determining densities. 

60. The combined plot of density correction for location of incre

ments in the sample tube for sand 1 indicates that at heights from 6 to 

24 in. in the sample tube, the density correction for 30% measured rela

tive density ranges from +1.0 to -1.8 lb per cu ft, and for 86% measured 

relative density the correction ranges from -0.2 to +0.7 lb per cu ft. At 

a measured relative density of 60%, commonly found in the field, the den

sity correction depending on height in the tube ranges from +0.3 to -0·5 
lb per cu ft. 

61. Considering density corrections for both overburden pressure and 

location in sample tube, the total density correction could be as large as 

-3.4 lb per cu ft for a measured relative density of 30% at an overburden 

pressure of 50 psi and at a height of 24 in. in the sample tube, and as 

large as +1.7 lb per cu ft for a measured relative density of 86% at an 

overburden pressure of 50 psi and at a height of 24 in. in the sample tube. 

However, for conditions which would most commonly be encountered in the 

field for zone A sand (e.g. relative densities ranging from 30 to 80%, and 

overburden pressures ranging from 20 to 40 psi), with heights of increments 

in the tubes ranging from 6 to 20 in., the maximum total density correc

tions would range from -0.9 to +0.6 lb per cu ft. 

62. Since the difference between maximum and minimum density as de

termined by laboratory tests generally ranges from about 16 to 20 lb per 

cu ft for various sands, a density correction of 1.0 lb per cu ft would 

amount to a change in relative density of about 5 to 6%. Based on a 

limited evaluation of results of tests on sand 2, it appears that correc

tion factors for sands other than those similar to sand l might be ap

proxi mately l lb per cu ft greater than correction factors for sand l 

(i.e. a maximum of about 2 lb per cu ft). It is concluded that the change 

in density that occurs during undisturbed sampling is not significant, 

since corrections that generally would apply to measured densities would 

be relatively small. 
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