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ABSTRACT

To improve the test procedure for determining the maximum laboratory dry
density of cohesionless soils, time of vibration, initial dry density,
amplitude and frequency of vibration, and the moisture condition of the
material were investigated. Changes in the gradation during vibration
increased both the minimum and maximum dry densities of a weakly-cemented
dune sand. The increase in density was insignificant for times of vibra-
tion greater than 6 minutes except for the weakly-cemented material. The
initial density of the soil prior to vibration did not have & significant
effect on the final density. No conclusions could be drawn &s to the
effect of the amplitude and frequency of vibration on the dry density from
the results using two electromagnetic vibrators and one eccentric weight
vibrator. The difference between the densities obtained using ovendried
soil and initially saturated soil was not significant for the two soils
tested: a poorly graded sand and gravel, 3-inch maximum-size, and a
poorly graded fine sand. The results did not suggest any revisions which
would improve the Bureau's current method for determining the maximum
laboratory density of cohesionless soils.

DESCRIPTORS-- #vibrators/ electrical/ vibrations/ #relative density/

#soil compaction/ #noncohesive soils/ dry density/ test procedures/
sands/ time/ dry condition/ gravel/ soil moisture/soil investigations/
soil mechanics/ soil tests/ #laboratory equipment/ research and
development/ graphical analysis/ dune sand/ saturation

IDENTIFIERS-- amplitudes/ surcharge/ frequency/ electromagnetic vibrators/
eccentric weight vibrators
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Subject: Laboratory tests to refine the maximum density procedure
for cohesionless soils using a vibratory table

INTRODUCTION

The Bureau of Reclamation has used the relative density of cohesionless
soils to control compaction since about 1950, The relative density
method of control specifies the required field density as a percentage
of the range between the minimum and maximum density of the soil as
determined in the laboratory.l/# Therefore, it is desirable to have a
standard procedure for obtaining the maximum and minimum densities.
Experience has shown that a reasonable amount of care in the laboratory
will insure determination of a suitable value for the minimum
density.2/ However, the maximum density of cohesionless soil appears
to be extremely sensitive to the details of the test procedures.2,3/

Based on the results of previous investigationr, the Bureau of
Reclamation has established an alternate procedure for determining the
maximum density of cohesionless soil. This procedure utilizes a
vibratory table and has been adopted for Bureau-wide use.l/ The
alternate procedure appears to give satisfactory maximum densities for
most of the soils encountered in Bureau projects, but occasionally some
projects have reported relative densities greater than 100 percent when
the maximum density was obtained by the vibratory table method.

Since by definition the maximum density used in the relative density
method of caontrol should exceed the density which can be obtained by
the field equipment, it was felt that additional research was needed

to improve the laboratory procedure. Previous investigations3,4/ by
the Bureau and a cooperative investigation2/ sponsored by ASTM have
indicated that table-type vibrators most often give the maximum densi-
ties for cohesionless soils., However, the mechanisms which affect the
densification of soils subject to vibrations are poorly understood. In

#Refer to references at end of report.



this investigation an attempt has been made to isolate and determine the
direction and magnitude of some of the factors believed to affect the
maximum density obtained by a vibratory table. Variables considered in
this investigation were: (1) time of vibration, (2) density before
vibration, (3) amplitude and frequency of vibration, and (4) moisture
condition of material (ovendried or initially saturated).

EQUIPMENT

The following major items of equipment were used in this research:

a. Cylindrical unit weight measures of the capacity and dimensions
given in the tabulation below:

t_ Insijde H ckness :
—Volume __ : Djameter : h ;. Wall __ : DBottom :
: s : : H : : $ H : Material
Cuft :Cup :In. : Cm :In, : Cm : In. :Cm :In. :Cm ¢
0.1 : .0028 : 6 :15.2: 6 :15.2 : 5/16 : .79 : 5/16 : .79 : Cast silicon
0.5 ¢ 0142 : 11 :27.9: 9 :22.9:5/16: .79 : 5/16 : .79 : aluminum
: : : : : : : : : :  ASTM-SG-704

b. Vibrator No. 9--Electromagnetic table-type vibrator, frequency
3,600 cpm, net weight 116 pounds (52.6 kg), 230-v power supply. The
anplitude can be varied by a rheostat graduated from O to 100. The
graduations on the rheostat are not directly correlated with the power
supplied to the vibrator.

