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PREFACE

The study reported herein was performed by the U. S. Army Engineer
Waterways Experiment Station (WEB ) as part of the Office, Chief of Engi-
neers (OCE), Civil Works Research effort. This investigation was

authorized by OCE under the CWIS 311115 work unit entitled “Liquefaction

Potential of Dams and Foundations.”

WES engineers who were actively engaged in this study were
Dr. W . F. Marcuson III and Messrs. S. S. Cooper, J. R. Horn, and W . A.
Bieganousky . The work was conducted under the general supervision of

Messrs. H. W. Cunny and W. C. Sherman, Jr., former Chiefs , Earthquake
Engineering and Vibrations Division (EE&VD), and Dr. F. G. McLean , Chief ,
EE&VD , and Mr. J. P. Sale, Chief , Soils and Pavements Laboratory . This

report was prepared by Messrs. W. A. Bieganousky and W. F. Marcuson III

and reviewed by Mr. S. J. Johnson, Dr. F. G. McLean, and Professor J. H.

Schmertmann .
During the conduct of thi s study and the preparation and publica-

t ion of thi s report , BG E. D. Peixotto , CE , COL G. H. Hilt , CE, and
COL J. L. Cannon , CE , were Directors of WES. Technical Director was

Mr. F. R. Brown. OCE technical monitor of this study was Mr. R. W.

Beene.
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• CONVERSION FACTORS , U.  S. CUSTOMAR Y TO METRIC (S I )
UNITS OF MEASUR EMENT

U. S. customary uni ts  of measurement used in this report can be con—
• verted to metric (sI) units as follows :

Multiply By To Obtain

inches 25. 14 r~ ~limetres

feet 0.30118 me.res

pounds (mass)  0 .1453592 11 kilograms

pounds ( force) 14. 1448222 newtons

pounds (mass) per cubic foot i6.oi8146 kilograms per cubic metre

pounds (force) per square inch 689) 4 . 75 7  pascals

kips (force) per square foot 147.88026 kilopascals

degrees ( angular ) 0.017145329 radians
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• LIQUEFACTION POTENTIAL OF DAMS AND FOUNDATIONS

LABORATORY STANDAR D PENETRATION TESTS 011

REID BEDFORD MODEL AND OTTAWA SANDS

PART I :  INTEODUCTION

Background

1. The potential for liquefaction of a cohesionless soil is re-

lated to the intensity of dynam ic loadings , the in situ stresses, the

grain size charact eri stics of the soil , the shear strength , and fr i place

• density .’ Essential to the art of predict ing the dynamic response of a

site is the matter of obtaining high quality samples for testing and

classification . This is a difficult task when cohesionless materials

are encountered; it is made more difficult by the presence of

groundwater.

2. The procurement of high quality samples of submerged cohesion-

less soils has been accomplished using freezing techniques. Although

successful in the sense cf retrieving samples , the process is expensive.

A thin—walled fixed—p iston Hvorslev
2 
type sampler was used by the U. 0.

Army Engineer Waterways Experiment Station (WEB ) for the express purpose

of taking high quality undisturbed sand samples in the late )4O’s. WES

found that retrieval of a sample was aided by drilling mud and the

vacuum created by a stationary piston. Relatively undisturbed samples

can be obtained from substantial depths below the water table by this

technique.3

3. Other samplers capable of obtaining high quality samples have

evolved , each with their own peculiarities. These samplers are widely

used in some areas , and virtually unknown in others. A drawback ~~ the

use of these samplers is the considerable expense involved .

11. More popular than undisturbed samplers is the Otandard i enetra—

tion Test (SPT). The test development and early use are attributed to
C. 14

the Gow Company of Raymond Concrete Pile Co., and were reviewed by

7
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1ecza~~1i.
5 it consists of driving a split barrel :amjIer ~~~~~~~ ~Pc~ r~

as it is commonly known) 18 in.~ into the ground with a J14M - b han~er

falling through 30 in. of drop. The number of blows ~~~~~~~~~ ~~~ - -~r1ve

the split barrel in three 6—in, incr ements is r ecorded , anc tOc

two incremental values are added to obtain the number of b luw.~ ~-e: :~~~~t .

This value is commonly referred to as the 1—valu e ar idi repf :~ t~~ t t i c

• penetration resistance of the material under test.

5. Investigation of this test in the early 1950’s by Gibbs and

Holtz at the Burea~ of Recl~ira t 1-~n !e~ulted in a faritil; ~~i cur’~’ec vh ich

• allowed an estimate of the rej tti-z e density of a cohesionless material

to be made from the recorded penetration resistance.6 Their research

showed conclusively that penetration cesistance was a function of

relative density and overburden pressure . Hence , a quick estimate of

• the in situ relative density of a given site could be obtained easily ,

and many engineers have employed the Gibbs and Holtz corre1a~ ion curves
• in practice.

6. A similar family of curves relating penetration resistance t~.

relative den sity was developed by Baza raa based on emp irical data.
These curves exhibited a higher degree of conservatism .7

7. The Hvorslev fixed—piston undisturbed sampler and the SPT

are frequently employed as a means of estimat ing in situ den sities for
liquefaction studies. The reliability of these two techniques is of

major concern; hence , the Corps of Engineers research program investi-

gating the phenomenon of liquefact ion has included a study to evaluate
the effectiveness of the Hvorslev fixed—piston undisturbed sampler and

the SPT in obtaining representative values of in si tu d e n r i t y .

• Purpose

8. One objective of this research study Ic to i np rove  the  Corps

• 
of Engineers ability to determine in situ density and -‘edative density ,

* A table of factors for converting U. S. customary unitc of measure-
ment to metric (SI) units is presented on page 6.

8
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or develop some other index more reliably related to liquefaction poten-

tial. This report describes the results of a full—scale laboratory test

• p rogram performed to investigate the viability of the SPT as an index

for li quefaction pot ential of cohesionless mater ials, through the rela-
tive density concept .

Scope

9. At the outset of this study these questions were asked : Can

accurate relative and absolut e density determinat ions be made for loose

cohesionless material? Should a new index be developed for relating in
sit -i density to liquefaction behavior?

10. It was believed that these questions could be answered after :

(a) reviewing current work and literature on relating penetration resis-

tance to density or relative density , (b) making empirical correlations

between field behavior , penetration resistance , so il properties , and

other characteristics as an independent means of assessing liquefaction

potential, and Cc) conducting a series of laboratory tests with the

(1) SPT , (2) Hvorslev fixed—piston undisturbed sampler , (3)  rotary cone ,
and (4) Dutch cone to evaluate their performance.

• 11. Th is repor t presents a summary of the literature review and
the results of penetration testing on two sands , Reid Bedford Mcdel and

Ottawa sands , accomplished in the laboratory. The laboratory program,

when completed , will encompass two additional sands , Platte River and

dtandard Concrete sands.

12. During the conduct of many of the SPT’s, undisturbed samples

were taken with the Hvorslev fixed—piston sampler . These cam pies were

carefolly handled t.o keep disturbances to a minimum . Each sample was

transversely cut in sections with a band saw, and incremental density
determinations were made. A comparison between the incremental tube

densities and the density of the test specimen provided a vehicle for an

evaluation of the sampler. The results of the undisturbed sampling are

pr esented in Reference 8.

9 
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PART II: LIT~~ ATUR E REVI EW

13. This literature review traces the development of the SPT as a

procedure for determining in situ density. It is nut meant to be an

exhaustive work, but a summary of previous systematic research and tOe

current direction of SPT usage. A recent comprehensive bi~~~i~~~rai h:,

perta ining to all aspects of the SPT can be found in de 1.~ei1u ’s9 state.-

of—the—art report .

114. The practice of retrieving dry samples appeared first in 19u.

introduced by COL Charles H. Gow , and consisted of driving a i—~ n. -:i am

open— end pipe into the soil. Procedural improvements occurred wit the

development of the 2—in. —diam split spoon , and the standardization •f

the 1110—lb hammer and 30—in, drop. Known internationally as the •~tan—

dard Penetration Test , the initial development is credited to eng ineers

of the Gow Company , a subsidiary of the Raymond Concrete Pile Company ,

in the late 1920’s. 
-

15. In 1952, the Bureau of Reclamation conducted a study to ex-

amine the influence of various factors on the SPT.
10 

The variables in-

cluded density, moisture content , overburden pressure, and length and

weight of the drill rod. The test program was conducted in the labora-

tory using field sampling equipment and a cylindrical soil container ,

approximately 3 ft in diameter by 14 ft high. Overburden pressure was

• applied by means of loading plates and springs. The results reported

were derived from testing a well graded coarse to fine sand.

16. The results showed that penetration resistance increased as

a result of increases in density and overburden pressure. The study

fur ther  showed that increasing the length of the rod tended to increa se

the r ecorded penetrat ion resistance in dense and very dense sands , and

decrease the N—values for loose and medium densities. The B—size rod

displayed the least effect and was recommended over the A— and N—rods.

The effect of rod weight was studied ; however , at the t ime of the repor t

the data were too scarce to be conclusive. The degree of saturation and

• its effect on the SPT N—values were also studied . It was observed that

increasing moisture content had only a slight effect on penetrat ion

10
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res istance , tr ending toward lower res istance values for higher mo istur e

contents.

17. In 1957 Gibbs and Holtz° published the results of their com-

pleted study on the SPT. The penetration resistance was shown to in-

crease with an increase in either relative density or overburden pre~-

sure. Several plots were presented which depicted these relationships

• for coarse and fine sands, both in air—dry and submerged states. A

single family of curves was recommended based on the results of the air—

dry tests on the coarse and fine sands. The results derived from test-

ing submerged sands were not considered reliable because it was doubtful

that the laboratory setup accurately represented a water table condition .

The study determined that increasing the length of rod had a relat ively

small effect when compared to overburden pressure effects. Similarly ,

• the effect of rod weight was small when compared to overburden pressure,

especially for dense sands. Loose sands displayed lower blow counts as

a result of increased rod weight.

18. am er and Stuart’1 were in general agreement with the find-

ings of Gibbs and Holtz 6 concerning the effect  of rod length and weight

on the N—values of the SPT. An analysis of the stresses set up in the

rods as a result of hammer impact showed that from a depth of 5 to 20 ft ,
the stresses fall by about 35 percent , and thereafter remain almost

constant. This suggests that the value of N may not be influenced sub-

stantially when the length of the rods is over 20 ft. Palmer and Stuart

also stated that the ratio of the weight of rods in relation to the

impact forces is very low; therefore , the length and weight of rods are
not likely to have much influence on the N—value , except in extremely

soft or loose ground .
.12 •19. Kolbuszewski presented data illustrating the influence of

relative porosity and grain size distribution on the SPT N—values. The

results of his study indicated that these two variables must be consid-

ered , as the effects are substantial. The different techniques used for

determining the maximum and minimum densities of a sand were also dis—

cussed ; Kolbuszewski recommer~ded that the min imum density be determined
• by pouring the sand through water rather than pouring through air.

11



20. Coffman ,~
’3 1960, published a chart based on the Gibbs and

Holtz recommended curves which simplified the determination of the rela-

tive density. Coffman found the chart “best satisfied other checks” in

the range of 6~ to 95 percent relative density , and presented a mathe-

matical relationship for this range in terms of relative density , over-

burden pressure , and penetration resistance:

D = 14o + 7.19[7.36~~ - 
2.11) 

- 17 .91R
65 t 95 ~ 

0
v 

1.3 j

where

D
R 

= relative dens ity,  in percent , between 65 and
65 to 95 95 percent

N = number of blows per foot from the SPT
2

= vertical overburden pressure, Kips/ft

• 
• 

Coffman recommended correlation tests on sensitive projects.

21. In 1961, Schultze and Menzenbach
l)4 published relationships

between the SPT N—value and the compressibility of soils. The authors

conducted a program of study involving the correlation between penetra-

tion resistance recorded in situ and laboratory confined compression

tests performed on undisturbed samples taken from the sane locations.

The results of 225 pairs of data analyzed using statistical methods were

presented in the form of:

E =~~— = C  + C  ~~N + S
s m 1 2 — E

v

where

E = modulus of compressibility

m = coefficient of compressibility

C1,C2 
= constants which depend on soil type

N = standard penetration value, blows per foot
= standard deviation of observation

• They found that it was possible to show a relationship between the modu—

lus of compressibility and penetration resistance for 12 different

12
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cohesive and u n o o h e s iv t  soil gr • u r : .  T hi s  correlation had a standard
deviation of + t  percent if re water pr :ssur e did not influence the

recoils of the penetration t .-sts.

oP. In tOt-  c urse of t n t - i f  study , Schultze and Menzenbach exam—

mined the relationshi p betve~- ri penetration resistance, overburden pres-

sure , and relative density . Using statistical methods they developed a
• correlation comparable to that developed by Gibbs and Holtz. They

found for sandy soils tha t the relationship could be represented by the

following equat ion :

log D
R 

= 0.1178 log N — 0.262 log a + 2.814

where

D
R 

= relative density

N = standard penetration resistance
a = overburden pressureV

The results gave a coefficient of correlation of 0.87 with a standard

deviation of 14.1 percent .

23. In 1963 Thorburn15 published a tentative correction chart for

the SPT in noncohesive soils. Thorburn used Gibbs and Holtz’s work and

a limited number of plate loading tests to construct a correction chart

correlating penetration resistance, overburden pressure , and relative

density. His chart could be used to correct N—values for overburden

pressure, thus obtaining corrected N—values which could be used to enter
th e Terzaghi and Peck5 settlement charts.

214. Fletcher
14 
published a paper relating the historical develop-

ment of the SPT and some common abuses of the test. According to

Fletcher , the test “provides an indispensable yardstick of soil proper-

t i es” and it was the improper use of methods and equipment which made

th e SPT results unreliable. He listed the following as important factors

af fec t ing  the SPT results:

“1. Inadequate cleaning of the borehole;

2. failure to maintain sufficient hydrostatic head in the
boring;

13 
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3. variations from an exact 30—in , drop of tOo  drive weiget ;

• 14. use of drill rods heavier than 1—in, extra heavy pipe or
A rods ;

• 5. extreme length of drill rods (over 175 ft)

6. interference with free fall of the dr ive wei ght from any
cause;

7. use of a 140—lb weight without hardwood cushion , block ,
or guide rod ;

8. use of sliding weight that can strike the drive cap
eccentrically ;

9. use of deformed tip on sample spoon ;

10. excessive driving of sample spoon before the blow count;

ilL, failure to seat sample spoon on undisturbed material ;

12. driving of sample spoon above bottom of casing ;

13. and carelessness in counting the blows and measuring
penetration.”

16
25. Zolkov and Wiseman studied the effect of overburden pres-

sure relief on the SPT in connection with the foundation exploration for

a 35—story reinforced concrete structure in Tel Aviv . SPT’s were per-

formed in cased holes from the original ground surface , and again fol-

lowing a general excavation of 50 ft of overburden. The soil profile

was predominantly clean uniform sands with occasional strata of clayey

sands and slightly cemented sands. The removal of the overburden and

the overlapping SPT allowed an opportunity to observe the influence of

overburden pressure on the SPT results. The test results displayed a

reduction in penetration resistance; however , the reduction was not as

large as expected. They concluded that the blow count is markedly in-

fluenced by the overburden pressure existing at the time of the test ,
that maximum past overburden pressure is an important consideration in

the interpretation of the results , and that residual horizontal stresses

• associated with overconsolidation are responsible for the higher than

expected penetration resistances.

26. Schultze and Melzer1T claimed that previous penetration resis-

tance studies reported by Schultze and Menzenbachl14 were not reliable

due to errors made in the determination of the density. To overcome the
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difficulties encountered in the previous study , isotopic soundings (gamma

and neutron penetrometers) were used to ascer ta in  the density and mois-

ture content of the test specimen . These tests were run in a soil con-

tainer 3.3 ft in diameter and 6.0 ft deep. Sand was placed in lifts and

vibrated to the desired density . The dynamic penetrometer used was

equipped with a 60—deg cone rather than the split spoon sampler .

27. The results of their study were summarized by the following

equation :

D
R 

= 0.317 log N — 0.226a + 0.392

where

D
R 

= relative density

N = blow counts per foot of penetration

a = overburden pressure
V

This formulation is in qualitative agreement with the work of Gibbs and

Holtz,
6 
i.e., the interrelationship between overburden pressure, SiT

N—values , and relative density . Schultze and Melzer also reported ,

based on observations of SPT ’s immediately above and below the water

table, that the influence of groundwater was to decrease the penetration

resistance.

28. Bazaraa ,7 1967, examined the available correlations relating

overburden pressure, relative density , and penetration resistance in his

endeavor to develop a corrected settlement chart , lie found through com-

parisons with field data that the existing correlations did not reliably

predict field densities. Using the results of many field tests Bazaraa

• developed, a new correlation expressed by the following equations :

N = 20D~ (l + 2 a )  for a < 1.5 k ips/ f t 2

N = 20D~(3.25 + O.5a
~
) for ~ 1.5 kips/ft

2

where

N = standard penetration test blow counts

15
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D
R 

relative density

a overburden pressure
v
P9. The equations are partly based on the assumption t au t  th e

Terzaghi—Peck 5 correlation between settlement for 1 in. and J—vaiue

corresponds to an e f fec t ive  overburden pi - &uu ar~.- of about  [.5 k i~~s/ i ’t ’

The Bazaraa correlations are more c on s e r vat i v e  th an  t he  •~ ibbs and

Holtz correlations. Bazarna suggests that the  :i — ~-u1o~-s sari be cor-

rected for use in settlement correlations by the 1’~~I l u w i~~g equations:

NB 
= 

1 
~N 

for < 1.5 kips!t’t 2

NB 
= 

3. 25 ~~~~~~~~ 
for a > 1 . 5  k i 1c / : t ’

where

N B = (< 80) = corrected penetration value f r  ovorturden yr

N = penetration value

= overburden pressure which corresponds t~. N

30. Bazaraa investigated the effect of submergen ce on penetra-

tion values and found some correction needed. Until further investiga-

tions show otherwise , he recommended the Terzaghi—Peck
5 r e ia t io n s hi j - for

submerged very fine or silty sand :

N = 15 + ( N ’  — 15)

where

N = corrected value

N ’ = recorded value > 15

For N’ < 15 , N = N’

~i. Bazaraa went on to examine penetration resistance values

versus settlement correlations and make suggestions based upon field

data comparisons with these various correlations. The field data used

came from many different  sources from all areas of the world . dccli

being the case , questions have arisen concerning the validity of basing

i6
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assumptions on data collected by different organizations , for different
purposes , by dif ferent  techniques.

32. The lack of standardi zation of the SPT was discussed by

Ireland , Moretto , and vargasl8 in 1970. Ireland and Vargas stated that

the test was useful even with its many drawbacks. Vargas strongly

advocated greater standardization, while Moretto stated he preferred a

modified sampler with interchangeable drive shoes that would be adapt-

able to different soil conditions. Moretto believed that the experience

and past data based on the SPT were highly questionable and therefore ,

little would be lost in the changeover to a new sampling technique.
Ireland and Vargas supported international standardization and adoption

of the SPT; Moretto disagreed. The stated purpose of the paper was to

promote discussion within the profession .

33. For the Fourth PanAmerican Conference on Soil Mechanics and

Foundation ~ -1gineering , de Mello9 wrote a state—of—the—art paper on the

SPT. He stated that the best use of the SPT lay in determining in situ

undraine~ strength parameters of the soil. De Mello believed that rela-

tive density estimations should be made from correlations with the angle

of internal f r i c t ion , 0 , and not from a direct correlation with over-

burden stress and penetration resistance. This approach would require

relating the SPT N—value to overburden pressure and the angle of inter-

nal friction . By statistical regression analysis he derived the follow-

ing empirical relationship :

N = 11.0 + 0.015 
t~~

14
O 

tan2 (
~

- + 

~
-) er tan 0 

—

2 /it ~\ ii tan ø
+ 0  tan ( — +  I c  + 8.7

V \LL 2, —

According to de Mello , the above relationship,  N = f(Ø,a )  , was sound

for a variety of sands ; however , 0 = f(D
R
) was not universal for all

sands. If one accepts the premise that penetration res istance is a
function of 0 rather than D

5 , then Gibbs and Holtz ’s
6 and Bazaraa’s7

correlations would be valid for sands with the same 0 = f(D
R
)

17
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relationship as the sands they incorporated in their respective

studies.

34, The effect of overconsolidation , de Mello observed , was to

create high residual horizontal stresses which could affect  the penetra-

t ion resistance.  Since there were insuf f i c ien t  data to define the over—

consolidation effect , de Mello suggested the effect on 0 should be

considered negligible for drained strength conditions , but could be

significant for undrained strength conditions. In the area of future

research , de Mello recommended utilizing more than one spoon , thereby

enabling a sufficient number of simultaneous equations for computation

of the separate contributing parameters.

35. Dc Mello suggested that the SPT could provide quantitative

information for design at the price of conservatism. The test was valu-

able to those who realized its limitations and recognized circumstances

which dictated the need to use information from other tests.

36. In 1971 Langfelder and Johnston19 reported f ield exper ience
with the settlement of two waste treatment t anks. The settlement was

checked for 1 yr after construction in order to compare observations
with predictions made from SPT’s and confined compression tests. The

settlement predicted using the SPT results and the settlement correla-

tions was conservative . The confined compression test results were

also conservative; however , they were much closer to the  observed

settlement than the SPT prediction . The conclusion was reached that

considerable engineering judgment must be used in order to achieve

economical foundation designs.

37. In 1971 Gibbs2° published f ield data which reaff i rmed that

the earlier Bureau of Reclamation work gave a favorable correlation when

compared to field conditions. Although not precise , the SPT proved an

inexpensive alternative to other methods of subsurface exploration .

Gibbs stated that the interpretation should be kept general , and

recommended continuing correlations with field data as they become

available. Gibbs considered research investigating the effects of

small variations in gradation and moisture content unnecessary .