¢. Vibrator No. 10.--Electromagnetic table-type vibrator, frequency
3,600 cpm, net weight 45 pounds (20.4 kg), 230-v power supply. The
amplitude can be varied by a rheostat graduated from O to 100. The
graduations on the rheostat are not directly correlated with the
power supplied to the vibrator.

d. Vibrator No. ll.--Eccentric weight-type vibrator attached to
a shop-made table. The amplitude and frequency could be varied by
a rheostat graduated from O to 120 volts, but vibration was not
detectable for a setting less than 40 volts. The amplitude and
frequency could not be varied independently.

e. Single-piece guided deadweight surcharge equal to 2 psi (.14
kg/cm?) for the two measure sizes.



f. A specially mounted dial gage for determining the volume
of the specimen after vibration.

SOILS

The following three soils were used in this investigation:

Colorado (artificial
gradation) :

10 percent fines

Soil : :
No, ¢ Description g Source
24N-339 ; Poorly graded fine sand ; Norton, Kansas
¢ 10 percent fines :
¢ (dune sand) :
7 ; Poorly graded sand and : South Platte River,
: gravel, 3-inch (7.6-cm) Denver, Colorado
: maximum-size, no fines (artificial gradation)
10 ¢ Poorly graded fine sand Cherry Creek, Denver,

The Soils No. 7 and 10 correspond to numbers used to designate these
soils in previous investigations of relative density.3,4/ The ‘
gradations of the three soils are shown in Figures 1, 2, and 3. A
limited number of tests were run on Soils No. 1, 2, 3, 4, 6, 7, and 9.
These tests are discussed in Appendix A,

TEST PROCEDURE
Minimum Density

Ovendried material was placed as loosely as possible in a measure as
shown in Figure 4 and the excess carefully struck off. The pouring
device and measure were selected according to the maximum size soil
particles as given in the following tabulation:



Maximum size : : Unit weight
soil particle : Pouring device used for :__ measure

In, : em : minimum density tests ; Cu ft ; Cum
3 ; 7.6 ; Shovel or large scoop : 0.5 : .0142
1-1/2 : 3.8 : Scoop ¢+ 0.1 : .0028
3/8 : 1.0 : l-inch (2.5-cm) spout : 0.1 : .0028
No. 4 : 0.5 : 1/2-inch (1.3-cu) spout : 0.1 : .0028

The minimum density procedure was not investigated in this research,
but was used to control the initial placement condition for most of
the maximum density tests.

Maximum Density

Two sizes of electromagnetic vibrators attached to commercially supplied
tables, Vibrators No. 9 and 10, shown in Figures 5 and 6, respectively,
were used for this series of te: .s on a poorly graded sand and gravel
with 3-inch (7.6-cm) maximum-size (Soil No. 7), a natural dune sand
(Soil No. 24N-339), and a poorly graded fine sand (Soil No. 10). An
eccentric weight electric motor attached to a shop-made table,

Vibrator No. 11 shown in Figure 7, was used for additional tests on
Soils No. 7 and 10.

A limited number of tests were run using a sieve shaker as a vibrator.
The results of these tests are discussed and compared with densities
obtained with other vibrators in Appendix B.

Before actual testing of soil specimens, some preliminary tests were run
to determine the frequency and amplitude characteristics of the viorators
under various loads in the range commonly used in vibrating the soil
specimens. The details of these tests are presented in Appendix C.

The rheostat settings were varied from 30 to 100 on the electromagnetic
vibrators to study the effect of the amplitude of vibration on the soil
density obtained. The rheostat settings were varied from 70 to 120 on
the eccentric weight electric motor vibrator to study the effect of
the frequency of vibration on the soil density.

A 2-psi (.14 kg/cm?) deadweight surcharge was used as shown in Figure 8
for all tests. The O.l-cubic-foot measure was used for all tests on
Soils No. 24N-339 and 10, and the O.5-cubic-foot measure was used for
all tests on Soil No. 7.

The average height of the soil was obtained by dial gage readings on
opposite sides of the surcharge baseplate as shown in Figurec 9. Using



this information and the cross-sectional area of the measure, the
volume of the specimen after vibration was computed,

Most of the tests were run on ovendried soil, but a few were run with
initially saturated soil using the rheostat setting which produced the
highest density on the dried soil. The tests on the initially saturated
specimens were run for a total of 20 minutes with density determinations
every 4 minutes,

A total time of vibration of 16 minutes, with density determinations made
every 4 minutes, was used for the tests to study the effect of amplitude,
frequency, and time of vibration on the soil density.

The effect of placing the soil at various densities before the start of
vibration was investigated by placing the specimens at minimum density,
minimum plus 5 pef (.08 gm/cc) and minimum plus 10 pef (.16 gn/ec).
These specimens were vibrated a total of 12 minutes; densities were
determined at 1, 3, 5, 7, 9, and 12 minutes after the test began, All
tests on Soils No, 7 and 10 were run in duplicate, but only single tests
were run on Soil No., 24N=339,

A quantity of soil equal to about twice the amount required for a
single test was prepared for Soils No., 7 and 10, After each test the
entire quantity of soil was mixed and then the amount required for the
following test was taken from the sample. For Soil No, 24N-339 a
quantity slightly greater than that required to fill the 0.l-cubic-foot
measure was taken from a sack sample. This quantity was then used for
all tests, except that it was once necessary to add more material to
the original quantity to £ill the O,l-cubic-foot measure. The maximum
density may be significantly affected by repeated vibration of & sample
of material,

A grain-size analysis was performed for each of the three soils before
and after the testing program to determine the effect of vibration on
the grain-size distribution.

Yariations In Test Procedure for Tests on Soil No, 24N-339

The rheostat settings and times of vibration described above were not
used for tests on Soil No. 24N=339. 1In these tests a sampic was vibrated
according to the following tatulation without being removed from the
table,



Rheostat : Increment : Cumilative

setting : of time :  time
100 $ 8 : 8
100 : 4 H 12
90 8 : 20
80 8 : 28
80 : A - 32
70 8 . 40
60 3 8 s 48
60 4 : 52
50 : 8 : 60
40 8 : 68
40 4 72

P.

Density determinations were made after each entry in the above table.
Vibrators No. 9 and 10 were used.

Tests were run at rheostat settings varied from 50 to 90 in increments
of 10 for a total of 12 minutes at each setting with density determina-
tion after 8 and 12 minutes. The so0il was removed from the measure and
mixed with the original sample after the run at each rheostat setting.
These tests were performed on Vibrator No. 9 only.

A test was run at a rheostat setting of 80 for 36 minutes and at a
rheostat setting of 60 for 60 minutes with density determinations
every 4 minutes on Vibrator No. 9. Similar tests were run at rheostat
settings of 100 and 80 on Vibrator No. 10.

ests a ev hak

A few tests were run to investigat~ the feasibility of a sieve shaker as
a vibrator for obtaining the maxim: density of cohesionless soils.
These data are presented in Appendix B.

DISCUSSION OF TEST RESULTS

The load-amplitude relationship for each of the three vibrators using

the maximum rheostat setting is shown in Figure 10. For the electromagnetic
vibrators (Nos. 9 and 10) the amplitude generally decreased as the load

on the vibrating table was increased. The amplitude of the eccentric

weight vibrator was independent of the load.



The amplitude-rheostat setting relationship of each of the three vibrators
for loads of 100 and 250 1bs (consisting of loose steelplates on the
vibrating table) is shown in Figure 11, The loads of 100 and 250 1bs (45.4
and 90,7 kg)are approximately equal to the loads on the vibrating table
during actual testing of the soil samples. The amplitude generally
increased with increasing rheostat settings for the electromagnetic
vibrators, but was constant for the eccentric weight vibrator. The
amplitude-rheostat settings relationship is shown in Figure 11B for

the single-piece 2-psi surcharge weight (264 1bs) and the 0,5-cubic-
foot measure, The amplitude of vibration for the 250-1b load and the
264-1b load was significantly different due to the use of a loose plate
load or a single piece load.

The frequency (constant 3,600 cpm) of the electromagnetic vibrators was
independent of the rheostat settings and of loads in the range from

0 to 300 pounds (0O to 136.1 kg). The frequency of the eccentric weight
vibrator varied with the rheostat setting as shown in Figure 12, but the
frequency was independent of the load, A more complete discussion of
the characteristics of the vibrators is given in Appendix C.

lests opn a Natural Dupe Sapd

The intended purpose of this group of tests was to investigate the
effect of the amplitude on the maximum density obtained and to compare
two sizes of electromagnetic table-type vibrators (Vibrators No. 9 and
10) for efficiency in obtaining the maximum density of this soil.

As shown in the following discussion, the gradation of Soil No. 24N=-339
was probably changing continuously with time of vibration; therefore,
no attempt is made to evaluate the effect of the amplitude of vibration
on the maximum density nor to compare the two vibrators for efficiency.
However, the data from these tests do serve to illustrate the effect of
changes in gradation (for one soil) on the minimum and maximm density.
Further investigation is needed to determine the relationship between
soil gradation and the minimum and maximum density.