38. In 1971 Nelzer
21 

published findings which demonstrated that

18

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •~~ •~~~~~~ ~~~~~~~~~~~~~~~ --



~~~~~~~~~~~~—~~~~~~ -~~~ -- -~~~-- -—~~~~~~~~~~~~~~

in medium and coarse sands the number of blows measured for a given

relative density is larger when the test is conducted above the ground-

water level than when it is conducted in submerged sand. A chart was

prepared which allowed one to correct the blow count value below the

groundwater , N’ , to the blow count value above the groundwater level,

N . The plot was a straight line expressed by:

N = 5.27 + 1.05 N’ + 2.3

Melzer also found that the compactibility and mean grain diameter also

influenced the results of the SPT. This relationship was expressed by

the equation :

D
R 

= a
1 

log N + a
3

where

DR = relative density

a1 
= constant related to compactibility

a3 
= constant related to mean grain diameter

N = blow count for SPT

39. The overburden term has been eliminated from this  expression

by assuming the tests to be conducted at the soil surface. Overburden

can be included by determining a third constant , a2

D~ a
1 log 

11 +  a~ a + a
3

where

a2 
= constant

a = overburden pressure
V

140. Meizer presented a table which listed values for constants

a
1 

and a
3 

for four sands tested . No indication was given as to how

to compute the overburden constant , a
2

111. Nowatzki , 1971, presented a theoretical three—dimensional

static analysis of the SPT using plasticity theory and the Coulomb

19
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failure criterion . A numerical solution to the differential o1ou ti c ! ..

of plastic equilibrium for an ideal homogeneous dry sand was pre er te~~,

to show the alteration of slip line field geometry and ultimate toni

effected by changes in variables. The variables considered were angle

of internal friction, cohesion, friction angle between the -ctt~~ng euro

of the penetrometer and the side walls, p c-net ro : - e te r  s idewall  str e sr

distribution , depth of overburden , and surcharge. He foon u tOt- a

important variables to be (a) loading distribution along the ~• - r i o t r

eter sidewall, (b) angle of internal friction , and (c) consiioras.

the friction angles between the cutting edge of the penotrom o•er ant tie:

sidewails of the penetrometer and the soil.

142. Nowatzki stated that many of the empiricali., r-ec0gnized :ac-

tors which influence the SPT were funct ions of one or more ot  t h e sigi~i:—

icant variables as shown by his theoretical solution . He believed

empirical correlations do not account for the j~1j 0rt~ i,t CPT v a r i lb l e : ;

therefore, they can only be considered approximate and the i r  ~;uar ~t ~~a—

tive worth is questionable.

113. In the discuss ion s of de Meilo ’s state—of—the—art paper ,

Peck23 points out that the Terzaghi and Peck design curves correlate

penetration resistance and allowable soil pressure for foundation desi gn.

Peck commented that while the SPT is crude , the poor correlation between

it and relative density is a result of defects in the relative cons ity

concept , not the SPT.
44 . Melzer~

11 commented that f or a correlation between penetra-

tion resistance and angle of internal friction , the normal stress acting

in the rupture zone should be eonsith~red rather than the overburden pres...

sure. The normal stress, however , is impos sible to determine in the

field. Therefore , a correlation of penetrat ion resistance with relat ive

density has more practical value.

145. Adam25 presented analytical results demonstrating that the

length of drilling rod was relatively unimportant. Adam ’s conclusion

was based on a wave equation analysis of the rod—sampler system for “A”

rod lengths of 30, 60, and 120 ft. The results were presented in the

form of a plot of relative penetration resistance versus blows per 6 j n .

20
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The greatest variation was approximately 14 blows per 6 in. Adam also

• investigated slackness at the rod joints and found that joint slackness

did not alter the results s ign i f icant ly .

46. Dc Godoy
26 

reported the SPT results obtained during the sub-

soil investigation of three sites where he employed three different rod

sizes, The rod sizes used were: l—ir .. rod , A— rod , and B—rod. The

penetration resistance with depth for t he three dif ferent  rod types did

not differ significantly . De God,oy concluded that the rod weight was

relatively unimportant .

147, Schnabel27 recommended a dif ferent  procedur e for seating the
split spoon. lie felt that seating the sjoon with a few light taps ,

depending upon the driller ’s skill and experience , was preferable to the

accepted method of driving the split spoon 6 in.

118. i3chmertmann28 conducted tests with a cone penetrometer in
order to study isolated parameters which could influence the Cone Pene-

tration Test (CPT). Based on energy considerations , he suggested a rela-

tionship between the CPT and SPT. From this relationship, he suggested

that the low blow count often observed in soils without gravel for the

first (— i n .  interval perhaps does not reflect a seating of the spoon in

loosened soil, but rather illustrates the fact that end bearing resis-
tance is of minor importance and sidewall friction is very significant.

149. In the discussion to de Mello ’s state—of—the—art report ,

Janes29 presented the results of SPT tests performed on a sand fill

before and after densification. James concluded that i f a pos itive

relationship exists between SPT N—values and relative density , it va~ ies

between types and gradations of sand as well as with the proximity of

other soils. He also stated that the Gibbs and Holtz6 criteria over—

estimate the relative density near the surface, and should not be spec i-

fied as the control measure for load—supporting sand fills,

50. Tavenas3
~ feels relative density is a poor index to use in

conjunction with the SPT N—values. He demonstrated that a given N—value

has an associated standard deviation which , when applied to the Gibb s
and Holtz6 correlation curves, yields a bandwidth of relative density

values rather than a single value. This factor , coupled with the

21
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certainty that relative density can vary due to the inherent difficul-

ties in establishing this index , led Tavenas to con clude that in situ

• relative density estimates cannot be reliably established from the

SPT N—values.

• 51. In 1973 Serota and Lowther
31 conducted a compari son of the

various techn iques used to drive the split spoon sampler . These in—

• eluded : (a) slip rope and cathead with one , two, or mor e turns , (b) the

Pilcon trip monkey , ( c )  Dando t r ip  monkey , (d) hand—dropped , and
• (e) Pilcon winch. They found that the specification for an absolute

free fall is not satisf ied if more than one turn of the rope is made on

the cathead. Their results corresponded very dosely with the Gibbs and

• Holtz results if two or more turns were used. A ratio of blow counts

• of 1:1,4 was found between one rap and two or more raps; this is in

agreement with results published by Frydirian .32 The Pilcon tn monkey

arid the ANTI-I method using one tarn on the cathead yielded identical re-

sults. tu e results obtained using the cathead and one turn of the slip

rope were reproduc ible to w i th t •~ a standard deviation of 10 percent .

However , th is may have been a resul t  of the test condit ions , i . e . ,  no

borehol e, dry compact sand.

• 52. McLean , Fr anklin , and Dahlstrand 33 performed a wave equation

analysis of the SPT apparatus to determine the influence of some mechan-.

ical variables on the SPT. They modeled the soil res istance using the

results presented by Schznertmann ,28 and others , for an insensitive co-

hesive soil. Two hammer types , pin—guided and center hole, were inves-

tigated. The results of their study indicated that deviations from the

ASTM 30—in, drop height can significantly affect the N-value, partic-

ularly as the penetration res istance of the soil becomes increasingly

greater. A—rod and N—rod results were compared ; it was observed from

the calculations that the N-rod yielded a slightly higher blow count

than the A—rod , approximately 1 blow per 6 in. for 18—in , penetration .

Length of rod appeared to be an important consideration in evaluating

NPT results. A comparison was made between 10— , 50— , 100— , and 200—ft

lengths. A maximum variation of 6 blows per 6 in. was observed between
the 10— and. 50—ft depths.

22
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• 311 • - -53. c ru:~ertmaiui surveyed the profession and ~ow~u diverse op~ n—

ions with regard to the use of the SPT. He reported that the profession

• generally regards the test as crude, useful only for the purpose of pre—

l~ininary assessment of site conditions , and unacceptable as a design or

ca~trol criterion. For those partial to the test he stated , “We are
learning more about the dyn amics of the test and about the various fac—

t~ rs that influence its results. If this trend continues we ir ay soon

be in a posit ion to quant i f y  the results from the test on a theoret ical

basis as well as the current exclusively empirical basis.”

~11. In summary , it is observed that the SPT has, in a quantita-

tive sense , not advanced much beyund the original effort of driving an

• open—end pipe into the ground; however , it has foun d international accep-

tance by many in the prof ession and remains one of the most e f f i c i e n t

and inexpensive procedures for site investigations.

55. In the following pages of this report , the results of a full—

scale laboratory SPT program will be presented. The test program was

conceived to cont ribute to the understand ing of the accuracy of the N i l

when used to determine in situ relative density . Additional inforrnatic•n

related to the basic nature of the SPT and its variables resulted from

the per formance of these tests, and is reported herein .

23



PART I I I :  TEST FACILITY

Introduction

56. The testing facility used consists of five major components :

• the stacked—ring soil container , the foundation , an overburden load ing
system, the dr illing equipment , and the sampling equipment .

Stacked—Ring Soil Container

57. The stacked—ring soil container , Fi gur e 1, consists of alter-

nating layers of steel rings with l—in .—square cross section and nomi-

nally 3/l6—in.—thick rubber spacer rings. The internal diameter of the

rings is 14 ft. The steel ring is grooved to receive a ma t ing key molded

on the rubber spacer ring, Figure 2. The stacked—ring coil container

was developed from a study conducted by Dr. I-I. Jaul iivurs1ev~
5 and is

similar in concept to a smaller diameter device aced at Atanford f-c-
36search Insti tute.

58. The stacked—ring soil container was developed to mJr4 imi re  the

effect of wall friction common to solid wall containers , where wall

friction causes an undesirable redu ction in soil stress with increas ing

container depth. Hadala3T found that the soil stresses due tc dead

weight in a solid wall container could be reduced by as much as 50 per-

cent at a depth equal to the specimen diameter . Additionally , he foun d

that soil stresses due to applied loads can be reduced by one—third at

a depth equal to one diameter.

59. The effectiveness of the stacked—ring soil container was

observed during the course of this program. Micrometer measurements of

the vertical deformation of the rubber spacer rings were made during

test 14, with the specimen loaded to 80 psi. Individual rubber spacer

rings typically compressed 0.0035 in. In a subsequent test conducted on

an empty 2—ft—high section of stacked rings , it was determined that an

average deformation of 0.0035 in. per rubber spacer ring corresponds to

a vertical load of 750 lb on the container . Thus, the maximum load

1~
20



Figure 1. Stacked—ring soil container
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Figure 2. Cross—section view of typical steel
rings and rubber spacer rings

transmitted to the soil container via soil friction in test 11 is assumed
• to be 750 lb or 0.5  percent of the total applied vertical force of

11414,765 lb. It is thereby assumed that the remaining 99 . 5  percent of

the load was transmitted to the soil specimen.

60. While the rubber spacers allow the desired vertical flexibil-

ity,  the steel rings provide the necessary lateral restraint . Calcula..

tions based on typical sand specimens indicate that radial deformation

should not exceed 0.0214 percent for a maximum vertical applied load of

300 psi. Hence, the stacked—ring soil container provides a suitable

medium for representing field conditions.

Foundation
t

6i. The massive monolithic reinforced concrete f~ u~~lat i o n  was

26



designed to react the vertical forces developed in dynamically loading

• 14—ft-.diam specimens to 300 psi. Consequently , static loadings to

300 psi are easily reacted .

62. Figure 3 is a cross—sectional view of the test apparatus.

Two 14—ft—high concrete pedestals serve to react the action of the over-

burden loader system (to be discussed subsequently). The top of the

• foundation monolith is at floor level , and a specimen preparation well

extends to a depth of 6 ft into the foundation . A 11—ft—diameter hole

extends from the bottom of the specimen preparation well 6—1/2 ft

through the foundation to a sand blanket overlying the natural substra-

tum. From the base of the foundation to approximately 11 ft above the

• base , this hole was backf illed with highly compacted Reid Bedford Model
• sand . At this location an impermeable barrier was constructed to pre-

vent downward seepage to the foundation materials. Above the imperme-

able barrier layer s of graded filter material were placed to provide a
capability for specimen submergence from the bottom up. A perforated

water hose was threaded through the cable way to the rock filter . An

auxiliary water hose was provided to fill the specimen preparation well ;

thus , the water levels in the specimen preparation well and the specimen

could be maintained approximately equal during the submergence phase.

Overburden Loader System

63. The application of overburden pressure, simulating testing at

desired depths beneath the ground surface, was accomplished with an

overburden loader , Figure 14. The overburden loader consists of a ram

and reaction beam assembly , a cylindrical steel loading head , and a
fiberglass—reinforced rubber water—filled pressure equalization bag.

Vertical load is applied to the specimen by means of three hydraulic

• rams . The reaction beam as sembly , anchored to the two concrete pedes—

~als shown , reacts the vertical force developed by the rams. The water

bag is placed between the loading head and the specimen surface and

serves to uniformly distribute the vertical load applied to the speci—

men. TOe rams are individually driven by three manually operated

• : 27
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CONCRETE PEDESTAL (2) REACTION BEAMS

5~-IN. .ID PROT ECTIV
’
~T”
\SLEEVE FOR CENTER [

~ [1 [1
HO LE IN LO ADI NG H E A D — . ‘r—i~ 

~~~~~~~~~~~~ -HY DRAULIC RAMS
3-IN. - ID PROTECTIV E N-J I I -L OA DING HEAD
SL EEVES (3) FOR PERIPHERAL
HO L ES IN LOADING H E A D — ~~~ r j —WATER FILLED

SUM P PUMP I I ~~ RUBBER BAG

~,,— FLO OR LEVEL 
~

. 

_____ 

~~ — WATER

~~~~ ~~~ WATER SURF A C E II

I—i__I_i 
~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ 

/

STAIRWAY — _..
~IIL~ 

SEE OET,4IL~~
”
~ ‘:

II

R OCK FILT ER-_--~4~.. 
. -y.’ : :

’
::.

.
. :’

IMPERMEABLE BA RR I ER — _ 4 J~, ~~~~~~
‘

~~ t .• . •~~~~
‘
~~~~~ . • •  

—

HIGHLY COMPA CTED ‘ - -
R E I D B EDFOR D H ‘

,
‘ DETAI L

MODE L SA ND — J~ . “

ST D CONCR ETE I I
SAND BLAN K ET — —~~ 

II

• • • • -
~~~

•
~~~~~

• • • • • • - -

IN SITU MA TER I AL S

Figure 3. Sectional v ie~ of test apparatus
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Figure 14. Overburden loader system

hydraulic pumps which are mounted on a portable console containing the

hydraulic fluid reservoir , Figure 5. Hydraulic pressure delivered to

each ram is monitored with a console—mounted Bourdon gage.

614. The loading head is outfitted with four sleeves which extend

through the head and the water bag and penetrate 2 in. into the soil

specimen surface , Figure 6. They serve to guide the samplers and pro-

tect the water bag. The fiberglass—reinforced rubber water bag is filled

by means of two tubes which extend upward through holes provided in the

loading head. Bag pressure, which is equal to the applied vertical

stress , is monitored by a calibrated Bourdon gage connected to the

filler tube. The peri;iiery of the water bag is confined by a 6—in .—high

• 
• 29

~

.dlil

l~



• 0
~~

~
fp ~f
,r ~~

:~~ j ~~~~r:~~~~ :

‘p’
1

~

- 

- 

•o 
, 

~~~

• •

• •~~~~~~• • 
~,

• A

4;
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TOP V IEW

Figure 6. Location of sleeves in loading head

machined steel collar which rests on the top steel ring , Figure 14.

Drilling Equipment

6~. Sampling and performance of the SPT were accomplished using

a commercially available skid—mounted Acker Toredo Mark II soil sampling

drill, Figure 7. Low overhead clearance prohibited the use of a der-

rick , so lifting tackle for the drill rods was secured to rafters in the
ceiling . To accomplish the drilling and sampling the rig is elevated

on a platform, level with the top of the loader support pedestals. All

testing was done with commercially available drilling mud supplied from
a reservoir atop the loading head, and c irculated by a portable mud

pump. N—weight drill rods were used throughout the testing program.

The maximum length of drill rod did not exceed 11 f t ;  the minimum

length was 5 ft. The split spoon sampler was driven by a hydraulically

operated 1110—lb hammer contained in a perforated cylinder , Figure 8.
The hammer , designed by the Vicksburg District , Corps of Eng ineers , is
mechanically lifted to a 30—in , drop height by two lugs positioned on

a continuous chain. The chain is driven by a hydraulic motor connected

to the hydraulic system of the drill rig.

• 31
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66. Driving the split spoon sampler with this hammer is accom-
plished by inserting the drill stem into the cylindrical housing , Fig-

ure 9. The hammer free—falls 30 in., striking the drill stem only . A

740 -LB  DROP WEIGH T

________ 2~~ ~~~ —‘ CYLINDRICAL
________ HOUSING

HARD RUBBER CUSHION -~~~ __________ - _________

tIFIJI I - 11111 1IH ~~
.___ FLANGE WELDED

________ - TO N-ROD

_______ N - R O D

Figur e 9. Cross—sectional view of the
split spoon drive mechanism

1—in, steel flange supports the housing during the sampling operation ,

and a hard rubber cushion is used between the housing and drill stem

flange to cushion the fall of the housing . The rate of driving was

approximately 15 blows per minute for this study.

67. The split spoon sampler used in the conduct of the test con-

form s to the specifications outlined in ASTM P 1586—67 , Penetration Test

and Split—Barrel Sampling of Soils,
3 Figure 10. The borehole was

advanced using the W~~—modified fishtail bit and drilling mud. The bit

is commercially available ; however , special baffles were added to direct

the flow of drilling mud in an upward direction , thus reducing distur—

bance at the next sampling level.3
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PART IV: TEST PROGRAM

General

68. The O’J ’ s r-cnor nd herein consisted of teJ~~n~ 26 cp~- -

11 ft in d iameter 1y 6 ft high , built to v- .tryin~- relative densi tie s

and tested ondei- a range of overburden pressures. A oest specimen

was constructed by one of several placement techniques which will be

discussed subsequently.

• 69. Two fine uniform :ands (SP) ~iere used during nhhi phase of the

proGram. The first sand tested was boTh bc-dfurd ~1odel sand, a loca 1J~-

• procured material with a coefficient of uniformity of i.6. Figur e 11

• depicts the grain size distribution of the Reid Bedford ~•1oo:-l caul . TOe
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50 

is approximately 0.25 s-n , ano the fl~ab; snape is nuba~0:ula~ t

rounded. A petrographic analysis of the boil Ociford Th nol sand is in-

cluded as Appendix A . The second saxJ t oted was Ottawa sand , wf i ch  has

a uniformo coefficient of 1.5 and a P
50 

ci 0.21 irut , Fi~~ui-e 12. A

petrographic analysis of - tawa sand is ir~souded as Appendix

_______ 
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lu. The na-:imur~ and minim-am dry densities of the respective sands

~o5e determined by the procedures contained in Engineer Manual 1110—2—
. .i)

4-n , Laborn t s ry  fo i l s  ?eotin~ .

71. 1ax ad u;; density is ieOdevc -d by v ibr at~ ng the soil specimen on

a vibratory able for 8 4-u, at the : nxinui:. amTlitude of the tabTh .

The ninimusc density is :uuliu by carefully pouring air—dry sand thrcu4-

a - :  n .  — 4-as. O~~ OU i  for  a free falJ of approximately 1 in. both ~.ests

were performed dry . 
-

72. Once the r:. .s— ssrc and m~nadws isy densities of tlit: soil are

kno~~. the relative dorm: Thy cart be determined by the expression :

D = 
ri _ .-~ ~ — 4-f l  

.< 100
R ~ 5i;: iiii r

= relative uensity expresses as a percent

y = the densest pac-~:Tht~ of the soil
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= the density of the material in the specimen
= the loosest packing of the soil

Figure 13 is a graphical representatIon of the relationshi;. between Thy

density and relative density for Reid Bedford I-lu -del sand arid ot t awa

sand.

Box Density Device

73. Specimen construction was accomplished by p 1aciu~ “- to 6—in .

lifts, with density control of the individual lifts achieved using the
- 140 . - -.~~~—ueve1oped box density device. The device is a ~~ r~.- . — n .

form 3 in. deep , including cutting edges, Figure 111. A box-cOat ed

scoop and a scraper—type cleanout tool, corresponding to the desired
• depth of cleanout , are used to remove the soil from w i tu i n  the box. The

form is 16—gage sheet metal and has a 3/14—in . —thick rectangular plate

attached to the upper edge of the form to provide a lip. This plate

roots on the sand surface when the box is pressed into the sand to a

depth of 2—1/2 in.

711. The accuracy of the box density device was observed to be

within +0.3 pcf for the range of dry densities involved in this study .

The deviation from the actual density appeared to be random ; hence, no

effort was made to correct the measured density .

Correction for Overburden Pressure

75. Overburden pressure was applied to every s; ecimen according

to a prescribed test schedule. The usual pressures were 2 ) , ~D , or

80 psi. Some specimens were tested at only one pressur e , while ethers

were stage tested at two or more pressures. The ap~ ~i .-:t tiC~. of the

overburden pressure caused consolidation within the specimen , densifica—

tion being significant for loosely prepared specimens a r t i minimal at the

higher densities. A density correction for overburden pressure was

derived from the results of one—dimensional consolidation tests per-

formed on submerged 3—in .—d iam specimens at the same testing pressures
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used in the full—scale laboratory test program . The one—dimensional

consolidation test was assumed to be analogous to the stacked—ring soil

container .

i6. din -ce consolidation tests were performed on submerged speci—

mexis of Reid Bedford Model sand at 20, 50, and 70 percent relative den-

sities. The results of these tests at 10— , 140— , and 80—psi overburden

pressures are presented in Figures 15, 16, and 17. Figure 18 is a semi—

log plot derived from Figures 15, 16, and 17, depicting the increase in
dry density caused by an increase in overburden pressure. Since only

three dens ities were tested , linear interpolation was used to obtain the
family of curves displayed.

77. These data were subsequently used to obtain an arithmetic dry

density versus dry density increase plot , Figure 19. The correction

factor for a given overburden pressure was added to the average placed

density between elevation 2.0 and 14. 5 ft. This region corresponds to

the second and third drives with the split spoon sampler , and is con-

sidered to have been least affected by the specimen boundary condit ions .

~8. A single one—dimensional consolidation test was performed on

a submerged Ottawa sand specimen at 55 percent relative density , Fig-

ure 20. This was considered sufficient since both Ottawa sand specimens

• tested were built to a relative density of 55—60 percent . Figure 21,

der ived from Figure 20 , shows the increase in dry density attributed to
increases in overburden pressure. A correction chart was not developed

tor t tawa sand; the corrections were taken directly from the results of

the odometer test , i.e., from Figure 21, 0.5 pcf in the 0— to 10—psi
range, and 0.5 pcf in the 10— to 140—psi range. Density corrections were

added to the average placed densities determined by the box dens ity
device in the middle third of the specimen .

• Sand Placement

• 79. The specimens were constructed incrementally (i.e., in lifts)

by various raining procedures. The lift thickness ranged between 11 and

6 in. depending on the raining technique employed. The dry density

141 
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Figur e 15. Results of consolidation test on Reid Bedford Model
sand ; 1d = 92 pcf

142
,L.



Pressure d ~5I
0 0 0 0 0 0o _  N A A 0 1  -1~~~~IQ A
— N UI A 1$ O~~~~~~~~’D O 0 0 0 0 0 0 0 0 0  0 0 0 0 0 0 0 0 0

—
~~ 

— .  

~~~~~~~~~~~~~~~ . 1

• . 

.

. 

- • • I :  ~~~•
0 72 5  

-

~~ 

- 

I

O72O~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
. - •

~ O7 I5~~~~~~~~~~~~~~~~~~~~~ ,~~~~ 
- 

-~~~ L~~~~~~~~~~ -

— — -. — — k—: 

-~~ -i 
~~~~~~~~~~~~~~

> 0 7 10t ~~
• . • • - - • 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- _

I 
• 

- • -._ -_ -._ --- — ---- •-- 

-s--, •- • 
• -

0 705 • — 10— psi Lo ading . • - . • • • • • . • • _

ad Note Dry density of sp.c~men prIo r t o
— 40-ps 0 If l 9  conso l i d a t i o n  tes t  = 96-0 pc f

80-psi Loading - - - I

0 700 ) • • 
- -

Figure 16. Results of consolidation test on Reid Bedford tlodel
sand ; 

~d 
= 96 pcf

143

• .: rTsT . :. s . .: • s~~~~~~~~~~~~ oom as 
— - •



— - - --
~-— -  ~~- — -~~-- - - -

Pressur e1 psi
0 ~ 0 0 0 0 0 C 0 _  N UI A 01 ,101i0 _ N A (~ 01 

~-~~~~~~()— N UI ~~ 10 0 1 -’101100 0 0 0 0 0 0 0 0 0  0 0 0 0 0 000

0 6 4 5  i • 1 • •  . .

~~ 

• . . • ?

0 640 I I 
I 

~

0 6 3 0  • I -~ 
- . 1 •

I 

-

Not e : Dry density of specimen prior to
I - conso l idation tes t  ~i o i -O  pcf

Figure 17. Results of consolidation test on Reid Bedford tlodel
sand ; 1d 

101 pcf

14)4



-• • _ - • - . • . • - -• ---- - • 

Overburden Pres sur e , psi
- N UI 10 01 ~102 • T ’ 

~~~~ 
~~~~~

°

_ _ _ _-

~~~~~

0 0-  
• 

- - __ _- ~~~~~~~4T . :~~~~~~~. : : r  ~~~~~. •

~~~~~~
99 L - T ~~ 1~ - i 

1

___________ -

I 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

i— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

J ~~~~~~~~~
Figure 18. Overburden pressure versus dry density derived from

consolidation tests on Reid Bedford Model sand

I 

~~~~~~~~~~~~~~~~~~~~



F 
• ______  ___________ 

_____

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
00 I 

- 

0 1 0—p SI Overburden

- 

~~~~~~~i i
~~~~~~~ i 1 ~~~~~ 

I 

~~ 40-p~~ Ove~~urden

• _ - - 

• - 

0~~~~~~~ - .  
I 

- - -

- 

~~~~~~~~~~~~~~

~~~~~~

-

~~~~~

--   

-

- 

• 
* 

1

_ -

~~~ 

- 

8 2 0 2 2

— Overburden C o r r e c t i o n , p e t

Figure 19. Density increase of Reid Bedford Model sand for
overburden pressures of 10, 140 , and 80 psi

146



• - - -~~~ 

Pressure d psi
0 0 0 0 0 0 0 00_  P~ UI A 10 0 1 -~~01i~~~_ N 

~~ A 1 0 0 1 - 1 0 1 1 00
— N UI A 10 Ø—1 Ø~~ 0 C’ I I 0 0 0 0 0  0 0 0 0 0 0 0 0

I 1 TT~ I 1 ~~I ~~~~~~~~~~~~~ ~Tt mm- . I , I -, I I  • - - , - - - - - - - - - - - ‘ - s - -  OTTAWA SAND - i - I

I 
I 

I I 
Bag Sam ple ~- I

6 4— ~~~~ I

Pl
O ? ~~~

I

? ~JH ~~~~~4 L

-P I

~ 63 I I t  
I 

‘
I

-~ F 
I 

H ~
- 

H

~~~~~

62 
I~~

I 
1 i i .~~~~~ I 1 3  J I ~~

Figure 20. Consolidation test results on Ottawa sand

117

—



Overburden Pressure 1 psi

—
~~~~~~ ~~~~~~~~~~~~ ~~~~~ -— — ~~~

-- -
~~

I 1 4  Hj J ~~~~~ 

-

- 
r

IOO H I ~ I }
_ _

- _ _ _ _

I . : _ _ _ :_ . ;  ‘
~~~~~~~~~~

. _  _ : ; : j  : : __ l_ . _ : __ .  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ h t : : : : l : : : : l : : : _ ; ~~ : I :_ . i • _ .  -p .— - - • • . .~~~~~~~~~~• L•• !-~~~.. ~~~~~~~~~~~

_____

Figure 21. Dry density versus overburden pressure derived from
consolidation test on Ottawa sand

148

- -



determinations for test specimens 1—3, 9, 10, 114, and 15 were overall

bulk densities based on a knowledge of the total weight of sand placed

m d  the initial total volume of the soil specimen . Density control of

the other test specimens was achieved using the box density device.

80. During the course of testing , three types of rainers were
utilized : (a) a rotating rainer , (b) a single—hose rainer , and (c) a

circular perforated plate rainer . The rotating rainer was the first

developed , and enabled a change in l i f t  density by varying the height

of drop or intensity of raining. The rainer consisted of a reservoir

with 28 flexible hoses, Figure 22. The sand flowed from the hoses

normal to a diffuser plat e, which intercepted the flow of sand and

caused the sand to be evenly distributed on the specimen surface. The

desired surface profile was generated by adjusting the tube orientations

in relation to the diffuser plate. This equipment efficiently deposited

6—in . lifts.

81. The rotating rainer was manually rotated at approximately

three revolutions per minute. An experienced technician could easily

obtain repeatable lifts of uniform density , if the densities were
checked at a single location ; however , when several measurements wer e
made along the radius of a particular l i f t , variations in the density

were observed. Figure 23 is a plot of dry density versus radial dis-

tance for several lifts placed with the rotating rainer . From this it

can be observed that density determinations made at the center of the

lift are within an acceptable range (-‘-0.75 pcf). Densities taken at

other points along the radius of each l i f t  do not agree as favorably

with the center—line densities , or with tine corresponding densities of

the other lifts. The maximum variatic~n was approximately 6 pcf , which

was considered unacceptable .

82. Several of the test specimens construc ted with the rotating

• rainer were tamped with a 1—ft—square plate welded to a 11—ft—long steel

handle in order to achieve higher densities. Tamping was accomplished

by striking the sand surface along an imaginary grid pattern . This

procedure resulted in a high—density l i f t , which was approximately
1.0 pcf ra~r€- dense in the center than along the outer radius .
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83. Dur ing the course of the program it appeared desirable to
rain sand into water using the rotating rainer . This technique was pre-

sumed to be advantageous from the standpoint of obtaining a greater

degree of saturation. Density determinations were based on the bulk
weight of sand placed and the total volume of the soil specimen . A

specimen rained by this technique , without any further compaction ef-

fort , was calculated to have a relative density of approximately 20 I cr—

cent. Higher densities desired in the test program were achieved

rodding each h i t  on an imaginary grid pattern with an ~j-exI— e-n d •d— 1r1 .—

ID ~~~~ lilor test specimens were constructed by rainir~1~ into water;

the r esults o~ the SPT’s on these specimens are covered in a subse-:s :•~

sec L i O f l .

814. Further efforts to improve density control resulted in the

development of the second rainer shown in Figure 21n . This rainer •5~~~i—

sists of a reservo ir whi ch feeds a single hose. At the exit of the h ir e- .

a series of three 11)4—in, screens were placed to break the fall of the

sand.

85. Density was varied by changinr the heii~int of Fall from the

sc;-oernr to the sar1d surface. rand Wa;; I- J .aceil din I— l i . liFts hr sirect—

ing the material flow with the hose. Uncontrolled Fle;-: in~ of the hose

51
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in this manner was undesirable , but did not greatly affect the density

results. This technique produced homogeneous depos its, variations being

on the order of +0.5 pcf; however , only medium dense specimens could be
constructed using this rainer .

86. The final rainer is depicted in Figure 25. The webbed rein-

forced circular portion of the rainer serves as a reservoir for the

sand. The botton~ plate of the rainer is perforated by 3/l6—in.—diw-~
holes drilled on a 1—1/2— by 2—in , grid pattern , yielding a plate poros-

ity of 1.11 percent . Variation in lift density was achieved by varying

the height of fall.

87. A lift of sand was placed by first resting the rainer on the
previous lift , filling the reservoir with a sand bucket , and then hoist—
ing the rainer to the predetermined height of drop by an overhead crane ,

Figure 26. Stainless steel guide rods were used to limit horizontal

translation and rocking of the rainer during the hoist and raining , as

it was observed that any rainer movement resulted in density variations .

The travel time required for the rainer to reach the desired drop height

was recorded , and the amount of sand deposited during this period was

estimated. Under no circumstances was the amount of sand rained during

travel in excess of 10 percent of the total lift weight . Once the

desired drop height was reached , the sand was allowed to fall freely
to the spec imen surface. The rained surface reflected the pattern of

hole spacing in the perforated plate , and a shallow trough was generated
along the soil—ring wall interface , Figure 27. This trough was brou€ht

to grade at the conclusion of density testing by hand placement. This

procedure was repeated until the specimen was constructed to the desired

height. Lift densities were found to be a function of the intensity of

the falling sand and the height of drop.

88. Plate porosities of 1.14, 2.7, and 11.9 percent were tried; the
plate porosity of 1.11 percent produced the most homogeneous lifts. A

curve was developed for each plate poros ity relating dry density to
height of drop. The relationship obtained for the 1.14 percent porosity
plate indicated that the dry density is highly sensitive to changes in

¶ - I1I’Op height between 20 and 30 in., Figure 28.
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89. Figure 29 is a plot of density versus radial distance for the
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Figure 29. Dry density variation
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circular rainer. The results are shown for drop heights of 27 and

22 in. The plot shows that the three lifts rained from 27 in. are

repeatable and uniform within acceptable limits. The two lifts rained

from 22 in. are buLk ; uniform ; however , the l i f t  densities were not as

repeatable.

Submergence

90. As described previously , the majori ty of test specimens were

submerged by the upward seepage of water from a water hose buried in a
filter beneath the specimen. The degree of saturation of a specimen
prepared this way was found to lie in the range of 83 to 93 percent.

Percent saturation was determined from samples taken with a miniature

Ilvorslev fixed—piston sampler . Since the possibility of drainage from

the sampler was great , it is thought that this range of percent satura—

tion ii; the lower bound.

91. Raining into water appeared to offer a more effective way of

~n-eparing specimens having a greater degree of saturation. A miniature

• solid wall soil container was de~~it~nei t~ study the effect iveness oF the
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two techniques. The miniature container had a provision for upward sub-

mergence comparable to the prototype, but with this model it was possible
to monitor the weight of sand and volume of water used. The results

obtained demonstrated that the degree of saturation attainable through

upward seepage was in the range of 83 to 97 percent, and the percent
saturation obtained by raining into water was approximately 97 percent .

These results were the impetus for the four tests (tests 9, 10, 114,

and 15) which were constructed by raining into water . The major draw-

backs to this technique were : (a) the density of the specimen could not

be monitor ed on a lift by lift bas is , (b) it was not possible to observe
the profile of the lift surface , and (c) densification of the specimen
was difficult to control. In the final analysis , it- was decided to

abandon the raining into water technique.

92. Other solutions , such as saturating the spec imen with carbon
dioxide prior to submergence or backpressuring the specimen , did not

appear viable due to the size and configuration of the test fac i l i ty.

Therefore, the results reported herein are for submerged specimens with
a degree of saturation between 83 and 97 percent.
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PART V: TEST RESULTS

General

93. This section of the report contains the results of the m di—

victual tests. A summary of the test program is contained in Table 1.

The table includes information of a general nature regarding the prepa-

ration and test ing of the specimens . Preceding the presentation of the

test results , certain details of the program common to more than one

test are reviewed .

9)4. Two sands were used in the conduct of the test program , Reid

Bedford Model and Ottawa sands. Each test spec imen was constructed by

lifts to a predetermined density . The construction technique varied by

the type of rainer , and any prov ision employed to achieve a higher 11cr!-

sity.  The rainer types and methods of compaction were described earlier.

Table 1 cites the methods of specimen preparation for each test in the

program. Beginning with test 14, box densfty determinations took the

place of bulk density measurements.

95. Four test specimens (tests 9, 10 , 114, and 15) were con-

structed by raining dry sand into water . All other test specimens were

rained dry. E~ccept for test 3, the specimens were submerged during the

performance of the various sampling operations. Test 3 was submerged

initially , allowed to drain, and then tested in a drained condition .

96. Many of the test specimens were penetrated at two or more

testing pressures. The pressure or pressures at which a test was per-

formed are indicated in Table 1. The usual procedure of tes ting with two

or more pressures is referred to as stage test ing and was accomplished
as follows :

a. With the initial test pressure applied (0sually 10 psi),
an undisturbed sample was taken in the center hole from
0 to 2 ft with a Hvorslev type undisturbed sampler . Each
t ime a hole was advanced , the void produced by sampling
was immediately stemmed with a suitably sized steel rod
to check sloughing . The next sampling operation was per—
formed in a peripheral hole at the same pressure. ‘his

-: 
was a series of SPT’s for the full  dep th of the ~!ecimen.
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b . The overburden pressure was increased to a second test ing
pressure (usually 110 ps i )  and the- Hvorslev type undis-
turbed sampler used to obtain a u:k u~- from 2 to 14 Ft 11!
the center hole. A series of ~ I 1 ’ s were ther n~un in a
second peripheral hole for the full depth of the specimen
at that pressure.

c .  The overburden pressure was increased to the last testiro~
pressure (usually 80 psi)  and a f i na l  drive was ma•~~~ wi t h
the Hvorslev type undisturbed ~aznp i. er From )4 to E1 ft in
the center hole . The f inal  se-sic; ;  of :TT ’ s were then
made at the same testing pressure in the last per i i her ai
hole for the fu l l  depth of the specimen .

97. Tests 2—5 were stage tested as described abeve-. J e s t . : (.

and 7 were also stage tested; however , these tests wes 1 - r f ~ 
-
~~- :  or-

specimens having an overconsolidation ratio (OCR) of thre e .

98. Overconsolidation was accomplished by elevatir;. the water

bag pressure tc three times the testing pressure for . 1 1  -a -n  - : on - , i n .

then reduc ing the pressure back to the t e s t i x p  pres;;onY . Te: .r 5 25

and 26 were stage tested at two pressures.

99. Upon completion of sampling , the e n s i p m e r A n .  wa:: JJsnn ;ser k ;~~~
- .

and the specimen was hand shoveled out of the sta ck c-d — 1- ir 1( .  fas~i i i ’ : .

Every test specimen was constructed with fresh sand sbt-~h . f~~ r : i  nd.

stockpile of that particular material. Grain sise dirt ; Hs~ icr casvn- .:

and maximum—minimum density tests were frequently Jerforn:: . ; • . easure

that the sand remained fairly constant.

100. Density determinations were sometimes made d-.irir; - the t ea;- -
down phase. A direct comparison of placement densities with teai--i :. -~=-n.

densities is limited in value, since the specimen had been subjected

much disturbance during the testing phase.

101. Water bag pressure readings were observed during the drive,

recovery, and washout operations. It was noted that the water bag pres-

sure decreased for each operat ion on the order of 1 to 6 psi , depen :iirn-

on the applied pressure. This pressure drop is attributed to lateral

yielding around the void produced during sampling . Since the pressure

drops were consistent , no detailed analys is was made ; however , thei- do

a indicate the probability of a change in specimei~ conditien b2twcen

sampled holes.
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102. It is observed that several variables were introduced by the

physical limitations of the test facili ty and the inability to construct

truly homogeneous specimens. In addit ion , there are other suspected

forces at play which will be called variables , that could not be mea—

sured. These variables make it difficult, if not impossible, to sort

out the operating parameters in a given test , and the extent to whic h

they affect the results. A list of these variables is given in Table 2

to aid the reader in an intelligent appraisal of the test data.

Tests 1—26

General

103. Observations regarding th e test data are confined to the
results of the second and third SPT for each hole advanced. The

~~~1=st and last drives were disregarded as they were thought to be

: rerseiy affected by the proximity of top and bottom boundary soadi—

t ioris. ?venty—six plates corresponding to the 26 tests follow the

heferences section in this report . They depict the data collected for

each test.

~est 1

1014. The results of test 1 are depicted in Plate 1. The density

was determined by d ivid ing the total weight of sand deposited in the
soil ritainer by the volume of the specimen . A series of four split

spoon drives were made through each access hole into the specimen to

observe the effect  of boundary conditions and sampling sequenc e on the

test results. The sampling was first conducted in the center hole , then

each of three peripheral holes, at )40—psi overburden pressure. The

results of this initial test were greatly scattered , much more so than

subsequent tests of the same nature. This scatter was , in all l ikel i-

hood , a result of inexperience in specimen const ruct ion . Since the re-

sults are suspect , very l i t t le could be concluoe-d re~ arJ ing  the ef fec t

of boundary condition .
rl~e5t  2

105. The density was determined from the bulk wei~i;t and volume

6i
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of the specimen (Plate 2 ) .  The N—values of the midregion increased wi th

increasing overburden pressure. The final drive at 140 psi was not c cm—

pleted because the hole had been inadvertently overwashed during the

cleanout operation of the previous SPT. The blow counts for 0—6 and

6—12 iii . are shown . The N—values plotted at the 1—ft level may have

been affected by the overburden head.

Test 3

106. This specimen was submerged for a minimum of 214 hr after

construction , and then permitted to drain before testing . The purpose

of this test was to evaluate the influence of the groundwater table

on N—values. Moisture determinations made at the end of the test indi-

cated an average moisture content of 15.3 percent. The drained test

results are compared with submerged test results in a subsequent section.

Test 11

107. Density determinations with the box density device were

begun with this test. The vertical profile of dens ity determinations

indicates that the specimen was fairly uniform in the locations observed .

It should be noted , however , that the rotating rainer yielded spec imens
which varied in density along the radius of a lift (see Fi~ ure 20). ~
definite increase in penetration resistance was observed with increas ing

overburden pressure.

Test 5

108. The density determinations were fairly uniform for the loca-

tions checked. Only two of the three peripheral holes were sampled due

to difficulties with the water bag device at the 80—psi testing pressure.

The N—values agaIn increased corresponding to the increase in overburden

pressure.

Test 6

109. This test c~,as performed on a specimen consolidated to 3 times

the testing pressure . The penetration resistance increased with over—

burden pressure (Plate 6). The overconsolidated test results are corn—

pared. with the normally consolidated test results in a subsequent por—

tion of the report.
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Test 7

110. lc~ t 7 was also conducted at an OCR of 3. The 1 _ tr aiues

inc~-eased corresponding to the increases in overburden pressure.

0

111. Test 8 was per formed as a check of test 1. :- :alfunctions

wi th  the tes t ing  e-Iui!mmt occurred ; huwever , enough data were gener-

ated to make a critical coxuparis ;n. The Ji—val ces from test 8 were sig-

nificantly lower and less scattered than the results of test 1. It is

concluded Frox:x this that the results of test 1 suffered from specimen

construction inexperience. The results of test 8, however , are con-

sidered more reliable in view of the experience gain ee. Ihe data d i r —

s-lmped in Plate 8 may represent the effect of sampling in close

proximity.

Test 9

112. Test 9 was conducted on a specimen which was rained into

water. The densities reported in Plate 9 were determined during the

tear—down phase. The h—values were surprisingly consistent considering

the method of specimen construction and the after—testing density

profile.

Test 10

113. This was another test performed on a specimen constructed by

raining into water . A higher density was achieved for this tes; by

rodding each lift with a 2—in1. —diam hoiJI w pipe. The technique of rod—

ding the specimen was used after an attempt to vibrate the specimen did

not provide the desired results. Vibrating the specimen was accomplished

by resting the vibrator (Figure 30) on two 2— by 12—in , planks placed

across the top ring of the stacked—ring container. The vibrator was

sandbagged for stability and coupling . The vibrations caused a thin

(1 to 2 in.) crust to form on the lift surface, while beneath this crust ,

the sand remained in a loose condition. The low density profile at the

base of the soil container resulted because several lifts wer e  placed

and vibrated before changing over to the alternate rodding technique .

The agreement between N—values was less favorable than observed in

test 9.
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lest 11

1114. Density determinations were made during the placement and

tear—down phases of this test. The maximum variation was on the order

oF +1.0 pof. This dif ference in density is minor and can oe attr ibuted
to- that amount of variation ini t ia l ly  or sampling disturbance. The

agreement between the peripheral hole h-values is good. The lower

N—values obtained for the center hole indicate the possibility of

different test conditions between the center and. peripheral holes.

Test 12

115. This specimen was tim~~-J to achieve a high density condition .

Tamping wi th  a 1.-ft—square ~ iate is felt  to induce residual lateral

stresses in the specimen . Alth ugk! systematic , the tamping effort  is

dependent upon human capabilities and is therefore not exact. This

fact may account for the spread of blow count data at the 2.5—ft level

(Plate 12). Two series of density determinations were made . The trend

of the after—testing density determinations indicates a general loosen-

ing of the specimen. This condition was made possible by the void pro-

duced during sampling. Although stemmed with a steel rod , the irregular

surface of a borehole made it impossible to completely f i l l  the void.

test 13

116. A fter—testing density determinations were recorded along

with placement densities for this test also. The two density profiles

correspond more closely than those of test 12. The N—values increased

from hole 1 to hole 3 (Plate 13). This trend displays what might be

interpreted as a change in the spec imen condition due to the sampling

sequence.

Test 111

117. Spec imen construction for test 114 was accomplished by

raining into water and subsequent rodding . Density determ inations were
made after testing . The N—values recorded are somewhat erratic , possi-

bly indicating gross density variations throughout the specimen . Com-

pared to test 10, it was observed that the average result s of’ test 114

were approximately 16 percent less than the N—values recorded for

test 10. The average af ter—test ing densit ies recorded for these two
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tests were very nearly the same. This large data spread is ru~t upheld

by Lin e test  data ierived fl’o1:! s~-e- c ir:iutis :air !(-d or :’ . ne rained into

water test data are viewed as unreliable.

Test 15

118. The spec imen built for test 15 Wa. ; also constructed by

ra ining into water and rodded w th a • — i a. —diam op~~n i — e n 1 e  p ipe. The re-

sults of th is  ef for t  are shown in Plate 15.

do

119 . h -st  16 was a low—densi ty s;-ecis:ex wI l c n ;  produced an average

; ene t L -a t ion  r e s ist ance  of appruxinsatery I r - n c w  per fo~ t or less. A

pr eV i ou s  tes t , test 11, had ixnv-:. coo a slign;tly tL-won average- density ;

nowevei- , it ;n - udu-ced an averag e -~ f 3 blows per foo t .  ~incc both speci-

mens WC1~I~ - - -~n s t ruct ed  wi th  the rotatin g rainer , the reason for the h i s —

cres-ancy is not readily apparent . It may be r -e lat -t -d tu the :act  th a t

test ~-~~ -as the f i r s t  test specimen checked w i t h  the box d en s i t y  device.

It is thus possible that the density determinations for test  ~ were

inaccurate, The data spread is not attributed to the hbh , which is con-

sidered a rel iable measure in homogeneous depos its , based on later tests.
lest 17

120. This test specimen was tamped. to achieve a high density con—

- lition as in the case of test 12. Two profiles of density determinat ions

are shown in Plate 17. These di sp lay  a less dense condition F - s± 1 - ;w i n -

testing and may in part account for the variation in h—values. As men-

t ioned previously , the tamping procedure is not precise , and may also

contr ibute to the variations observed. The f inal  orlv€- of the center

hole was not made.

Test 18

121. Test 18 specimen was manually t amped to achieve a greater

- lensity as in the case of tests 12 and 17. The average placement den-

si t ies  for tests 17 and 18 are nearly equal. in test 17, the Il—values

were less for the peripheral holes than for the center hole . In test 18,

the Il—values increased according to the order of sampling . This reverse
• in trends may be related to the pr essur es at which the specimens were

h~~ ted (10 psi in test 17 and 80 psi in test 18).
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lest 19

122. The single—hose rainer we;: used to c o r i s t r u n t  thi n ; sp ec imen .

Good agreement exists between the peripheral holes; howe -- en - , the center

hole results are I we !- . !J exns i ty  nonhomogeneity is not considered the

major con t r i b u t i n g  factor for this  discrepancy , since the single—hose

rather was found to place fairly uni form l i f t s .

h e~~t 20

i t 5.  m€~ specimen constructed for th is  test was the first speci-

men built wi th  the circular ralner. The vert ical sen sity prof ile was

not as uniform as desired. This was due to inexperience with this

rainer , and the fact that this  specimen was built without the assistance

of guide ~uds. Guide rods were subsequently used to limit the horizon—

tal t ranslat ion and rock ing which had caused dens ity nonhomogeneity

within lifts in test 10. It is , t he re fo re , felt  that the test 20 re-

sults s-ofFer from density heterogeneity . The reswtts , however , were

incorporated in the statistical analysis ~-resented later. Compared to

test  8, the results of test 20 appear at least as consistent as test

r esu lts  der ived from specimens built wi th  the rota t i rn g ra iner .  These

results further illustrate the unreliabil i ty of test 1.

1211. The specimen for t h i s  test wan constructed with the circular

rainer usira- the guide rods to limit ho i:- -ntal translation and rocking .

The vertical density profile is somewhat better for this test. J-lori-

importan t , however , from what was observed ~-ega;-ding the placement capa-

b ilit ies of th is rainer , the horizontal density profile of each lift

is more consistent than achieved in the past. The more repeataU~ e

penetrat ion res istance value s of thi s test and later tests are cr edi ted

to dens ity  homogeneity.

Test 22

125. The center hole of this test was first sampled with the

undistw be-i sampler. Two peripheral holes were subsec1uen ti~,- sampled

• wi th  the split spoon. The h—values recorded for the two peripheral

holes were repeatable .

~

67

~

.t h  . 
-- —



r ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ 

-- 

Test 23

126. The c enter hole of th is  test was sampled with the  undisturbed

sampler , and SPT’s were performed in two peripheral holes. Plate 23

depicts the penetrat ion resistance with depth; the N—values were

repeatable .

Test 214

127. The N—values in the middepth of the specimen were repeatable .

The cause of the discrepancy between the N—values at the top of the

specimen is unknown .

Test 25

128. This test specimen was constructed with Ottawa sand and was

stage tested at 10 and 140 psi.  Undisturbed samples were obtained from

the center hole; two peripheral holes were sampled with the split spoon.

Test 26

129. Test 26 was conducted to duplicate test 25. These two te sts

are significant in that they confirm the repeatability of the SPT when

used in carefully prepared laboratory specimens. A comparison of these

two tests is made in a subsequent section of this report.
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PART VI: DiJCUlhJbh OF RE 7IJLTS

130. The penetration resistance of a particular cohesionless

material is dependent upon the relative density and applied overburden

pressure. This was demonstrated.  at the inur e-au of Reclamation by Gibbs

and Holtz. Likewise , tine WEt sata display a similar trend ; that is, as

density increases , penetrat ion res istance increases , and as the overbur—

den pressure is increased , so is the N—valws increased. WES data also

generally support scinmertmann 28 in showing an increase in resis tance for

each 6—in, increment of a drive.

131. Results of’ the WES study will be compared to the Gibbs and

Holtz correlation curves in a subsequent section . Prior to making such

a comparison, it is interesting to study the relationship between m di—

vidual data points. The analysis of the data is complicated by the

many variables in the testing program. These variables include the

method of specimen construction , the overburden pressure, the overcon—
solidation ratio , the drainage condition , the specimen condition changes

which occur during testing, and the type of sand . To analyze the ef-

fects of these variables on the penetration resistance , data plots have

been prepared for each of the three overburden pressures.

10—psi Overburden Pressure

132. Table 3 summarizes the data used to obtain Figure 31, which

shows the relationship between N—values and relative density at 10 p si .

Two sands, Reid Bedford Model and Ottawa, are represented. Data points

were selected from the middle region of the stacked—ring faci l i ty, and

corrected for overburden pressure. The symbols indicate the procedure

used ia the specimen construction.

133. The 10—psi plot exhibits a marked spread in penetration

resistance between the two sands. N—values derived from the SPT ’ s in

I - Ottawa sand are well below the N—values of the Reid Bedford Model sand

at the same relative density. It appears from this that grain shape

may have an effect on the recorded penetration resistance. The spread
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also ;; - iy  have .-esulted from the method of specimen aneta. -it i t!:; ne -n oe- ,

two primary FacLon~ ; , grain shape and spec imen construct ion , are l i k e . l : , -

responsible for the variatLonnu.

1311. It is interesting to note that at the lO— n si overburden

J - L ’ ~ - J . ;~~~~r , overconsolidation of the specimen constructed wit;i the rotat—

lung seine-s y ield s the same magni tude of penetration resistance as those

ssccimens constructed with the rotating rather and acz-m~aliy consolidated .

-- t hermore , the results of the tamped specimen f i t  tine ti e-u i reas nably

135. Under these test conditions , it is tentatively suggested

that: (a) lightly overconsolidated deposits have little eFFect ~i: the-

emets-ation resistance , and (b) the sand. type and/or the- rne-tiiuo o~ spec —

men preparation are influential in determining the penetration r e - s i c —

hence. The proximity of the data points also suggests st ia t  t I n e  f i r ’? is

reasonably repeatable under controlled laboratory condition;.

110—psi Overburden Pressure

136. Table 11 summarizes the data ob t a i ne d  at t i c e to-sting ; re-score

of 140 psi , and Figure 32 presents this  data . The plot contains the

results of 20 indiv idual tests , and is the most compi’ehensive of the

three testing pressures.

137. The legend in Figure 32 indicates the method of samp Je pro : —

oration.  In addi t ion , the drained tes t  results , the overconsoiidated

test results , and the Ottawa sand test results are shown in relation to

all test data at 140 psi.

138. Two curves are shown : (a) one passing through the aver-age

of data derived from specimens constructed with the rotating rainer , i n —

cluding the tamped specimen data, and ( b )  an average line fitting the

data corresponding to specimen s construct ed with the cir cular rain er and
the single—hose rainer . If the data derived from tests 1, 3, 6 , 7, 9,
10, 111, and 15 (the initial test , the drained test , the overconsolidated

tests , and t~ie 
T
~rained into water ” tests) are neglected , as replotte l

in Figure 33, the trends are more clearly defined. The two trends
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;o pear we -il substantiated considering data derived from individual tests

are tightly grouped in contrast to the spread of the overall plot. It

has been a:::;umed that the single—hose rainier consti-ucts specimens in a

i::axcnie~- similar to the circular rainer.

139. The ;rct s’~a sand test specimens were crjnsti-ucted w i t h  the

circular rainer . The i i— v a i u c s  derived from testing the two specimens

fall along the lower average line , the trend representing the averun -e

nata obtained from test ing specimens built wi th  t i r e  c i r c ul a r  n - a .ner

and the single—hose rather. It is possible that this illu:;trotes less

dependency on t ue s-m id characteristic , grain shape , and suggests that

the specix:ren construction technique is responsible for the ciifFtsren- - e

0bsei-ved at the 10—psi testing pressure . iiowevei- , this is not ::ub—

stantiated. by the data , arid it sna y be tisit at greater overburden pres-

sure , the sand type effect may be overshadowed by pressure.

1140. Prestressing appears to have greater significance at t hi s

testing pressure (Fi~~ re 32). The :1—values from the two test specmmeu~:

with an OCR of three lie above t i n o - t~ va1Oes from all other tests at

their s- cn-spestive relative densities.

1141. The drained test results compare favorably with th e -- other

dat a , although slightly greater . This was not anticipated and intui-

tively one would expect the presence of water to have a greater efFect.

t h is  favorable comparison may be due to the fact that the subn:erged

specimens were not 100 percent saturated. 1 1th such a limited cata

base it does not seem judicious to venture any conclusions conc’~rning

the effect of submergence (degree of saturation ) on n—val ues.

1112. A comparison was made between the ~—vainsec ott;riured from

testing the center hole (first hole in sequence) and the second per ish—

eral hole (third hole in sequence) drilled . Figw-e 314 uc-~- i c t s  t lo~ d in-

ferences observed. The circles represent N—values ob t a in ed  in t h e  mid —

d2pth region during the driving of the center hole. fl ie - triangles are

the re~ u 1ts for  the same region of the spec imen in the th ird hole

u r i l l o a s. Below 50 percent relative density , the center hole data lie

slightly below the per ipheral hole data. Above 50 percent , the posi-
tioning and scatter of both sets of data are similar . In the lower

714
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1~
density range , the variation in the two data trends pos sibly 1-e~ -i-eser :t-s

the e f fec t s  of variables prev iously discu ssed , i.e., specimen condition

changes due to sampling . No attempt was made to collapse this data

based on this observation because of the many variables in the testing
program. The variables are cited in Table 2 of a previous section of

this report.

80—psi Overburden Pressure

1143. Table 5 presents the data obtained at the testing pressure

of 80 psi. Figure 35 is a plot of this  data. The variat ion in resu l t s

due to the manner of specimen construction is clearly deFtn ieu at t h i s

pres sure, since only one sand was tested. Lower values of penetration:

resistance resulted from specimens constructed with the circular r~ainier ,

as compared to the il—values derived from testing specimens constructed

with the rotating rainier. The SPT, as performed in the laboratory for

this study , appears sensitive to changes in structure caused by -ar i ou s

methods of sand placement. This implies that geologic factors related

to deposition or , possibly , previous overburden loading are among the

variables measured by SPT values obtained in the Field .

11411 . The test specimens having an OCR of three yielded h—values

slightly greater than the normally consolidated specimens.  The sensi-

t iv i ty  of the SPT to low OCR values in these tests was slight ; hence ,

it appears that one would experience difficulty trying to establish the

stress history of a site from field N—values, the drained test results

are in agreement with the resulta of the submerged tests. However , the

data are too sparse to be definitive .

Summary

1~~5.  Penetration resistance as affected by relative d e n n n t t y  and

overburden pressure is the main theme of this report. It should , how—

ever , be noted that the manner in which a specimen has been oreparc i

w ill ultimately affect the results of the SPT. This is fairly well

- 
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i l lustrated by the resul ts  plotted l i i  Figures 33 ann-i 35, - m i  ;a r ia t ions

are presently a t t r ibu ted  to d i fF - i r - en i ce s  i n n  l ate -c-al  s t res s  ani SOit
11i

st r uc tu re .

11 +0 .  Overcunsul ida t ion  of the t e n t  spec i l t e t i  gen erally p f - ~ iou

sligh t l y  higher values  oF penetration res is tance;  n n we c- er , lie -  a b i l it y

of the -i ~i to detec t  slightly overconsolidate--d sand d~ pu-~-i ts  in nat -ore

is Jublu-uj , cons idering  the nonhomogeneity ul ir it u r al  deposits .

l~4i .  The result s oi~ the tests performed on ~ taw-~ sand corn - a n - c

F a c o r - a Ij e  wi th the results obta in€ - -l wi th the  i-~eid ~3~ -fl crc -i~ cel sn 

icing r e - t au i v e  density as a l a -si-s of comparison s ince  the two sands

an-c not apprec i ably diFferent. The va r iat ion  ler i c t el  on the If- — s c i

plot is probably a combination c-f  eFfects cF  w h i c h  the most in f luent ia l

is believed to be the method. of specis - - n n p reparat ion .

i~~3. The V n f  results u i i F i i ~ i the concept of a :~ - c t ennnau i c  rein-tic-n—

ship  between penetrat ion resis tance, overburden pressure , anu r e l a t ive

density established by Gibb s and Holtz.  It is alsu observed that

unicer laboratory condit ions and for a gl -cern h omu geneuun - t e ct  ic-ec imen ,

the Li PT Il—value was fa in  reproduc ible . ih ic  is well i l lustratec by

the two tests on Ottawa sand , tests 25 and 26.

11n 9 .  Figure 36 is a plot of the data taken. From the t r :re e  - -se - —

burden pi- ossures , with the exception of the drained test data , the

initial test data , and the rained into water  te n t, data. T i c  sca t te r

and overlapping of the data are s igni f icant. I F  th is  f igur e v m s  use-i

to predict relative d e n s i t y ,  It  is apparent that a bread han d  of

notab le  values would be obtained. In add i tl - - c , re would cisc have to

take into accoun t the standar d dev i a t i on  inherent  in de te rmin in g  rela—

ti — i c density as discussed by Tavenas .30

tatisticu l Analysis

In tn-oduc t on

150. Data were analyzed for the purpose -if detm-i -nniin in 1g the emn aa—

tiunin which best express the relat ionship between SPT 1—values , relative

0 iencity , overburden pressure , e t c .  The anra l y c i n  nnrovided: (a) a 1ic

~~
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of par ameter s w h i c h  were correlatabit: with tire L~PT h — j u l  ous

relative density , and ( b )  L-(~u a t i n Y n  w:iic }n show tne  r e l n i t i o n l s i r i l n - ’ w - n

the parameters and 11-values.

Computer program charac te r i s t i c s

cii . The mult iple  regr ess ion computer pr - eon -am u sc-u f ir -  the anal-

ysis is capat-le of handling up to 75 variables .  In 0enn€ n ci , the  c om-

puter progn-am has four basic steps in its o p e rat i on :

a. htep 1. Values of the basic intdeoen-uernt van --tables are
eu in arid values of the combined variables n-ot~C

g enerated .

b. J - e~ 2. The simple s ta t is t ics, i. e . ,  cm , mean , suit, of
the squares , variance , and standard -ce-riatic-n of eacn.
variable , are cc-nnipoted. A bivarian t n:r -~ p . n  s is s - in . —
-Juct eu , i . e . ,  each variable is ccrre la tec  with every
other var iable one at a t ime . This  in ~u i ca t es  which of
the variables an -c interrelated.

c. ftep 3. Fu t -  each dependent variable s n - e c i f i e -  1 the
puter searches the independent ~riabies ( f i r - s t  t ak in g
one at a time then two at a t in e  and so on)  and l i s t s
the individual -ian-iabies and combinations of v a n - i u L ~~c-s
that correlate best with the independent van -i n c it e .  ~
list of variables that correlate best is ten -med model s
by the program.

I. Step 14, Based on the models ~tenicsatec , the in-ce: en-n- r :.t
and dependent variables are specif ied an -id a ii -:ciittle
matrix invers ion  technique is used tc g en e r a t e -  t h e  n —
gression equation of best f i t  t h r o ug h  t h e  d a t a .  This
equation is in the “c m :

y~~~ b + b .x . + b . -I- l , x. + l . . . b x0 i 1 1 i a a

152. The computer program was ~~ itten by In - , fames  ii . ic lrni+h .t ’

of the Department of Experimental ii-ttitistics , horti (iarolina ~Ttate

Universi ty.  It was executed on a Ii -n e y w e i t  ~i }I— h 35 cu n n i -u t e r  f o r  t h i s

study .

153. Tables 6 and 7 contain iota generated dur ing  t i r e  I cc -- in g

program described previously and form the complete data base :‘esult I n c

from the tests .  The data in tab le  7 were randomly selected and w i th -

held for use in verification of formulated equations , while t h + - cata

80
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in Table e For-rn the data bank used for the statistical analysis. Some

explunution is required regarding the contents of tables 6 and 1. The

first column is ‘ l e s t No. The second column is Sand Type, where the

figure 1.00 indicates Reid Bedford ~1odcl sand and 2.00 indicates Uttawa

s an i .  The next column is Overconsolidat i un hatio , indicating the :nt n - ess

h i st or y  of the specimen. The next col um n is hole ho.  , when-Se tie numbers

in th is  coluinLrr ( 1— 1 + )  r e fe r -  to the holes in the overburden hoa-~ ( sn wr ,

in Figur e 6) through wh ich the samples could be obtained . The n umb e r s

in the Liequence column refer  to the order or’ sequence- in w hn ~ ch the

cata were taken , the sequence in w i l  - l i  the holes w e -n e  t e st e d,  l i_ i re

colum n of Corrected Dry Density conta ins  the dry d e n n n i t y , correcte-~ for

overburden prescor e-- . Relative Densi ty  and Vertical Litress are resented

in the next columns. The next colum n, P eot l + , represent s the J e n i t h  iii

the sample front which the data wc-n’e taken and the c o r r e n n j o n d i n r + -t Standard

1-ene tr a t ion i  Test h—value is in thc- following colunm . The final column

is Recovery , and is the perc ent of sample recover ed in the split spoon
sample. The number 1.00 is entered in the column if no data were

obtained .

1514. In order to make a more meaningful statistical analysis

some of the data w h i c h  were generated (Table 6) were c-c-nnsidered suspect

and deleted from the data bank. These data include all data fr-on:

tests 1, 3, 9, 10, 114, and 15. The reasons for suspecting this data

are as follows :

i . t est 1 was the fi r s t  test conducted. The results of
thi s test were greatly scattered , much mire so than
subsequent tests  of the same nature. It is believed
that limited experience in specimen construction n-c-
-suited in a nonhomogeneous specimen .

I. Test 3 was a drained test , i.e. , the sample had been
completely submerged and then allowed to drain.

Jpecimens for tests 9, 10, 114, and 15 were prepared by
ra in ing the material into v o t e r ;  thus , the in si tu den-
sity of the :nateriat ~r-ior to - esting wa s not obtained .
The densi ty  -ietemminnat i-ins were limited to postte :t con—
di t ions .  Thus , the data shiwn in Table 8 comprise the
data used in the statist ic al analysis , and include
both normally and over -co n -si i dal-ed Reid I l e d f cr d  Model
sand data and normally uc -ni nclidated Ottawa sand data.

81
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155. A r -egre ssion analysis cun ~d u c t e n c on t l ie -~ e data  result ed in

the equation i :

11 = —10. 14 + 3.2(OCR) + o.I14(~~ ) + o.00145(DR )
2 

(1)

wher e

= Standard i en iet r -at ion  t e s t  h—value

OCR = overconsolidation r a t i o

~v 
= e f f ec t i ve  vertical sIre-os, psi

D
R 

= relative dens ity

This equation f i t s  the data with a c o e f f i c i e n t  of determination , r ”

of 0.86, and has a standard dev iation of +ii .9 bl- -ws per foot .  iah le  9

presents the 11—values predicted by Equation 1, the il—value s observed

in the laboratory , and the difference between the predicted and the
4 

observed . This table shows that the difference is gen!en’ally less than

14 blows per foot. Table 10 shows the h—values pi-edicted by Equat ion 1,

the Il—values observed in the laboratory , and the difference between.

the predicted and the observed values for the data sho~~i in lable 7,

which were randomly selected and removed from the data bank.

~ 5o. Analyses were performed on the data bank to obtain var ia -

t ions  of the model. For example , the overconsolidated Reid Redforo. sand

was omitted (i.e., data from tests 6 and 7)  ansi an equation which f i t s

the normally consolidated Reid inedFor i  1-ludel sand and Ottawa sand data

was generated. This equation :

i-I = -6 .5  + 0.23(~~~) ÷ o.0o145(DR)
2 ( 2 )

fits the -data with a coefficient of determination of 0.85 and has a

standard deviation of 14.17 blows per foot.

157. I lun -nnally consolidated and overconsoliduted Reid Bedford

1-lodel sand data were analyzed , i . e . ,  the data fr -on : tests 25 and 26 were

omit t ed , resulting in the e iuation :

= -~ . 14 + 3( O CR ) + 0. 23(z ) + o .oo14 6 (DR ) 2

- . 82
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c - n u a t i o x i  3 fits the Reid Bedford hudel sand data wi th  a coeb :’i cie at

ut ~1et en-in:iriaL ion of 0.87 and a standard deviation ~f 14.03 blows per

fuot .

l5c. Finally an equation was developec for normally consol ida ted

Reid r edfor d  lie-del san r d .  i lpecif ical ly , th e  - tu tu  Fr-u::. tests 1 , 7, 25,

and 26 w e r e  omi t t ed .  The resul t ing equation :

Li = -5,5 + 0. 2 ( o ) + O.00146(D
R)
2 

(1k )

f i ts  the  niorni at i y consolidated Reid Bedford lb -i d sand lata with a

co ef fi c i e n t  of -Jet er-nsinatiunr of 0.87 and a standard r n v i a tThn~ of

14 .05 blows per foot .

159. it should be noted that all of these equation s have app r ox i -

mate ly  the same form an-id f i t  the respective data wi tn  a coefficient of

n e t e r m ~ n a t t o n  of 0.85 or better and a standan-o ue-t~~t,tt~~oi. of approxi—

niately 14 blows per foot . This anc:ili : n i s  clearly indicates that tire-re is

a u i r e c t  r e i a u l o n s nn i p  between OCR , vertical stress , re la t ive  oensi ty  for

a g ive -n  g n - a i n l  s i ze  n i s t r i bu t ion , and EPT h— v alues .  The l imited -Jt aw u

sann d data indicate that for a given gr ada t ion , the -  angularity of the

n - a rt i c les  nnav S-ot be a s i g n i F i c a n t  variable.

160. An equation of the For’ni = r (o) was desirable since t i n e

b luw count is the known quantity in prac t ice .  A r egr e ss ic n  anralysis

-conducte-c F-or the data in Table 6 produced the equ at ion :

N + 10. 14 — 3 .2 (OCR ) — o.~ i1(~ 1- -~

D
R 

= 3.6 ÷ 3.83 0. 00145 
v j (

~
)

This  equation f i t s  the data with a c o e F F i c i en t of determinat ion of 3.78

and has a standard deviation of +7.6 percent . table 11 presents tire

relat ive densi t ies  predicted by 1-I quation 5, the relative densi t ies

wh ich were known to exist during the testing program , and t i n e  d i f f e r - en ce

‘ between the predicted and I - l i e  observed, The maximum d i f f e r ence  F r  t I r e -

-tutu studied was +l8. ir  percent . T r i P l e -  12 shows the r e l a ti v e  densi t ies
- t

predict~ed by Equation 5, the relative densities observed in the

I, - .
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laboratory , and the d if ference between the predi cted and the i n - s c - n ’ : e - J

relative densities for the data which were n-arndorrnt y selected and remove-u

I r-om the data bank and nn i l ew n r in Table 7.

lii. Ban-ed on this analysis it is concluded that relative density ,

u v e r L n r n - ~e -ni nncc - :n:;ure , OCR , nt~nd SPT N—value are interrelate I for’ a given

san-u . This  ugge.rt~; 
t hat site—dependent correla t ions  can be Oe ’,’ , n ~~O 1 e --~

bet ween t hese  - i au t e s  wh en - c the cohesionless ma te r_ a l  is c-F one-

geolu0 ic - : 1 . pO-sit iun~ arid grain size distr ibut ion . 1- ig o r e-  37 is a ~-1

of Equa t ion i  1, u s i ng  an OCR of 1, superimposeu on the data sp reau  F

L :tg .~~e- 3 t .  L i r e  -data p o i n t s  have been omitted for clarity . It : n n n j u .  I

be noted t hat the data spread in Figure 37 includes d a t a  f u r  both  —

molly consolidatec arid o Jerconsolidated samples , and the En n u a t l o n  1

curves are f o r  OCR = 1 only. The OCR � 1 data expand the upp er -

band of the 0— pn ; i data and thu s the Equation 1 curve appea r -n  un. - - n , -

servative at first glance. The Equation 1 curves fit the  140 — and 3C— :~:i

data reasonably well; however , tire lU—i-si curve is biased by the higiner

pressure data and , therefore , Equation 1 is a poor representation of

10—psi data.

162. A f a mi l y  of best fit curves based on engineering j udgme n t

was also prepared , Figure 38. These curves represent the average of

data points at their respective testing pressures. A comparison: of

Figures 37 and 38 shows close agreement between the 140— and 30—psi

curves.

-3uni~:ar-isons with Previous l~ork

Gibbs and Hoitz correlat ion curves

163. The study by Gibbs and Holtz
6 resulted in a recommended

family of curves. These recommended curves are superimposed on the

WES data spreads in Fi gure 39. Go-cd agr eennieni t  exists for the 10—psi

testing pressure. the Gibbs and Holtz curves were obtained by Ic-s t i ng

- 
- a coarse to fine sand (Platte River sand ) with a mean grain diameter

of 1.8 mrs. This comparison indicates that grain size distribution

exhibi ts  s ign i f i can t  influence on the outcome of the SPT , which is in

- 
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ugreenn:erit with the results j-i- enn ente-d s-p Go 1 busnrewski 
12 - haS ex-

tended the fi-T study using Platte R i v en - sand , and early results afro-c

reasonably well with tire F i n r d i n r g : n  of Gibbs and i l oi tz .

1u 5r . At~ -nig w tnr the recn - ,-r:rmended curves , Gibbs nnr -d I-Ioltz also

uUt i s l r e - J  the Frc n n i ly of n a i v e - s  which r~esuJ t~~r i nd-un , t e s t in g  subme-r ge- i

sands. These curves are superimposed on tire WEP -r a ts , in f igur e  140. in n

t h i s  inns t a n r ce , there al pears t .  be b e t t er - a n e-ern est at the 14U —~ ~n test-

ing pressure , but overall poor ogn- eennne nrc . These cu r ve s  we n ’e r i o t  ccn :n i

er-ed reliable and were not z-ecusur :4-nlde -d for use by t ir e  authors.  In

-:uInlLrL r I nrc the - i PPmr and Holtz re-commended -curves with - l ie Wi -ti cun -- ,’es ,

certain variations in equipment and techniques need to be recogni ze-i ,

and For convenience are presented in fable 13.

Pazar-aa correlation curves

165. The correlation curves based on the study pen-:’- n-me-i by

Bazaraa7 are surerhol -osed on the  WEE Iata in Figure 141. t hese  cur-.-c:n

are based on actual field data u!i take into account rn-silly d i t f e r e n ~t

types of sands derived from rnrany sources. The curves predict lower

values of relative density for a given 15—value than either the Gibbs

and Holts or WES curves.

- 
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PART V I I :  CONC LU SIUIILI - AND REC0lnlln~ 1llDATI0liL1

Conclusions

1SF . The conclusienis -trawni from this study apply directly to only

the two sands tested. The equations and data presented n~o-rein are not
— intended for use in predicting the penetration resistance or relnmtive

density of sands in general , but are pres ented to descr ibe the emp ir ical

behavior of these two sands under the laboratory testing conditions .

a. The penetration resistance (U—v alue ) was observed I i  be
sensit ive to changes in dens i ty ,  overburden pn -essuu - e ,
and OCR .

P . The SPT as performed was fairly repeatubie in a nearly
homogeneous deposi t ;  however , variations in the  t e s t i ng
medium produced scattered h’— --ialues. The results ob-
tained do not permit more than a gross estimate of rela-
tive density from 5-I—values. A single value of i- end -t r im—
tion resistance for certain overburden pressures can
represent a 30 percent spread (+15 percent ) in relative
density (see Figure 36) .  The lrc’terogerneous conditions
of the field wojid seem to rnn nr ke the task of est imating
relative density more difficult ; hence , correlations
between N—values and relative density should be -use--a
cautiously and mai n ly in a qualitative r: ranrnr e r - .

c.  It has been recently established that diFfer ent stru c-
tures and different  lateral stresses are associated
with various sand placement techniques.14l t i r e results
of th is  testing arogi-am showed that the penetration
resistance was sensi tive to the various p laceocni t
techniques. It Is  concluded from this  t ha t  the results
ref lec t  variat ions in the st ructure and f a t - e n - u i  stress
conditions of a deposit.  li- ri p ract ice , this s ens i t i v i t~.-
would tend to obscure the actual density condition ti~

3

d. In Fi gur e 36 , the tests performed on specimens having an
OCR of 3 produced h—values which consistently f~1l near
the top of the scatter band fo r  th e ir -  respective pre nn - —
sure- i ; . This again indicates that the 53Ff is sensitive
to the lateral stress conditions.

1--lultiple regression analyses were conducted an-i i-elation—
ships , in t en-ms of the standard penetra t ion U—value nna- .i
se~ative density , were developed. These n- c- l:nlionships
appear quite good F - - rn a statistical point of view ,
having a coeff ic ient  of correlat ion , r , ol’ ap srsxi—
nately 0.). The relat ionship f o r  r e la t ive  dens i ty  as a
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function of N , li-v, , and OCR (Enunition 5) has a s tar ,-
dard deviation oF about + n percent. Caution shoul-1 be
exercised in the use of this equation to predict rela-
tive density because it was d e v el o p e d  from a limitea
data bank and applies d i rect ly  to Reid lie-ri fo r -U 1-Is l il
san id.

f. Eased on a comparison between t in e - correlations presented
by Bazaraa , Gibbs and Holtz , and WEE , ~t is cons-laded
that the :3E~I is not suffic iently accurate to be r e - c c :- —
mended for final evaluation of the density or relative
dens ity at a site, unless :rite—specific correlations are
developed, however , the SPT does have value in planning.
the undisturbed sampling phase of the subsurface in 1 i ’ e s t i —
gat ion and in c - : m p a ri n g .  d i f fe ren t  s i tes .

t\e-c~ nncnleUiaations

i6i . Based upon observat ions made during this study it appears

that several areas require further research to permit better- toilers tan-i—

ing of the relationship between the penetration resistance an-i re la t ive

density of cohesionless material .

a. Correlations between LIfT  13—v alues and other soil r an -arc —
eters should be obtained on cohesionless maten - imils of
various grain size distributions and at c-th or  overcor 
idation ratio-s.

1. Ii- sre research is required to gain ins igh t  rat - s  the ef-
fects of lateral stress es and soil cnt i e or; tin e SET .

~
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Table 2

List of Test Variab les

Variable Remarks

Density Density varied along the horizontal and
vertical profiles , depending upon the method
of specimen preparation .

Overburden Pressure Control was closely guarded and considered
satisfactory . The reduction of vertical stress
with depth is considered small due to the com-
pressibility of the stacked—ring facility .

Stress Ratio This stress ratio is dependent upon the place—
ment technique , additional compactive effort ,
and proximity to the container wall . It is

k = — unknown quantitatively ; however , it is certain
v that the magnitude of the lateral stress

influences the resistance to penetration .

Samp ling Sequence Due to the small distance between sampling
holes , it is very likely that the condition of
the specimen is changed with each drilling
operation . The amount of disturbance to the
original condition is not known .

Stage Testing This procedure was used to obtain the maximum
data from each specimen . It is possible that
this procedure affected the results to a

~~eater extent than sampling at one pressure.
The fact that the program included both stage
testing and one—pressure testing makes stage
testing a variable of unknown significance .

Radial Position and The proximity of the peripheral hole to the
Depth in Chamber soil container may fac ilitate greater lateral

stresses on the ring wall side of the hole.
Shear and compression waves reflected off the
specimen boundaries may interfere with the
penetration of the spoon .
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Table 3
Suimsary of Data Points at 10—psi Overburden Pressure

Test Corrected DR
No. pcf 

____ 
N Specimen Preparation Remarks*

2 95.9 43.8 6 Rotating Rainer (RR) ——
2 95.9 43.8 9 RR ——
4 92.6 24.3 3 RR ——
4 92.6 24.3 3 RR ——
5 98.7 59.7 13 RR ——
5 98.7 59.7 11 RR ——
6 98.2 56.3 12 RR OCR = 3
6 98.2 56.3 12 RR OCR = 3

7 94.9 38.0 5 RR OCR = 3
7 94.9 38.0 4 RR OCR = 3

16 93.0 27.1 1 ——
16 93.0 27.1 1 RR ——
16 93.0 27.1 1 RR ——
16 93.0 27.1 1 RR ——
17 101.5 73.2 17 RR , Tamped ——
17 101.5 73.2 24 RR , Tamped ——
17 101.5 73.2 15 RR , Tamped ——
17 101.5 73.2 19 RR , Tamped ——
17 101.5 73.2 15 RR , Tamped ——
17 101.5 73.2 19 RR, Tamped ——
25 101.4 56.1 3 Circular Rainer Ottawa Sand
25 101.4 56.1 4 Circular Rainer Ottawa Sand

26 102.0 59.8 5 Circular Rainer Ottawa Sand
26 102.0 59.8 6 Circular Rainer Ottawa Sand

* Reid Bedford sand used except where otherwise stated .
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Tab1e~~
Summary of Data Points at )40—psi Overburden Pressur e

DTest Corrected R
No. pcf N Specimen Preparation Remarks*

1 96.2 45. 4 25 Rotating Rainer (RR) Initial Test
1 96.2 45.4 31 P.R Initial Test
1 96.2 45.4 50 P.R Initial Test
1 96.2 45.4 44 RR Initial Test
1 96.2 45.4 34 RR Initial Test
1 96.2 45.4 33 RR Initial Test
1 96.2 45.4 43 P.R Initial Test
1 96.2 45.4 61 P.R Initial Test

2 96.2 45.3 15 P.R ——
2 96.2 45.3 20 P.R ——
3 95.4 40.9 15 RR Drained
3 95.4 40.9 12 P.R Drained

4 93.2 27.8 6 P.R ——
4 93.2 27.8 9 P.R ——

5 98.8 59.7 23 RR ——
5 98.8 59.7 22 RI ——
6 98.4 57.3 25 P.R OCR = 3
6 98.4 57.3 27 P.R OCR = 3

7 95.2 39.7 16 P.R OCR = 3
7 95.2 39.7 16 P.R OCR = 3

8 96.3 45.7 9 P.R ——
8 96.3 45.7 12 P.R ——
8 96.3 45.7 13 P.R ——
8 96.3 45.7 12 P.R ——
8 96.3 45.7 13 P.R ——
8 96.3 45.7 14 P.R ——
8 96.3 45.7 17 P.R ——
9 94.1 33.4 6 P.R Rained into Water
9 94.1 33.4 6 P.R Rained into Water
9 94.1 33.4 7 P.R Rained into Water
9 94.1 33.4 6 P.R Rained into Water
9 94.1 33.4 7 P.R Rained into Water
9 94.1 33.4 7 P.R Rained into Water

10 100.0 65.8 41 P.R, Rodded Rained into Water
10 100.0 65.8 38 RR , Rodded Rained into Water
10 100.0 65.8 38 RR , Rodded Rained into Water
10 100.0 65.8 32 P.R, R ided Rained into Water
10 100.0 65.8 41 P.R, Rodded Rained into Water

8 10 100.0 65.8 39 RR , Rodded Rained into Water

t

: ( Continued)
* All tests were conducted with Reid Bedford Model sand except where
otherwise stated.
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Table ~ (Continued)

Test Corrected DR
No. pcf N Specimen Preparation Remarks

11 94.4 35.1 5 Rotating Rainer (RI) ——
11 94.4 35.1 7 RI ——
11 94.4 35.1 7 RI ——
11 94.4 35.1 9 RI ——
11 94.4 35.1 8 P.R ——
11 94.4 35.1 8 P.R ——
12 101.1 71.5 35 RI, Tamped ——
12 101.1 71.5 32 RI, Tamped ——
12 101.1 71.5 27 RI, Tamped ——
12 101.1 71.5 31 P.R, Tamped ——
12 101.1 71.5 30 RI, Tamped ——
12 101.1 71.5 32 P.R, Tamped ——
13 96.7 48.2 8 RI ——
13 96.7 48.2 8 RI ——
13 96.7 48.2 9 RI ——
13 96.7 48.2 9 RI ——
13 96.7 48.2 12 RI ——
13 )6.7 48.2 11 RI —— —

14 100.6 68.8 34 RI, Tamped Rained into Water
14 100.6 68.8 32 P.R. Tamped Rained into Water
14 100.6 68.8 29 P.R, Tamped Rained into Water
14 100.6 68.8 37 RI, Tamped Rained into Water

15 99.5 63.2 25 PR , Tamped Rained into Water
15 99.5 63.2 25 RI, Tamped Rained into Water
15 99.5 63.2 27 RI, Tamped Rained into Water
15 99.5 63.2 30 RI, Tamped Rained into Water

19 101.5 73.5 20 Single Hose Rainer ——
19 101.5 73.5 23 Single Hose Rainer ——
19 101.5 73.5 27 Single Hose Rainer ——
19 101.5 73.5 24 Single Hose Rainer ——
19 101.5 73.5 26 Single Hose Rather ——
19 101.5 73.5 26 Single Hose Rainer ——
20 96.2 45.3 8 Circular Rainer ——
20 96.2 45.3 9 Circular Rather —-

20 96.2 45.3 13 Circular Rainer ——
20 96.2 45.3 10 Circular Rainer ——
20 96.2 45.3 12 Circular Rainer ——
20 96.2 45.3 15 Circular Rainer ——
20 96.2 45.3 13 Circular Rainer ——
20 96.2 45.3 12 Circular Rather ——

C --

c

(Continued)
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Table ~ (C oncluded)

Test Corrected DR
- No . pcI ’ N Specimen Preparation Remarks
- 21 94.8 37.6 8 Circular Raine~ ——

- 21 94.8 37.6 11 Circular Rain. C ——
- 21 94.8 37.6 8 Circular Rair~ ——

- 21 94.8 37.6 9 Circular Rainer ——
- 21 94.8 37.6 9 Circular Rainer ——

- - 21 94.8 37.6 11 Circular Rainer ——
25 101.9 59.2 16 Circular Rather Ottawa Sand
25 101.9 59.2 18 Circular Rainer Ottawa Sand

26 102.5 62.8 17 Circular Hairier Ottawa Sand
26 102.5 62.8 21 Circular Rather Ottawa Sand - 

—‘ ---~~~~~-~~~~---
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Table 5
Summary of Data Points at 80—psi Overburden Pressure

1d DTest Corrected R
No. pcf 

____ L Sj~ecimen Preparation Remarks *
2 96.3 46.1 25 Rotating Rainer (KR) ——
2 96.3 46.1 31 P.R ——
3 95.5 41.4 23 RI ——
3 95.5 41.4 19 P.R Drained

4 93.4 29.5 14 P.R ——
4 93.4 29.5 16 RR ——
6 98.7 59.0 35 P.R OCR = 3
6 98.7 59.0 38 RI OCR = 3
7 95.4 40.9 27 P.R OCR = 3
7 95.4 40.9 30 PR OCR = 3

18 101.7 74.4 33 RR , Tamped ——
18 101.7 74.4 42 RR , Tamped ——
18 101.7 74.4 39 KR , Tamped ——
18 101.7 74.4 45 KR , Tamped ——
18 101.7 74.4 46 KR , Tamped ——
18 101.7 74.4 49 RR , Tamped — —
22 97.7 53.8 20 Circular Rainer — —
22 97.7 53.8 22 Circular Rainer ——
22 97.7 53.8 20 Circular Rainer ——
22 97.7 53.8 20 Circular Rainer ——
23 92.6 24.3 10 Circular Hairier ——
23 92.6 24.3 9 Circular Rainer ——
23 92.6 24.3 11 Circular Rainer ——
23 92.6 24.3 10 Circular Hairier ——
24 101.7 74.3 32 Circular Hairier ——
24 101.7 74.3 33 Circular Rainer — —
24 101.7 74.3 31 Circular Rainer ——
24 101.7 74.3 34 Circular Hairier ——

~5

* All these tests were performed with RE-id Bedford Nodel sand .

__________________________________ ______________
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= Table 6
Tabulation of Data for Reid Bedford Model and Ottawa Sands

- - iFS’ sA ’~D OCR wo ~~ se10Q8~lcu tO
~~~V~

o RILATt v ~ V E * T O CA L  ~~PY)4 SPY ‘ScOlE’,
NO. TYPE 110. 0ENS~ T~ DENSITY $t~ ESS PIETI N ~P5R CINT)

cP çr (POR C ENIT 81518
1 .0 88  1 .0 0  1.00 4.100 1 .0 0  9 6 .20  4 5 . 4 0  4 0 . 5 0  i: ’° a o . o O  o . o o
1. 010 1 . 81 0 1 .00  4 .0 0 1 .00 96 .20 4 5 . 4 0  4 0 . 0 0  4 : 0 0  3 1 .0 0  1 0 0
0 . 0 0  - - 1. 00 - - 1 . 0 0  0 . 88 0 2 .00  96 .2 0 4 10 , 4 0 4~~, 0Q 2 :S0 5 5 . 0 0  1.0 0
1.08 ’ j , 0 0 1 .00  0 . 00 2 .00 96 ; 20 4 5 . 40 4 0 . 0 0  4 : 0 0  4 4 . 0 0  110o

— 0 . 0 0  - 1 .00  1.00 2.00 3q00 96 .70 45. 10 ~0 .00  2:00 3 4 . 0 0  t . o ~1 .00  1. 88 0 1.00 2, 00 3 .00 96 .20  45 , 40 4 8 8 . 0 0  4 .00 3 2 . 0 0  1)08
- 1.0 5 _ _  1.00  1.00 3 . 0 0  4 ,00  96 , 20 45 . 40 4 0 . 0 0  2 :5 0 4 1 . 0 0  110~1.00 1 .00  1.00 3 . 0 0  4 . 0 0  96 ,20 45 . 40 40 ,00 4 :00 6 1 .00  l o Ø O
_ _ 2 ,088 1 , 0Q _~~~~~ !O L 3 ~~ Q 2 .00 ._ 9S , 9Q - - 13 . 0 5  15 .00 -- 2 :00 6 , 0 8 8  6 3 . 3 5

2 . 8 8 6  2 . 0 0  1 . 0 0  3 . 0 0  2 . 0 0  95 . 90 4 3 . 8 0  1 0 . 0 0  4 150 4 .03 66 .10
2 . 0 0  i . oO 1 .00  2. l00 3 . 0 8 8  96 , 20 4 5 . 3 0  4 0 . 0 0  2. 90 10 .0 0  7~~.30
2 . 0 0  1, 00 2 . 0 0  2 , 00 3 .00  9 6 , 2 0  * 5 . 3 0  4~~,Q5 42 00 2 0 . 0 0  7 3 . 3 o
2 . 0 0  1 .00  1 .00  1, 880 4 . 00 96 ; oa 46 .10  8~~.00  2 : 5 0  2 0 . 0 0  66 .7 0
2 . 0 0  1 ,0 0  0 . 0 0  1 . 0 0  4 . 5 0  9 6 .3 0  4 6 . 1 0  0 0 . 0 0  4 15 0  3 1 . 0 0  66 .10

_ 3 . 0 l ~~~~.._ I! 0O ..j ~ 50 _~~,fl Q~~~~~~ .5O _94 , ?0 . 36 . 95 _~~5 . 0 0 ~~~~_ 2 150 - - 
1 ,0 0  1102 -

3.00 1 .00 1.00 1 .00 2.00 94 ,70 36.90 5,00 4:00 4 ,00 L:3
3.05 1 ,00 - - 0 . 0 0  2 .00  3 . 0 0  95~~4Q d o , 9Ø 4 0 , 0 0  2~~50 1 0 . 0 0  1. 0 0
3 . 0 8 1  1. 30 1 .00  2 .00  3 .0 0  95~ 10 10. 90 4 0 . 0 0  4 : 0 0  1 2 . 0 0  1 .00
3 . 0 n 1 , 8 8 0  1 .00  3 . 0 0  4 .0 0  95 . 50 41 , 40 - 8 0 , 0 0  2 , 50 2 1 .00  1 .0 0
3 . 0 0  1 . 0 0  1 .00  3 . 0 0  4 . 0 0  95 .10 4 1 . 40 8 0 , 0 0  4 : 0 0  1 0 . 0 0  Lb

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 2.50 _ 1 ,02 -~~ 1 .02
4 .9 1  1,00 1.00 2.00 2 .00 92 .60 2 4.30 10 .00 4 .00 1 .00 1.00
4 , 75 - 1 ,00 1.00 t .O0 3.00 93 ,20 27 , 80 40,00 2.50 8.00 1 ;00
4 .00  1 .00  2 . 0 0  3 .00 4 . 0 0  93 , 40 29 . 50 5 0 . 0 0  2. 00 14 .00 i :o o
4 . 0 00  1 .00 1.00 1,00 3 .1 1  93 . 20 27 .80  4 0 . 0 0  4 : 00  2 . 0 0  1 .00
~.0n 1 . 8 8 0  1 .00  - 3 .00  4 . 0 0  93 , 40 29 . 50 8~~,0Q - 4 : 00  16 .00  1.0~5 . 0 8 8  0 . 0 0  0 . 0 0  2 . 0 0  2 .0 0  98~ 70 59 . 0 0  10 .00  4 10 2  1 1 , 0 0  1 .Q ~5 .0 88  0 . 9 0 1.00 3.00  3 .00 98 . 80 39 , 7 5  4 0 . 0 0  2: 00 2 1 . 0 0  0 . 2 0
5 . 0 2  1 , 0 0  1 .0 0  3 . 00 3 .00  98 . 80 0 9 . 7 0  4 0 . 0 0  4 :00  2 2 . 0 0  1 . 0 0
6 .880  1. o0 3 . 0 ô 2 .06~~~~~ 2 .00 - 

95 . 20 8 6 .3 0 10 ,00 2 . 50 1 2 . 0 0  1 . 00
8 . 0 0  0 . 0 0  3 . 0 0  2 . 0 0  2 .00  - 988 . 20 0 6 . 3 0  1 0 . 0 0  4 : 0 0  12 .00  1 :00— 6 .0 ô 1 .60  - 3 . 0 0  3 . 0 0  - - 3 .00  98 40 - 37 .30 4 0 ,0 0  2~ 5Q 2 0 . 0 0  84 .0 0  -

6 . 0 8 8  ‘ .00 3 .00  3 . 8 8 0  3 .00 98 . 40 %7 . 3 Q  4 0 . 0 0  4 10 .0 27 . 0 0  8 8 . 1 5
6 . 0 0  1 , 0 0  .s . 0 ô  1.~ 6d~~~~~~ .Qj 98~ 70 9~ 0 0 8 6~ 00~~~~ 2 :50 3 0 . 0 0  ~~~~~~ 

—

6 . 0 4  0 . 0 0  3 .00  1 .0 0  4 . 0 0  98 . 70 ~9 . 0 0  8 0 . 0 0  4 : 0 0  3 0 . 0 8 8  e8 .~~o
7 .o ~ ~~~f .o 0 3 . 0 5  1 ,0 0- 2 . 0 0  94~~9Q 3 8 , 0 0  10 .05  2. 00 5 , 0 0  ~~~~~7 .00 1.00 

- - 
3.00 - ~t . 00  ‘ 2 . 0 0  94 , 90 3 0 .0 0  10 . 00  4 : 0 0  4 .00  5~~.00

7 .00  1 .0 0  3 .00  2 . 0 0  3 .00 95 ,20 5 9 , 7 0  4~~.00 4 . 0 0  1 0 , 0 0  84 .~~o
.~___ 2_.t~ 1.00  3 .00  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 9 2 . 5 0  -7 .00 1.00 3 . 0 0  3 .00  4 . 0 0  95~~4 5  4 0 . 9 0  8 o , 0 0   4 : 0 0  3 0 . 0 0  8 0 . 0 0  - -

1 , 0 0  1 .00  0 .3 0 - 2 . 0 0  9 6 ; 3 a  4 5 . 7 0  4 0 . 2 0  2 5 0  12 . 0 0  2 ; 5 ~0 . 0 0  1 . 0 0  1 .00  0 . 0 0  2 . 0 0  96 . 30 15 .70 4~~. o Ø  4 100  11 ,0 0  110 0
8.088 1 . 0 0  1.00  2 . 8 8 0  3 .0 0  96 .30 45. 70 40 . 00  2 :50 1 2 . 0 0  0 . 0 0
0 . O f l  1 .00 1.00  2 . 3 0  3 .00  96 .30 4 5 , 70 4 0 . 0 0  4 : 0 0  1 2 . 0 0  1 .00
8 . 00 ,  1 . 0 0  1 .0 0 3 . 100 4 . 0 ~~~~~_96 . 3Q~~~~~~~! !Q_ ..~~~0 . 0 0  2 : 5 0  _ 14 . 0 0  -~~~ 1~~oo8. 0 11 1 .0 0  2 . 0 5  3 ,3 0  4 . 0 0  96 :30  4 5 . 7 0  4 0 . 0 0  4 .00 11.10 1.30
9 . 0 C C  1 . 00  0 . 0 0   4 .0 0 1 . 0 0  94~ t 0 33 . 4 5 - 4 0 . 5 0  2 :00 6 , 2 0  56 .8~9 .0 0  1 .5 0 1 .00  4 .10 1,00 94 .10 53 , 40 4 0 , 0 0  4 . 0 0  6 , 0 0  ~~~~~

- 9 ,0 CC - 1. 115 1.00  0 , 00 2 . 0 0  94 ,0 0  33. 40 ~o . 0 0  2: 5 0 7 , 0 0  4 8 . 8 0
9 .00  1 . 0 0  1 .00  1.0 0  2 .00  94 , 110 33. 4 0 4 0 , 0 0  4 :00  6 , 0 0  4 0 . 8 0

.......... ~~.00 - - 4 8 . 8 0  
- -

9 . 05  1 , 0 0  1 .00  2 . 1 0 0  3 . 0 0  94 . 0 0  5 3 . 40  4 0 . 0 0  4 : 00  7 , 0 0  7 2 . 8 0
_ 1o.o~ — - 1 , 00  1 .0 0  4 .o0 _ ~ .oo  100 ,00 65.80 4 0 . 0 0  2:5 0 4 1 . 0 0  6 0 . 0 0

F 10.0~ 1 . 0 0  1 .0 0  4 .0 0  1.00 000 , 00 65 . 00 4 0 , 0 0  4 :00 3 0 , 0 0  7 8 . 4 0
— - 10.00 — 1 .00  

- -  
1 .00  1.0 0  2 .00  1 0 0 , 0 0  11.00 - - 4 0 . 0 0  2 152  3 0 , 0 0  81 . 65

10 . 001 1 .00 1.00 t . ’00 2 .0 0  100 .00  15.80 4 0 . 0 0   4 : 0 0  3 2 . 0 0  12~ 0o
1 0 . 0 0  0 . 0 0  1 .00 2. 00 3 . 0 0  100 00 15. 00 4 0 , 0 0  2 :5 0 4 1 . 0 0  8~~- O o
10.0 0 1.00 1 .0 0  2 . 00  3 .00  ioo oo I~~.0o 4 ö~ 0 0 4 ~ 0O~~~~ 3~~ o U 8 4 , o o

~~L~~0 i U 0 P_ __~ . D Q ~~~ _ 4 , 50 _ 1 . O0 94 40 .~ 5 . 5 0 _ .~~~~0 , 0 D _ _ 2 ;50 _ 5 , o ~~~~~ 9 2 ; g o  -0 1 . 0 0  1 , 0 0  1 .00  4 .00  0 . 0 0  94 , 40 55 .10  ~o . fl0 4 . 0 0  7 . 0 0  -88. ~~ 
-

2 1 . 0 8 1  1, 00 1.10 0 , 10 2 .00  9~ , 40 55 ,10 4 0 . 0 0  2 . 5 0  7 , 0 0  8 8 . 0 0
ll CC o 1.00 1 .00 1 .00 2 .00 94~~4 Q 3 5 ,1 0  4 0 , 0 0  4 1 0 0  9 . 0 0  8~~;2o
1L0~ 0 ,00 2 . 0 0  2 . 1 0 0  3 .00  94 , 40 35 .10  4 0 , 0 0  2 : 0 0  5 . 0 0  9 0 , 4 5
1 2 . 0 0  1 . 00  1 .00  4 .0 0  1 .00 100 , 10 l j . 5 0  4 0 . 0 0  2 :00 3 5 . 0 0  ~~~~~
1 ? . 1 5  1. 00 0 

- - 
1.00 4 .00  1 . 0 0  0 01 . 00 P t . 5 0 ’  4 0 . 0 0  4 : 0 0  - 3 2 . 0 0  72 .00

2 2 . 01 1 ,00 - 0 . 00  - 
1. C)0 

- 
7 .00 000 .00 *i.So — - 4ó .oó 2:5 0 

- 2 7 . 0 0  7 2 , 0 0  -

12 . 1 0 ’  1 . 0 0  1 . 0 0  1 . 10 2 . 0 0  0 0 0 ; t o  71. 50 4 0 . 0 0  4 : o o  3 1 , 0 0  7 2 . 0 0
12 .Cr ,  1 , 0 0  1 .0 0  2 .1 0 3 . 0 0  100 . 10 P o . 5 0  4 0 . 0 0  2 :30 ~~~~~ 7 6 , 0 8
i 2 . l o  1 . 0 0  1 . 0 0  2 .0 0  3 . 0 0  t0 t ~ 10 0 1 . 5 0  4 0 . 0 0  4 4 0 0  3 2 . 0 0  8 0 . 0 0

(Continued)
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Table 6 (Concluded)

13 .111 1.00 1.00 4 .00 1.0 0 96 .70 40.20 40.00 2100 0 . 0 0  76.00
i3 ,~~n 1.00 1.00 4 , 10 1 . 0 3  96 ,70 48.20 4 5 , 0 0  4 : 00  5 . 0 0  7 0 .4 0- 

i, ’o ~~ i .oô 0 . 00  2.00 96 .70 4 8 . 2 6  4 0 . 0 0  2 : 0 0  - 
4 .00 

-

11 . 1’ 2 . 0 0  1 .60 1 .00 2.00 96 70 48.20 40 ,00 4:00 9 ,00 7 2 : 0 0
1 3 , 0 1  ~ .C3 

- 
1 .00 2 .00 3.0 0 96 .70 48.20 45, 00 2000 12. 00 7~~.4O14 .00 1 .00 1.00 4 .00 1 .00 100 :60 68.80 43 .00 2100 34 .00 17460

14 , ’f l  1. 00 1 .00 4 .70 1.00 100 ;60 68.80 40.20 4:00 32.00 77 .60
- 
14 ,7 fl 

- 1.0 3 - - — 1.00 5 .0 0  2 . 00  t O O . 60 6 8 . 8 0  4 0 . 0 0  2150 2 2 , 0 0  7 0 . 4 0
lI On 0,10 0 1 .00 1 .30 2 ,00 100:40 

- — 
68.80 

- - 
4 0 , 0 0  

- - - 
4 : 0 0  ~~~~~ 7 6 . 0 0

05 .0~ 1. 00 1.00 4 .00 1.00 99 5Ø 63.20 40,00 2:00 20.00 51~~60
i5,~~o 1 , 0 0  i . 0 0  4 . 00 1 . 0 0  99 . 50 6 3 . 2 0  4 0 . 0 0  4 :00  2 5 . 0 0  6 0 2 6 0
15.0 0 1 .00 1.00 1 .00 2.00 99 50 6 3 . 2 0  4 0 , 0 0  2 :50 2 7 . 0 0  7 7 1 6 0
25 .00 1. 00 1.00 1.10 2.00 99 5Q 63.20 40 ,00 4:00 30.00 80.00

1 . 0 0  1.~~0 _ - 
4 . 0O 1 . 0 0  - - 9 3 : 0 0  37 .15 1 0 . 0 0  2 : 5 0  1 . 0 0  6 0 . 0 0

18 , 0~ 1 . 0 0  1 .0 0  4 . 00 1 .00  
- - 

93 00 21.10 10 ,00 4:00 1 ,00 
— - 

6 0 . 0 0
j1~~ 0 1 1  1 , 00 1.00 1.00 2.00 93 00 27 . 10  10 .0 0  2 : 00  1 ,0 0  5 2 2 5 5
2 6 . 0 1  1 . 0 3  1 .0 0  1 .0 0  2 . 00  93 .00 21 . 10  2 0 . 0 0  4 . 0 3  1 . 0 0  4~~,0 5
17 ,cn 1,10 1.00 4.00 1.00 18 1. 50 7 3 . 2 0  1 0 . 0 0  2 . 5 0  1 7 . 0 0  7 8 . 4 0
1’.08’ 1.00 1.00 4.00 1.00 101.50 13,20 10.00 4.00 24 ,00 68.80
17 .Co 1,00 1.00 1.30 2,00 101, 50 73.20 10,00 2:50 10,00 72.00
17 ,10 1.00 1.00 1.00 2.00 101. 50 73.20 10.00 4:00 14 .0 0 70.40
27 .0~ 1.00 1.00 ~.30 3.00 151 ,50 73.20 ~0,00 - - 2:50 15.00 75.20
~~~~ 1.0 0 1.00 2.20 3.00 50 1. 50 23.20 10,00 4:00 19 ,00 65.80
28 ,00 1.0 0 1.00 4 .00  5.00 155 ,7Q 04 .40 80.00 2:50 31,00 61 .20
19 .li ’ 1.00 1.00 4.10 1.00 100. 70 74.40 80,01 4.00 42.05 72.80
18.~~n ~~~~~g _ 1.0 5 ~~~~~~ 2.00 500 ,70 04 C 40 S2.00 2:50_ _ 3S ,00~~~ 80.80
.CC . C ~ 1 . 0 0  1 . 0 0  1 . 0 0  2 . 3 0  0 0 1 . 70 ‘4 . 40 8 0 . 0 0  4 : 0 0  4 5 , 5 0  7 9 j 2 o
‘, 8 1 . 0 o  1 . 0 0  1 . 1 0  2 . 0 0   3 . 0 2  t O t YO 74 . 40 8 0 . 0 0  4 . 0 0  49 . 0 0  6 3 . 2 0
~~~. C ’  1 ,13 2 .00 4 .10 1.50 101 .50 73.50 40.00 2~~5C 2 0 . 0 0  7 8 . 4 0
~~~~~ 1 .00 1.00 4 .00 1.00 101 , 50 13 ,50 40.00 4:00 20,03 80 .00
19,00 1 ,00 1 .00 1 ,00 2.00 101 , 50 73.50 40.00 2:50 27.00 75 .20
20 . Ii 1 00 _ 1 .60 S • 10 2 ,00 - - 05 1 , 55 p 3 . 5 5  _~~~5, 0Q _ .. 4 , 50 _ 24 .00 76 .00
19 .0,1 1 ,00 1.00 7 .10 3.00 101 ,50 73 .50 40.00 2:50 26 .00 65.80
9 . 1 1.00 1.00 2.IC 3.00 101 50 33 ,50 40.00 4 .00 26 .50 70.40

21. 0: 1 ,00 1.00 4 .00 1.03 96:20 15 .30 40 .00 4.00 9 .00 79 .20
2 0 0 1 ‘.13 1.00 0 .00 2.02 96 .20 41 ,30 40 .00 2 :50 11,00 70,20
~~~~~ 1, 10 1 .00 1.00 2.00 96 .20 41.30 40.00 4:00 10.00 61:60
‘-l b  i. 0O _ 1 .00 3 .10 3 .03 96 ,20 - 0 5 . 3 0 _ . 40.00 2 :50  12 ,0 3   7~~. 4 0  -
~~~~~ j 0 5  2 .00 3 .00 3.00 96 .20 45.30 43.00 4:00 15.10 67 .20
2 3 , 0  1 , 13 5.00 ‘.00 4 .00 96 20 45.30 40.00 2.50 12.05 6~~.603 0 . 3 ’ l  1. ’C 1 . 0 0  2 . 0 6  4 , 0 1  96 . 20 45.30 40.00 4:00 12.00 66 .40
2i,~~, 1 ,10 1.1(0 4 .10 1.00 94 ,60 37 .60 40 .00 2.50 9 ,00 76 ,80
21.e~ 1 .0 0  1.00 4 .10 1 .3 3  94 .60 27 ,60 40.00 445 0 11.00 80.80
2 1. ,o~ - 0 .00 

- - 
1.00 1. 13 2 . -lI - 94 ;8o 37 , 60 45.00 _ 2050 _ 0.00 - 72 ,80

21, 7~ 1 .08 1 .00 1. 3 0 2.33 94 ,83 37 .60 4 0.00 4:00 9 .00 66.40
2: . ’~ 1 .11 1.30 2 . 30 3.00 94 ,80 37.60 40.00 2 :50 9 ,00 72.80

0 , 0 3  :.20 11,1 0 2.00 00 7 ,7 Q 53.85 80.00 2.00 20 .00 79~~2e2 : . o’  0 , 0 0  1.10 1 . 13 2.85 97 ,70 53,80 8 0,00 4:00 22.00 71 .20
72 .0~ 1 .2 0 1.00  2 . 0 0  3,02 97 70 13,80 80 .00 2:50 20.00 72.80

1. 70 1. 05 ?-  10C
_ _  3 .00  97 , 70 • - 53.80 _~ 80.0L._ ~~~;00 20 ,00 ~~O .4Q

23.oO 
- 

1.00 1.00 1 .00 2.00 92.60 ~4,35 00.00 2 0 0  1 0 , 0 0  77,60
23 , 0 1  - I ,~~~~  2 . 0 0  - 1 , 06  2 .33 92 60 - - 2 4 , 3 0  - - ~0.92 _ 4 : 0 0 _ 9,00 75 ;20
2 3 ” ~ 1 ,1-3 2 . 0 0  7 .00  3 . 3 0  9 2 . 60  24 ,3 0  8 0 . 0 0  2 : 5 0  1 0 .0 0  7 8 . 4 0
2 3 . 1~ 1,03 5 . 410 2 . 7 6  3 . 3 0  92 , 60 24 . 3 3  8 0 . 0 0  4 1 0 1  10 .05 7716 0
24 .0 1  1 . 00  1 .30  ~1 .00 2.01 101, 70 74 .30 80,00 2130 32 .00 03 .20
24 ,”o 0. 70 1.00 1. 13 2.0 0 101 . 70 74 .30 93.00 4:00 32, 00 8 1 . 60
24 . 0 ,  : ,~~5 1 . 3 0  2 .33 3.00 100, 70 7 4 ,30 80,00 2.50 35, 00 08,8~24 .lo 

- 1 , 0 3   1.03 7.880  3.00 131 ,70 74 .35 - - 89.00  4 ,00  34 .00  84 .00
20,0’ 7.70 1 .0 0 3 . 3 3  2 .03 001. 40 56 .10 10.00 2 ;50 3,00 56 .80
25 .00 2 ,~~1 1.30 1,00 2 .03 1’t ,45 81 ,10 10. 00 4.00 4~~O0 69 .60
25. flñ 2.10 1 0 7  2 . 0 3  3.00 231 .90 59 .20 40 ,00 2 .58 16.00 81160
210 .ln 2. 03 1 .30 2 . 31 3 . 0 3  1:1 ,90 59 .23 40 .00 4100 19 .00 71 .20
c 5 r ~ 2 C C  1,00 1.70 2.0 0 502.00 09 ,80 10 .00 2.50 0 ,00 69 .60
2 1 .17 ?~~~2 1.00 - 1.10 2.0 0 102 ,00 50,80 — ~5 ,0l .00~~ 6 ,00 65 .60- 
26 , 3 ~ 2 , 0 0  1 . 0 0  2 , 00 3.00 :02,50 62.83 40,00 2:50 17 .00 76100
2 6 . O o  2 , 0 0  1 . 0 0  2 . 10 3 . 0 0  0 02 , 50 62.’80 40 ,00 4:00 21,00 65460 
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Table 8
Tabulation of Selected Data for Reid Bedford Model and Ottawa Sands

YES~ SAND OCR MOLE SIOU E wCI 00
~~i?’~ 0 

•~~~ i~~ ~~~~~~~~~~~~ 011T H OPt •EtOIfP ,
- TYPE - NO. D E HS0T ~ $5w S 519 SONESS (ff51) H (P000INI)

(PC~ ) cP ERC ENI7 ($80) V IL U1
3.00 8.00 1.00 3.00 2.00 95.90 13.00 10~ 00 2:3 0 •.oO $3~ 30
2.0 (5 1.00 1.00 3.00 2.00 90 ,90 43.60 10.00 4:00 4.00 66,70

____L.~D0 3.00 &.J0 2.00 3.D0_ 96 .30 ,.3t__ 4b.00 _ _i.’O - 15.00 ~3 .3o
2.00 1.80 1.00 2.00 3 0 0  96 30 45 ,30 40.00 4100 20.00 73:30

- 2 .04 - 5 . 0 0  1.00 0 0 . 0 0 4 ; 0 0  96.30 46,10 $8.80 2 :50 2 5 , 0 0  66,00
2 .00 1.00 1.00 0.00 4.00 96:30 46 ,10 $0.00 4 .00 31.00 66170
4 ,08 1,00 1.00 2 ,00 2,00 92 65 14 .3 0  10.00 2:10 3 .00  10 00
4 .06 5 .00 1.00 2.00 2.00 92:60 24 .3Q 10 .00  41 00 0 . 0 0  010 1

__~.oo I o . ._ , 05 ,._, j.5o $,00 _ 93 ,2 0 _  27 , 80 40,80 - 2:50 ~,00 0100
4 .06 2.00 1.00 3 . 0 0  4 .00 93. 40 2 9 ,5 0  .0.00 2400 14 .00  1100
4 .00 2 , 0 0  1.00 4 , 0 0 3 .00  93 , 20 - 17 . 60 4 0 . 0 0 4 : 0 0  ~~~~ 1’.05
4 .Oè 4.00 1.00 3.00 4.00 93 .10 29,50 .0.00 4:00 ~, .o0  10 00
5,09 1 ,00 1.00 2.00 2,00 98,70 19 .00 10 .50 4 .00 jj ,Q0 b O o
5.00 1,00 1.08 3.00 3.00 90.00 59, 1~ 4 0 . 0 0  2 ;00 2 2 . 0 0  10 00

_5,0~ ~~5 .00 -- _ _ 1 .00  3 ,00 _ 3,00 96 ,80 S9 ,7~ — -  
4 0 , 0 0  4 .50 22.00 155 0

6.04 1.00 3.00 2.00 2.00 90.20 06,30 10,00 2:50 12 .00 100 00
6 .00  1 ,00  3 .00  2 .20 2,00 90:20 86.30 10.50 4 :00 12 ,00 1500
6.06 1,00 3.00 3.00 3.00 90 ,40 51,30 40 ,00 2 :30 25 , 00 84~ 00

— 6,O4 0 , 0 0  3 . 0 0  - 3,00 - 3 .00 90 ,40 57 ,3~ 40.00 418 0 27 .00 5640 0
6.04 4.so 3.00 0.00 4.00 90 ,70 89.00 00.00 2:50 35 .00 01.50

_ g~ o~ - - 1, 00 3 .0 5 ~. O0 4 ,0 0  96 , 70 - 5 9 . 5 0  - $0.00 - -  4 ,00 - 30 ,0 0 00180
7.00 1,00 3,08 1.00 2.00 94 ,90 30.00 10.00 2:50 5 .00 80.00
7 .o~ 1.00 3.00 1.00 2,00 94 ,90 30 .00 10,00 4 .5 1 4 .00 04 .00
7 .00 1.00 3 .00 2 ,00 3.00 95 .20 39.~ o 40,00 4:00 16 .00 8~ .00
1 ,~~4 i.oO 3.08 3 ,00 4.00 95 14 0  10 ,9 0  0 0 , 0 0  2.00 27 .00 92.00
1.oo 1.oo 3.00 3.00 4.00 95:40 40.90 $0.00 4.00 3~ .C0 50 (00

_j ~o4 _ 1.50~~~ _~~ .00 __%.50~~ 5.00 o~ ;~~ - 45.7~ — 4 5 , 8 5 2 . 5 0  - 12 ,0 0 1 % o o
e.o6 5.00 1.00 1.00 2.00 

- 96 , 30 45 , 70 4 0 . 0 0  4 :0 0  10.00 1)00
- 6.00 1.00 1.00 2.00 3.00 96 .30 45 ,7~ 40,00 2.50 12.00 5*00

6.o6 5,oo 1.00 2.00 3.00 96 ,30 45.70 40,00 4:00 1 7 . 0 0  l ’ O O
6 . 0 0  1 ,00  1 .00  3 . 0 0  4 . 0 0  96 . 30 4 5 . 7~ 4 0 . 0 0  2 . 5 0  14 ,0 0  10 0 5
e.o4 0.00 1.00 3.00 4.00 96130 45.70 40.00 4 .00 17 .00 b O O

— - - 1 .00  4 .00 j,00 — 94;4o 35.55 _ 4o,00 ~ .so 5,oO 02 ,00
11.00 L . oo 1 .00  4 .00 1.00 94 ,40 35 ,10 40 ,00 4.00 7 ,00  8 0 ,3 ~

- 1i .0~ - 0 . 0 0  - 1.00 0.00 2,00 94 ,40 35 ,10 . 40.00 2403 7 .00 80 .00
1S.06 6.00 1,00 1.00 2.00 94~ 45 35.10 40,00 4:00 g .~~0 87:20
~~~~~~ 0 . 10  1.08 2.50 3.00 94 ,40 35 ,10 40 .00 2:30 8 .00 90:40
12 .0t 5,oo 1.00 4 .00 0.00 106, 10 75,50 40 ,00 2.00 35,00 84~ 0o
12~ 0~~_ , _ ,00 _ , . 0 . Q o ...~~,50 _~~,00 _~~Q1~~ 0 *0 , 59 4 0 . 0 0  4 :50  - 32.00 -
12.00 4,00 1.00 0.00 2.00 101 .10 01.50 40.00 2 .30 27 ,00 722 00
12 .Oo - 1,00 1.00 1,00 2,00 101.00 71,So 40.00 4:00 30 ,00 72 :50
12.04 0.00 1.00 2 .00 3.00 to t;to 71 ,50 40 ,00 2.50 35,0 0 ~~~~12,00 1 ,oo  1 .00  2 . 0 0  3.00 101, 10 7 1 .50  4 0 , 0 0  4 . 0 0  3 5 . 0 0  8 0 . 0 0
13 . 04  1.00 1.00 4 .00  1.00 96 , 70 4 8 . 2 0  4 0 , 0 0  2. 50 5 . 0 0  16 100

, 13 05 1,50 _ _j . 0 5 _~~ .00 .j 7 o o 96 . 70 -~ 40 .20 4 0 . 0 0  
- -  

4:00 0.00 70~ 45
03 , O o 1,00 1,00 t , 00 2.00 -

~~~ ~e;~~o 46 , 20  4 0 , 0 0  2. 00 9 . 0 0  72 0 0 0
13 , 0 4  5 ,oo 1,00 1 .00 2,00 96.70 48.20 40.00 4 :00 9 .00 72000
13.06 1,60 1.00 2100 3.00 96;?o 48.Zo 40.00 2o3 0 12 .00 74440
16.04 1,00 1.00 4 ,00 1.00 93 ,00 *7 .10 60 . 60  2 :00 ~ , ø 0 40 00
16.o4 0,00 1.00 4~~ 0 1.00 93.00 27,00 10.00 4:00 1,00 60*00
1.6.04 4,00 00 1,00 _ _ 2,00 93 ,00 17.10 10.00 

- - 
2100 5 , 0 0  5 2 0 0 0

16.00 1,00 1.00 4.00 2:00 93 .08 17 . i o ~~ 1.0.00 
- 

4:00 
- 

1 .00 441 00
- -  

t 7 . o ~ - 1.00 1.00 4 .00 1,00 501 ,50 *3.20 10.90 1:30 10 , 0 0  7 0 1 4 0
17 . 00  0 . 0 0  1 ,00 4 .00  t . 0 o  Soi , 30 13i2 0 10 .00  4 : 0 0  24 . 0 0  o S9o
11 .oo 6.00 1.00 ~ .08 2.00 101 ,50 13.20 00.00 1100 15 .00 72500- 

5,00 
- - - 1 .06 - -  

1 .00  2.0* 5~5•5~ 73,2o 10.60 4 : 00  iS , o O  7 0 0 4 0
17 , 04 1 .00 1,00 3 .00  3.00 101. 50 7 3 .20  10.0 0 2~ 30 1 5 , 0 0  75, 20
17.00 t , o O  1 .00  2 .00  3.00 101. 00 33. 20 00 ,00  4 :00  19 , 0 0  651 80

— ia5 70 _ ?4 .40_ . $0.00 2130 - -  - 3 2 , 0 0  - $7 5 2 0
28 .00  1.00 1,00 4 .00 1.00 100 , 70 74 . 45 00 ,8 0  4:00 4 2 . 0 0 72 860
18.04 2 ,0 0  1.00 t , 0 0 2 .00 100 ,70 14 , 40 8 0 10 0 2: 50 39 , 00 8 0 5 8 0
16 ,0 0  2 .oo  1.06 0, 00 2 .00 4 05. 10 14 . 40 00 ,00 4 1 00  4 5 , 0 0  79$2 ~

- 16.06 5.oo 
- - -  

1.00 2.00 
- —  

3 .00 oof , 7o *4 , 40 .0.00 4 3 5 0  44 ,0 0 03 12 0
1o .o4 2 .0 0  1.00 4 .00 1.00 101.50 *3 .58 40 .00 2: 50 2 0 . 0 5  7 5 3 4 0
19 .00 1,oo 1.00 4 .00 1,00 0 0 5 . 00 03.50 40,00 4 ; 5 0  2 3 . 0 0  8 0 0 0 0
09 ,05  ‘ T loo 1 ,0 0  1. 00 2.00 50 5 , 50 7 3 , 5 0  4 0 . 0 0  2 .30  2 7 . 0 0  730 20
19 ,00 2 .00 - 1,00 0 . 0 0  2 .00 t O i . 50 7 3 ,5 0  40 . 00 4 0 00 21 .0 0 7 6 * 0 8
0 9 . 0 2  1.So 1,00 2 .00 3.00 toi ;so 73 .50 40.00 2;~~ 24.00 681 6 0

10.  ( Continued )
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Table 8 (Concluded)

b9 .o~ - - 1 .00 1 .00 2 . 0 0  3.00 001 ,’0 73 ,S o  40 ,8 0  4:00 28,80 70,45
2~~.oc 4 . 0 0  1 ,5 0  4 .00 1.00 96.20 45.30 40.00 4.OC 9.00 70020
20.04 1,00 1,00 (.00 2.00 96;oo $5.30 40 .00 ‘ 2:50 10.00 705 2 0
2o.oo 2.oo 1.00 

— 
t~~ 0 2.00 96,20 13 ,30 4o ,00 ” 4.0O 10.00 6S’ 68

20.0 ~~~~ _ 1.oo - - 5.08 3.00 s 0 0  96.20 45.30 48,60 2~ 3O 1.2 .00 74.4 ~
20.07 1.oa 1.00 3.00 3.00 96.20 15.30 40,60 4:00 15 .00 47026
2o,o6 1,00 1.08 2 ,00 4.00 96 ; 2 0 45 . 30 4 0 , 6 0  2:30 - 02 ,00 ô’böO
20,0~ 4,oo 1.00 2,00 4.00 96,20 45.30 40.00 4.00 12.00 66440
2t.05_ ~~~~~,55_ _ 1,00 _ 4 ,55 _ _ , j.,95 _94,SO _ J7,6o 40,6D _~ _ 7 .S0 __ 5,00~~~~Y6~$9...
2t .0o .00 1.00 4 ,00 1.00 94 ,80 37.60 40,00 4.00 11.00 $0810
21.00 - 3.00 5.00 0, 150 2.00 94 , 00 37.6 0 40 , 00  2:3 0 0 . 0 0  I2iIo
20 .00 1,00 1.00 1.00 2.09 94 .80 57.60 40,60 4 .00 9 , 00 66440
25,G~ 1,58 1.00 3.60 3,88 94 ,50 07 ,60 40.00 -2130 - 9 .80 72110
22 .00 .00 1.00 0.00 2160 97 .70 03.60 .8.00 a ;so 28.00 79020

—— ,oO - ~.06 1.00 _ 5 ,00 97 ,70 - -  
13.10 $0.05 4 ,00 ,., , 2 2 , oO 701 20

22.00 I,oo 1.00 2 .00 3.00 97 ,70 13.00 10,00 2.50 25.00 7226 0~~
22.06 ,58 1.05 2,58 3.00 97 ,70 33 ,60 00.60 4:00 20.00 70540
23.06 1,40 5 . 0 0  t . 0 0  2.00 92.60 64 . 3 0  00 .00 2 :30 10.00 77 0 60
23 ,o~ 4,80 1,00  t , oo 2 ,00 c,;~ o 14 ,30 $0. 00 4.00 9 ,00 75,20
23.0~ 1,00 1.00 2 ,80 3.00  92 . 60 24 .30 60 ,00 200 0  11.00 7 0 5 4 0

— - i .00 3,80 3,00 _ 92,60 , $4 .30 _ S0,00 _ ____ 4.00 _ 10.00 7106o
24 .00 0 .00 1.00 0.00 2.00 001 .70 *4,30 60.00 2.50 32.40 83:26 -

24 .00 1,00 1.00 0.00 2.00 101 ,10 *4 .30 $0.00 4100 33,00 60560
24 ,0, 1.00 1.00 2 ,00 3.00 101,70 *4 ,30 .0,00 2:80 31 ,00 

- 
68.60

24 ,0, 4, oo 1.00 ‘.00 3.00 ~01,70 $4 .30 50 .00 4000 34 ,00 84~ 0o
25 .05 2.00 1.00 t . 0 0  2.00 101 , 40 16 ,10 *0.00 2.50 3,00 56.60

~~~~~~ 2, 05 5 .50 1.00 5,00 503, 40 16. tp  10.85 4:60 4 .00 69060
25.o~ 2.00 5 .00 2.00 3.00 100 ,90 59 ,20 4 0 . 6 0 2;30 1e,00 010 60
~~~~ 2 , 00 1.00 3 . 1 2 0  - - 3,00 101 ,90 39.20 40.00 4:00 10.00 71520
26 .On 2.00 1.00 1.00 2.00 102~00 59.80 10.00 2.30 5,00 69560
26.0~ 2 ,50 - 1.05 1, 00 2,00 302 ,00 59.60 10,00 4.00 4.00 65,60
26 .00 2.00 1.00 2.00 3.00 102 ,50 42.80 40,00 2.30 57 ,00 16 .00

,_! Pi ,i.OP_ _ t~ 00 _ .  2.00 3.00 _ 002, 00 4~ I8 _ 4~5!00~~~~~~ :O9_~~~~ 5 .5O _ 5:6o 
-

.4

— - - -
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Table 9
Comparison of N—Values Predicted by Equation 1

Wi th Observed N—Values

N N
Set Predicted Observed Difference

I 3,64139600 6,00000005 .2.15060400
2 - - 3,641396 60 9 ,00000000 — 5 ,55065 403
3 11, 698 18202 *S.o ooooooo 

— 41,69619212 — - - 
10,00000 (500 — - .0,30165706

5 21, 69794142 tS,00070200 .3 .302 052 77
a 25, 8979 4142 5l.00000005 .9,30205286
7 — 2 .173 04730 3,00000000
6 - .2 ,57344755 3 ,00011000 0 .0,17744731
9 5 ,90392202 6,00000000 .0 ,094077 64

_ 10 -— - - - - *6 ,013706,0 *4 ,00000 050 -______ - - 2 ,01375639
it 5.90392222 9.00000000
1 2 1.6,01370621 - 06,00000000 0,00570641
13 t0, 9iS8a 6s5 61.00000000 .0,08111361,
14 40 ,546665 11 23 .00000 009 .4 ,45737 433
15 1.8 .546665*7 22 .00000 000 .3 ,453 37430

* 2 , 0 0 a o 0 0 0 a _ .~~3 ,82c7570117 t5,62’75761 62,0000000 0 3 ,e~~;i~~7e5
16 - 33,39512903 15.00000000 .1,40427016
19 231503 72 963 07.00000000 .3,45477551
25 34,05081456 35.05000000 .0,045~ p540
21 34 .t5~ 8s436 30.00000 000 .3 ,64010540
22 —— 0 ,01 338241  5 ,0 0 0 n 0 5 0 0  _ _~~~~~~. 3 ,C 1 7 3 5 2 9 7
23 8,0133 8201 4.00000000
24 1.5, 163103a1 * 6 . 0 0 0 0 0 0 0 0  .0 ,13,04 657
25 25, 9o976251 7 1 .0 0 0 00 0 0 0  — 2 . 0 3 0 2 7 7 2 3
26 35 ,96976247 50,00000000 .4,07:27726
27 11 , 8 6 3 0 53 4 6  5 2 . 0 0 0 0 0 0 0 0  — 0 , 1 3 4 9 4 6 3 4

~~~~~~~~~~~~ 3t . 86 3 05 3~ 6 _ 4 3 . 0 9 0 0 0 0 0 0  .1,134916 35 -
29 1.5,66305386 62,00000000 — O , 1 3 4 9 4 6 3 ~30 *1, 8 63 0 5 3 86 5 3 , 0 0 0 0 0 0 0 0  .1, 1349 1635
31 11 . I63053~~6 *4 , 0 0 0 0 0 0 0 0  .2 ,134 94635
32 *1.66305386 67 .00000 000 .5 , 0 3 4 9 4 6 3 8
33 

- —   1 . 98369 6 63  - - 
5.00000000 2.9536460 7

34 7 , 98369643 7.00000000 0 ,9836 4610
35 7.903696*5 7 .000 00000 0.90360610

— 9.09000000 _______ !1,01435393 -

37 7.96369645 8.000o0000 .0,01,35390
38 25 , 5,193255 55.000n0000 .9 , 4 4 4 5 4 7 4 6

25 . 5 5 6 9 3 20 5  3 2 . 0 0 0 0 0 0 0 0  .6 . 4 4 4 0 6 7 4 0
45 25.55693205 - 17.00000000 •i , 4 4 1 0 9 7 3 8
41 2 5 . 3 5 5 9 3 2 3 5  10.00000000 .5.44j oU40
42 __ _ _  ?5, 350932 55  - 3o.000c0000 — 

.4 , 4 4 4 5 4 7 4 0
43 25 ,55693235 1 2 . 0 0 0 0 0 0 0 0   .6 , 4 4 1 0 6 7 4 0
44 *2 , 9 2 6 3 34 , 7  8 , 0 0 0 0 0 0 0 0  4 , 9 7 4 3 7 4 0 7
43 02 , 0 2 6 3 3 4 4 7  8.00000000 1, 9 7 4 3 7 4 91
46 02 . 926 3 34 5 ’  9,00000000 , 3 . 9 7 4 3 7 4 9 7
4* 1.2 . 0 2 6 3 5 4 , 7  9 . 0 0 0 0 0 0 0 0  3 , 92 , 3 ! 4 9~48 - _ _  *2 , 974 J349~ *,.00000f’30 -  

0,92.37498
4 9 —1.52 i5 ’3 ’ 0  1. C C 1 0 0 0 0 0  .2 .5 7 4 5 7 3 5 2
50 •1,07157 3 ,3 5 . 0 0 : 0 0 0 0 0 0  .2 .52 15 732 2
51 —1 .521513 ,0 i , 5 0 0 n 0 0 0 0  .2 ,5 2 4 5 7 3 7 2
52 1.’215’3,3 5.000000 00 —2 .52457322
33 10 . 42 16 94 * 2  *7 .00000000 2 , 4 2 4 6 4 4 5 6
54  19.4216 00492 14.00000000 .4,57535542
55 00 ,421694,2 *5 .00080000 4 .42164456
56 19 .47160412 69 . 0 0 0 0 0 0 0 0  0 , 4 2 4 6 4 4 0 8
57 19 .42069492 65.000100060 4 , 4 2 4 6 4 4 , 8
56 - *9 .4211 049 2 *9 ,00000000 0,42464430
59 37 ,14354090 13 . 0 0 0 1 0 0 0 0 5  4 ,547945 44
60 37 ,14394046 12 ,000n0 0 00 -
61 31 .14394698 19 .00000000 •1 ,S5,0 152
67 31 ,14394801 45, o c o o s o o s
63 37 ,543 040 00 l9 . 0 0 0 n 0 0 0 0  e1t , 0 5 0 3 5 5 5 ’
64 2 6 . 0 7 2 4 6 4 4 7  I0.00000000 6,67744435
65 36,5,246447 1 3 . 0 0 3 0 0 0 0 0  3 , 6 7 7 4 4 4 3 9
66 26.6 72 4 64q 7 71.00000000 .0,0275755 9

(Continued)
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Table 9 (Concluded)

N N
Set Predicted Observed Difference
67 26 ,6724 6447 14 .00000000 2 .0 7 2 4 4 4 38

— 68 26 ,e72464i ~ 26.00500000 - 0 ,67742440
69 26 ,07240447 16 .00000000 0.07042 440
70 51, 69614242 0.00000000 2 ,69915291
70 5t , ec St52 ~ 2 1 3 . 0 0 0 0 0 0 0 0  —1 .30~~l~~70~
17 41 ,69518242 50 .000 00000 t ,6900529 ~

~~~~73 - 
41,691182 02 u.ooo àoooo •O. 3018 t 7 0~74 - 11, 691582.2 45.000 00000 .3.3o~~8 i7O~

73 11,69656262 *3 .00000000 •1.3016170~74 11,49658242 62 .00000000 •0.30It070 ~
77 6.6o690843 6.000 00000 0.8~~~9 i 0 t 7

_ 71 6 ,5ø49t645 4t,00oo0000 •2,19!50i83 —6,1ø89’815 5.00000000 0.80.9~ 61~
60 - - - 8.60691005 9 ,00000000 .0,19509182
80 6 ,8o6 9 1~~ 3 9 . 0 0 0 0 0 0 0 0  .0 .1930456 2
62 - 25 ,0621 0293 ta ,00000 000
83 25 .18251293 12,00000000 3 .16211306

_ 8 9 _ ~~~~~~2~~,1,$2tt2 *3 __ _ _ _ __ ,0, 00 0 00000 __ 5 . t02b i30~65 23 ,18211293 10 .00000000 5 .16255303
$6 - - 04 ,74855510 00 .00000000 4 ,74255581
87 44 ,746555 4 0 9 . 0 0 0 0 0 0 0 0  5 ,7 4 4 5 5 5 8 7
(58 j 4 ,746 5 5540 45 ,0 000 00 00 3 ,7a~ 5 55S Y
69 44 ,74655510 00.00000000 4 ,7445530?

37 ,07659676 12.00000000 5,8745c63 8
9 1 3 7 ,07659626 ~~~~~~~I3 ,0000000* 4 ,0745c 636~~
92~ - -  17,076596,6 61.00000000 - 6 ,07454636
93 37,07659656 34.00000000 3,01.59636
94 9,d~ 70t1I5 3.00000000 6 ,407051 2 1.
93 9,4o?011.05 4 .00000000 5 ,40701121
96 16 ,2 7 7 3 9 5 0  *6.00000400 2.21739170
97 11 ,2773 9167 00.00000000 0 ,27739170

ti, 34 I362d9--__ ._ ~
____ 5.00 000000— ~ .34I30233 -

99 11, 349362 4 9  6 . 0 0 0 0 0 0 0 0  5 .34 0 34 2 3 5
100 20,26671304 47.oocoooO * 3.26471314
100 20 ,2667 1304 lt.00000000 — 0 .73320664

H 

_ _ _ _ _



Table 10

Normally Consolidated and Overconsolidated Reid

Bedford Model Sand and Ottawa Sand Data

Tes t
No. N Predicted* N Observed Difference

5 10.9 (ll)** 13 —2

11 7.9 (8) 8 0

13 12.8 (13) 11 +2

20 11.6 (12) 8 +4

21 3.8 (9) 11 —2

18 36.9 (37) 46 —9

7 15.9 (16) 16 0

* Equation 1 used to obtain predicted values.
** Rounded values used for difference calculations.

NOTE: Comparison of N—values predicted by Equation 1
with observed N—values which were excluded from
the regress ion anal ysis.
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Table 11

Comparison of Values Predicted by Equation ~
And the Observed Data

DR DR
Set Predicted Observed Difference

1. 
- 42 ,10172025 43,6009005 9 3,561 7 100?

2 54 ,$ 99 4 $ 744  43 ,809900j9 f~~,I094~ 76i.
— 1  — -  - ‘Z~I637$2O5 

- - -
~5,30~~ o0i~

—- -—— — ---—7 0-28331t1.4--
4 6g , 9 5 9 0 3 3 g 9  ‘5, 3U000 °t~ 45,25993495
S 53,25~ 744~ 5 4s,799?9995 - .‘,505 76452
6 67,26156619 46 ,09999995 46, 4871 ,6752
7 43 ,j891 ,4843 24 ,29~ 99995 

- t0 ,4~ 9t4972
8 43 ,i6~ t4 543 ?4 ,29c.99993 18 ,60914072

35~ 4971,9467 - — - 27 ,79999893—-- — d ,2971” 496
10 26.1.1253006 29,50300070 .j;3e14~ 976
ii 4Q,4~ 75 $3~ 7 - 27 ,79999995 - —  12 ,61 7003.33
52 33, 36047161 2Q ,50~~oQ0~~0 3 ,66847598

57,9359270 - 
~~,000 Q00o0 

- 
~1,1 690024t

14 64 .1545*280 59,69999955 5,114140787
— - ~~Cj  — 63, 433043 96 — —3 ~~,699999I5 -— — ——-—— — - -3~ 733044~ 4 -

48 ,545 634*3 56,3030j00j9 .7,75050 35 2
- 57 46 , 5 4 0 6 3 4 4 3  — 5 e , 30noo0~

9 — — —  i 7, 75916332
58 ,450 33036 ~7,30o~ o0j 9 5,1 5~~S3562

-  - - 65 , 43827240 - 57 ,- 3 0 0 0 5 0 19  - 4,13621252
20 59 ,9 6 2 0 7 9 4 3  ~‘,0 0 o 0 o 0 ~~0 0 , 0 6 2 0 7 9 56
71  - 83 ,4 3 5 04 305 ~ 0 ,3~J 7 0 0 3 7 7  - 4 ,4 30 4 458
22 35,43503166 35,00000000 .,6 ,,6496322
23 - 27 ,78451.645 36 ,90000005  -.fQ~ 2t548jS2
74 45,031.99555 39,69999965 3,33~ 99547

- 25 - 44 .95969660 40, 90~~000~~0 — 4 0t96’~86j
26  59, 1624 95 96 

_______ 

4 Ø . 9 0 o Q 0 0 ~ 0 9 ,88 54 5 5 99
16 ,973755 ~ 1 —4~~,o39 999,~~--———-- —--—---- - 1,273728 8 0 —

28 45 ,9230971,3 45 ,69999955 3,22309736
29 — - - 44,973734~ 7 45,690999~~ 

— 
i, 2 7 3 ’ 2 5 00

30 48,92359753 45 ,69999981 3,22309738
50 ,78240596 - -  45 ,6992995* 5 ,08240627 -

3 2 55 .924 37125 45 ,69e999~~ 
______ 

40,22437143
13 -— 28 ,~~86D71.57 ———— 35,99999999-— --—.6,33102834 --
3.4 30,16154673 35,09999990 5,05136685

— - - - 35 , j3~~ 4613 - — - 
~5 ,099999Q0 

- — 0 , 0 6 s 5 6 8 8 5
36 4 0 , 4 t 7 0 1 . 3 1 7  35,599999 95 0, 3 5101338
37 —- 31.90/3 104 8  35 ,099999,0 2, 80 73 1103
38 19 ,31*243 03 7 i , 0 3 o a 00~~0 7 ,8 1824 386
39 - 75 ,90s89052 7~~,50~ Q~ 0~ 5 - 4 ,48559976
4 0 70 ,93 21 , 6 05  7t , S0~ 0 0 0~ Q .j , 4 6 9 2 4 3 27
41 74 ,13744 959 7i, SO o00 0cO - - 3~ 3114 6988
42 73 ,36904551 75 ,50550 005 2 ,38909610
43 - 73 ,98559952 71, 5000 0030 - 4 , 4 855 99 76
44 37 ,90733046 ~8,t 99909I1 •t0,29260596
45 31 , 9 Q 7 3 3 0 4 5  48,19999951 .10 ,29268896
46 40,41’01317 48,19999951 Z7, 14208652
47 - 4Q ,9~ 701,337 - - 45 ,~~99 999p % - é7 ,70010632
4*  16 ,9 7 3 7 3 0 5 7  ~5,19999’8* .1,2262 7 126
49 38 ,42614146 27 ,09099995 - 11, 326 14779
5 0 38 .42 654746 27 ,Q9999999 4j 3251 4779
55 36 ,42614 106 21 ,0999 9990 ft , 32614’7 9
32 36 , 42654746 27 ,5999’Y4QQ f~~,326t 477 9
03 86 ,47(54 4064 77, 5 9 999981  :6,77 i15~ 28
54 75,96644172 73 ,59999955 5,86088750
55 - 63 ,71211.015 - 7 3 ,5 9~ ?9~ 81  •9~ 4B763 554
56 69 ,92354 906 73 ,59999945 .4,57644964
5 7 63 , 7 5 2 5 3 5 5 5  13,~~99999~ 5  .9~ 45788104
56 69 ,12354906 73,j99999~~ .4 , 1 7 6 4 4 9 6 4
39 — —  - - 65 , 351 1~ 662 

74, 399999~ 2 — —  ó9 , 04224237 -

60  76 ,43 94315 6 r4 ,399~ 9982 2 ,03945593

0 
(Continued )

____
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Table 11 ( Concluded )

D~ DR
Set Predicted Observed Difference
65 72 ,95767523 74 ,39999~ 82 - •~~, 4 4 2 5 2 3 7 5  -

62 79 ,75099395 ~4 ,3c99c~ 6?
63 (53.93994476 —- 7~~,39v 999~ 2 9 , ’~3 9 94 555

6Q,55)935~ 9 73 ,50000000 .12 ,94036490
45 64 . 9 5 4 5 4~ SØ — 73 , 5 0 0 Ø O 0 ~~~0 — — —  .b,560 4 3637  —

66 7 5 , 6 3 0 7 5 6 5 0  3 , 50o 00 0~ 0 .3 , 4 . 9 2 4 3 29
67 85 ,362 93’17 73, SU O V G O Q O  . 7 , 3-0 106 15 7
66 68 ,76 913354 ‘3 ,50000000 .4 ,73088566
69 — 68 ,76951.354 — - 

~3, 5 o o 5 5 0 o 0  ~4 ,7 3 Q I 8 5 6 6  —

70 40, 4~ t03351 45 ,30000 0t 9 i4 ,88208690
- 71  49 ,92359753 — - — — —  -4 5 ,500000 j 9 - ----- -— — - - -  3 ;6236979a

72 42 ,24 273780 ‘5 ,3OoG ~ 0i~ j 7 55134211
73 46 ,913736 ~ 7 - ‘5 ,30090 0 i 9 1, 6 7 3 7 2 6 4 2
74 52, 563 102 55 4S ,3Q~ ç~ 0~ 9 7 ,2633 1256
75 48 , 9735 ~~7j3  ~S , 3 0 0 0 0 0 ~

9 3, 6 2 3 0 9 7 00
76  44 ,973 738 j1  ‘5,~~0~ 8 0 0 j ~ 5. 6 7 3 12 0 4 2

- 77  37 , 9~ 73 3~ 4l - - 37 ,599999c5 — 0 , 3O lO t iOS
78 44 .9 1 98 9660 3 7 , 5 9 9 9~,99 5 7 ,31 969694
79 37 ,?0’31o46 37 ,59999901, ~,30?3 i~ 05
80 4Q.41~ 01.31~ 57 ,399999;5 2, 6170~ 342
65, 4 Q , 4~~7 0 3 3 ~ 7 51 , 599 99995 2, 8 5 7 0 13 4 2
82  43 ,029 8 ~ 235 03, 8050 0019 • 10, 17014776
63 - 47 ,1611390 — 03, 8 0000 019 - - - - - - - — .6,034$80~ 0 ——
84 43 ,6599~ 735 03,6 005 0919
65 43.6298~ 230 ~3, 8O 0 5~ Oj’ .10 ,170*4776
96 26 ,1j298730 24 ,29 999~ 95 1 ,01258057
57 10,04 94?737 24 ,2999 9905 3 , 74949760

25, 985 69529 24 ,29199995 .3,31850963
89 26 ,5~ 256Q30 24 ,29999905 - 5 , 812)8057
90 83,95 974655 74 ,709On0~ 9 .io ,3o 0213 68
91 6 ,15773662 74 ,30~ 0U 0j9 ~8, 9427,275
92 67 .95714679 ~4,S00O001~ .41, 71263357
9 3 66 ,39 357772 74 ,30O0Q0 ~ 9 ~7 ,60647295
94 43 ,16914843 06 ,Q995c9~ 0 .52191065152
95 45 ,33944 (594 ‘6,0999~ 93 - 

~i~~,76~ t 0i62 - -

86 34 .2 747 45 02 ~9,19~ 9~~ 4 1 Q4 ,92 52344 9
97 57 ,5 56 3 8 6 8 4  ‘9 ,l99 7~ 9o5 .1,60181294
99 47 ,37144280 ~9.8C0000i 9 ~j2, 4?8357t 6

49 ,3 75 77 521 ~ 9 , u O U n 0 ~~9 .05 4 9 4 2 2 4 9 0

t
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Table 12

Normally Consolida ted and Overconsol ida ted Reid

Bedford Model Sand and Ottawa Sand Data

D
R 

D
R

Test Predicted* Measured* Difference
No. percent percent percent

5 60.8 59.0 +1.8

11 37.9 35.1 +2,8

13 44.9 48.2 ...3,3

20 37.9 45.3 —7.4

21 44.9 37.6 +7.3

18 80.7 74.4 +6.3

7 41.8 39.7 +2.1

* Equation 5 used to predict values for compar—
ison of relative densities predicted by Equa—
don 5 with observed relative densities which
were excluded from the regression analysis.

— -  
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Table 13

Variations in Technique and Equi pment Between the
Bureau of Reclamation and WES SPT Studies

Bureau of Reclamation Tests Waterways Experiment Station Tests

1. Applied overburden pressure by Applied overburden pressure with
means of rigid plates and springs flexible , reinforced rubber water bag

2. Soil container was a solid wall Soil container was a layer system of
tank 3 ft 1—1/2 in. in diametet alternating steel and rubber rings , to

provide f lexibility in the ver tical
direction

3. Cathead with an unstated number Trip hammer
of wraps was used

4. Penetration tests were made Penetration tests were made through
through 6 holes in the loading a maximum of 4 holes
plate

5. Sand placement was by lift; coon— Various sand placement techniques
paction was by a vibrator

6. Testing performed on submerged and Testing performed on submerged
dry specimens; recommendations specimens
were developed from the dry sand
resul ts
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IN ~ CPLV ~~~~~~ TO WESSG 23 A pril 1974

ME MORANDUM FOR: Dr. W. F. Marcuson

SUBJECT: Petrographic Examination of the Reid-Bedford Model Sand

General

1. A sample of the Reid-Bedford model sand was analy zed by pe t ro —
graphic and statistical technique s for the purpose of determining gross
mineralogy,  deg ree of grain roundness , and the basic statist ical  pararn -
eters  exhibited by this sediment.

Size-distr ibut ion statistics

2. Gra in - s i ze  data obtained from the gradation curve were recalculated
in phi (Ø) * units and plotted on probabil i ty paper. The resul t ing curve
permitted the mean and median grain  size , standar d devia t ion , skewness ,
and the kur tos is  to be calculated. These parameters  are summarized
below .

a. Mean gra in  size: 2 .00 ø~ 0. 25 mm. This corresponds to the

division between medium and fine sand. **

b. Median gra in  size: 2 .00 ø -
~ 

0 .25  mm.

c- . Standard deviation: 0. 50 0 = 0. 71 mm. The following classifica-
tion is used here:

Very well sorted: ~~. 0. 35 0.
Well ~‘orted : 0. 35-0. 50 0.
Moderately well sorted:  0. 50-0. 71 0.
Moderatel y sorted: 0. 7 1-1 .00 0.
Poorl y sorted:  1. 00- 2 .00  0.

Thus the R e i d - B e d f o r d  sand is well to moderate ly  well sorted . 
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d . Skewness: - 0 . O3 where
+0. 3 to +1. 00: strongl y fine skewed
+0. 1 to +0. 3: fine skewed
-0 . 1 to +0 . 1: near symmet rical
-0.3 to -0.1: coarse skewed , etc.

The R e i d - B e d f o r d  is , there fore , near ly symme t rical in dis t ribution.

e. Kur tos i s :  1. 54. This value indicate s a very leptokurt ic  curve
whe re

1. 0. 67 -———-—i very platykur t ic
0.67 to 0.90—a platykurtic
0.90 to 1. ll— ,mesokurtic

1.11 to 1.50—i leptokurtic
1.50 to 3.00—jvery leptokurt ic

Petrography

3. General .  The sand was examined by both nonpolar iz ing  binocu lar
and polariz ing microscopes. The nonpolar izing  type f a c i l i t a t e s  the
exa minat ion of th e coarse r pa rt icles , whereas  the fine r f r a c t i on s  re-
quire polarized light. In order to determine any va r i a t ion  in round ing
and mineralogy with res pec t to gr ain size , the sample was  si eved
throug h the No. 35 , 60 , 120 , 200 , and 300 mesh sieves. Gra in  mounts
using Lakeside 70 were prepared for the No. 120 , 200 , and 300 mesh
splits and for  the pan f rac t ion .

4. Par t ic le  morphology (genera l ) .  Two important  element s of partic le
mor phology are spherici ty and roundness .  Spher ic i ty  relate s to a
part icle ’ s equidimensional i ty.  whe reas  roundness  is a parameter  that
describe s the extent of ‘ rough ed ges ” on the part icle  su r face .  These
pa rameters a r e not necessari ly re la ted;  a pr ismat ic  grain , for example ,
could have a hig hl y rounded s ur f a c e .  Quant i ta t ive  value s may be de te r--
mined for  both sphericity and ro undness , but this  is a t ime-consuming
t as k (es pecially for sphe r i c i t y)  and was  not done here.  Ins te ad , round-
ness was es timated f rom the index f o rm 3  shown below .

Roundness ck~ces. A: Angular. B : Subangular. C: Subrounded. D: Rounded.
E: Well Rounded .
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5. Prel iminary examination of g ross  sample with  nonpo 1arizin ,~~
binocular microscope. The sand consis ts  predominant l y of tan to li ght
brown quar tz  sand . Two type s may be d i s t ingu i shed  as ( a )  a clear , un-
weathered , subangular type , and (b) a cloud y, less angu la r  va r i e ty .
These two type s comprise roughl y subequal proport ions of the samp le.
Possibly some of the cloud y grains  are  fe ldspar .  Moscovi te  mica is
present  and comprises less than 5 pe rc en t of the samp le;  t he mica is
considerably coarser  ~~~~~ 00 m m )  than the accompany ing  q u a r t z .
Identifiable “heavy” minerals  include tourmn a l ir i e , g a m n  ~t , and presumed
amphibole-pyroxene mine rals ;  no magne t ic  minera l s  w er e  de tec ted .  The
heavie s are  est imated to comprise no more than 1-2  pe rc ent  of the to ta l
sample. The sample appears free of visible organ ic  m a tt e r .

6. Examination of s i ev e~~ plit s. Examinat ion of sieve spli t s consisted
of the following sieves:

a. Sieve No. 35 ~ponpolarizing .~ Predom inan tly subr ounded to
subangula r gra ins  of quar tz ;  var ie ties  include both c lear  and cloud y.
The cloud y gra ins  appear to have polished surfaces. Chert, ferro-

mags , a siltotone rock f ragment , and calcite concre t ions  compr ise
approximatel y 1 or 2 percent of the spli t .

b. Sie ve No. 60 (nonpolarizing .~ Ve ry s imi la r  to sieve No . 35
except that there is an apparent slight increase  in heavy minera l  con-
centrati on (ferromags , garnet , etc. )

c. Sieve No. 120 (polar iz ing).  Rounding;  subangu la r;  g r a i n  count
revealed approximately 88. 5 percent quar tz  and 11. 5 percen t  f e l d s p a r .
Although no othe r minerals  were encountered in the count t r a v e r s e s ,
the nonquartz  or feldspar content is probably around 1 percent  or less .

d. Sieve No. 200 (polar izing  microscope ). Rounding;  subangu la r ;
mineralogy is 92 . 3 percent quar tz , 5. 6 percent  fe ldspar , and 2 . 1 per-
cent opaqu es , mica , chert , and unknow ns.

e. Sieve No. 300 (polar iz ing microscope ). Rounding ;  s u b a ngu la r ;
minera logy  is 75.5 percent  quar tz , 15. 3 percent  feldspa r , 4 . 6 percent
opaque s , 1.8 percent  chert , 2 . 8  percen t  calcite , and unknowns .

f. Pan f r a c t i o n  (po la r iz ing  mic roscop~j .  Rounding;  s u b an g u l a r ;
minera logy es t imated to be 65 p e rcen t  q u a r t z , 25 percent  fe ldspar ,
and 10 pe rcen t  “heav ies ” (opaques , zircon , ru t i le , etc. ) and ca lc i t e .
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Mine ralogical  summary

7. Table 1 below summarizes the minera logica l  composit ion of the
samp le and rela t es th is to gra in size .

Table 1

Mineralog ical  Composition

Sieve Fraction of Percent of Total Sample
_No . 0 mm Total Sample Quartz  Feldspar  Other*

35 + 1 .00 0. 500 0. 050 4.5 0.4 0.1
60 +2 .00 0.250 0. 450 40. 5 3 .2  1.4

120 +3 . 00 0 .125  0. 465 41 .2  5.4 0 .5
200 +3 .75 0.074 0.021 1.9 0.1 tr
300 +4 . 40 0. 046 0. 002 0. 2 tr tr
Pars 0 .0 12  0 .8 0 .3  0.1

Totals 1. 000 89. 1 9 .4  2 , 1
* Othe r includes calci te,  mica, “heavie s ,” and f e r romags .

8. The minera logy  of the composite sample may be summarized as:
qua r t z ,  89 percent ;  feldspa r, 9 p ercent;  and other minera l s ,  2 percent .
A lthoug h no deta i led  analys i s  was  pe r formed on the heavy minera l  suite
(specif ic  gravi ty  ~ 2. 8), the apparent low concentrat ion of these mm-
era ls  ( -

~ 
2 percent) indicate s that  the assume d specifi c g r a vi ~y of 2 . 65

is approximately correct.

Par t ic le  morphology

9. The degree of rounding is. in part ,  a function of size; o rd ina r i l y  the
coarser  par t ic les  exhibit bette r rounding than the fine r one s. This is the
case with the Re id-Bedford .  Althoug h the coarser particle s are  classed
as subangular  to subrounded, the f ine r  part icles  ( less than 0. 25 mm) are
subangular .  The overall  c lass i f icat ion is subangular  to subrounded.

~
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WESSG 23 A pril  1974
SUBJECT: Petrographic Examination of the Reid-Bedford  Model Sand

10. With respect to spher ic i ty , the sample consists of considerable
prismatic or tabular quartz grains , some of which exhibit sharp ed ges
and conc hoidal  f r ac ture  sur faces .  These fea tures  are more charac-
t e r i s t i c  of the minus  0. 25-mm f rac t ion .  The photornicrographs shown
in fi gs.  1-3 i l lustrate  particle morphology (Incis 1-3).

Conclusion s and recommendations

11. The Re id -Bedford  model sand is classif ied as: well to moderately
well sor t ed , near  symmetrical, ver y leptokurtic , medium to f ine sand
whose mineralogy consis ts  of 89 percent quar tz , 9 percent feldspa r , and
2 perce nt calcite , fe r romags . and “heavie s. ” The rounding class  is sub-
rounded to subangular.

12 . In order to more adequately determine the degree of rounding, it
is recommended that sca nning elec t ron microscopy be performed on
selec te d sieve splits in the fu ture .

3 m c i  DA VID M, PATRICK

as Research Geolog ist
Eng inee r ing Geology Division
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Fig. 1. Photomicrographs of Reid-T~edf,’rd s an :
‘aI< en w i t h  f l I l f l pU I ar i 7 . if lg  microsc - -~~~~~

- . (a~ No. 60 sieve ~nn 1~ No. 120 sieve .
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Fig. 2 . Photomicrographs of Re id -Bedfo rd  sand , No. Z OO sieve :
(a)  nonpolarizing microscope and (b ) pe t rographic  microscoi e ,

pla in li ght.
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Fig. 3. Photomicrographs of Reid -Bedford sand;

I
. petrographic microscope and plain lig ht:

(a) No, 300 sieve and (b) passing No . 300 sieve .
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DEPARTMENT OF THE ARMY
-
~ - WATERWAYS EXPERIMENT STATION . CORPS OF ENGINEERS

VICK SBURG . M~~ SIS~~ PPI 39180

IN ,~~
, WESSH 8 July 1975

MEMORANDUM FOR : MR. WAYNE A. BIEGANOUSKY

SUBJECT : Petrographic Examination of Ottawa Sand

General

1. A sample of Ottawa model sand was examined by binocular microscope
and its basic statistical parameters were calculated .

Size—distribution statistics

2. Mean and median grain size, standard deviation , skewness , and kur—
tosis were computed from size distribution analysis. The basic statis-
tical parameters are:

a. Mean grain size: 2.30 4> = 0.20 mm , fine sand

b. Median grain size: 2.25 4> = 0.21 nun

c. Standard deviation : 0.140 4> = 0.76 mm , where well sorted is
between 0.35 and 0.50 4~

d. Skewness : +0.23 where fine skewed is between +0.10 and +0.30

e. Kurtosis: 1.23 where leptokurtic is between 1.11 and 1.50

Microscopic examination

3. The material retained on the number 60 , 120 , and 200 sieves was
examined under the binocular microscope. The purpose of this examination
was to determine gross mineralogy and grain morphology .

a. Mineralogy. The mineralogical composition of this material is
estimated to be over 98 percent quartz.

b. Morphology. Generally the coarser grains exhibited better rounding
and less angularity than the finer grains. The overall classification is
subrounded to rounded. Photomicrographs of the material retained on the
number 60, 120, and 200 sieves are shown in Figures 1, 2, and 3,
respectively. 
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WESSH 8 July 1975
SUBJECT : Petrographic Examination of Ottawa Sand

Comparison between Ottawa Sand
and R eid—Bedford Sands

‘I~rpe of Sand Mean Median S.D. Skew. Kurt. ~~ Rounding
Ottawa 0.20 0.21 0.76 +0.23 1.23 98 +

Reid—Bedford 0.25 0.25 0.71 —0.0 3 1.5 14 89 —

14 . The statistical, mineralogical and roundness characteristics shown
above indicate that the two sands are similar with respect to grain size
and over—al l sorting . The Ottawa sand , however , consists of relatively
more fine—grained particles , has better relative sorting between the
tails and central ~ortion of the distribution curve, contains more
quartz, and is better rounded than the Reid—Bedford Sand.

VID M. PATRICK
Research Geologist
Engineering Geology Division
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Figure 2 
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In secordaace with fl~ 70-2-3, paragraph 6c(i)(b),
dated 15 February 1973, a facsimile catalog card
in Library of Co~greee format is z’e~woduced below.

Bieganousky, Wayne A
Liq uefaction potential of dams and foundations; Re-

port 1: Laboratory Standard Pene tra t ion Tes t s on Reid
Bedford Model and Ottawa sands , by Wayne A. Bieganouskv
candj William F. Marcuson , III. Vicksburg, U. S. Arm y
Engineer Watert-zays Experiment Station , 1Q76.

1 v. (various pagings) illus. 27 cm. (1 .5 . Water-
ways Experimen t S ta t ion. Research repor t S—7(~- , Report 1)

Prepar ed for O f f i ce , Chief of Engineers , U .  S. Army ,
Washington , D. C. under CWIS 31145.

Includes bibliography .

1. Dams . 2. Foundations . 3. Liquefaction (Soils).
4. Relative density. ~~. Sands. 6. Soil tests .
7. Standard Penetration Test. I. Marcuson , W illi am
Frederick , join t author. II. U. S. Army . Corps e’f Engi—
neers. (Series: U. S. Waterways Experiment Station ,
Vicksburg, Miss. Research report S—76—2 , Report 1)
TA7.W34r no.S—76—2 Report 1
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