The results of tests on Soil No. 24{N-339, using Vibrators No. 9 and 10,
are presented in Tables 1 and 2 respectively. The significant feature
of these tests is the change in minimum density with time of vibration as
shown in Figure 13 where the maximum and minimum densities of this soil
are plotted as a function of the total time of vibration and the rheostat
getting. The soil was removed and mixed with the original sample at each
point on the minimum density curve in Figure 13. A visual inspection of
a sample of Soil No. 24N-339, which had not been vibrated, revealed a
presence of numerous agglomerations which could be reduced to individual
grains by slight pressure between the fingers., The increase in the
minimun density with vibration is attributed to the dbreakdown of a weak
cement present in the material,



The breakdown of Soil No. 24N-339 due to vibration is illustrated in
Figure 1. In Figure 1, Curve A represents the gradation of Soil

No. 24N=339 obtained by shaking 10 minutes on the sieve shaker before
vibration in the maximum density test; Curve B represents the gradation
obtained by this same method after the sample had been vibrated for
about 300 minutes in the maximum density test; and Curve C represents
the gradation obtained by the standard procedure using a mechanical
disperser, The:actual gradation when the first minimum density was
poured was probably coarser than represented by Curve A of Figure 1
because many of the agglomerates were broken down during the shaking
for 10 minutes with the sieve shaker,

lests on Two Artificially Prepared Soils

To avoid the problem of changing soil gradation during vibration, two
cohesionless soils were prepared to represent a wide range in gradation,
Soil No. 7 was prepared by mixing selected sizes from sand and gravel
obtained from the South Platte River near Denver, Colorado. Soil No. 10
was prepared to have a gradation similar to Soil No., 24N-339 by mixing
selected sizes from Cherry Creek sand., The gradations of Soils No. 7

and 10 in Figures 2 and 3, respectively, are designated "before" and
"af'ter" to indicate the change in gradation during the testing program.
It is obvious from Figures 2 and 3 that the gradation of the artificially
prepared soils changed somewhat during testing.

The results of maximum density tests on a poorly graded sand and gravel
(Soil No. 7) using Vibrators No. 9, 10,-and 11 are presented in Tables 3,
4, and 5, respectively, and the results for a poorly graded fine sand
(Soil No. 10) are presented in Tables 6, 7, and 8,

The results of a group of tests to determine the required time of
vibration are presented in Figures 14A and B, The data indicate that

the increase in density after about 6 minutes is negligible. These tests
were also used to observe the reproducibility of the results and to check
the possibility of binding of the surcharge baseplate against the sides
of the measure. The two tests represented by closed circles in

Figure 14A, were run by the same operator on the same date, and the two
tests represented by closed squares were run by different operators and
at times near the beginning and the end of the investigation. These
limited data indicate a reproducibility of approximately 1 pef (.016 gm/cc).
For the data presented in Figure 14B, the surcharge baseplate was removed
and reseated at each point represented by the open symbols, but was not
disturbed in the tests represented by the solid symbols. The data seem
to eliminate the possibility of binding of the surcharge baseplate as

a factor influencing the maximum density.

The effect of the initial density (density before vibration) on the
maximum density of Soils No. 7 and 10 (obtained by a vibration time of



12 minutes on Vibrators No. 9, 10, and 11) is shown in Figures 15A and B.
Tests were performed at initial densities equal to the minimum, minimum
plus 5 pef (.08 gm/cc), and minimum plus 10 pef (.16 gm/cc). The den-
sities equal to minimum plus 5 pcf and to the minimum plus 10 pcf were
obtained by tapping the side of the measure until the desired amount of
soil could be added. The soil and measure were then placed on the vibrat-
ing table and vibrated a total of 12 minutes. The effect of the initial
density on the maximum density does not appear to be significant for
either Soil No. 7 or 10.

The results of a group of tests to investigate the effect of amplitude

and frequency on the maximum density are presented in Figures 16A and B
where the dry density obtained by vibrating for 16 minutes is shown as a
function of the rheostat setting. The rheostat setting was varied from
30 to 100 in increments of 10 for the electromagnetic vibrators (Vibrators
No. 9 and 10). In this range of rheostat settings, the frequency was
constant at 3,600 cpm and the amplitude varied as shown in Figures 11A
and B. The rheostat setting was varied from 70 to 120 on the eccentric
weight vibrator (Vibrator No. 11). In this range of rheostat settings the
amplitude of vibration was constant as shown in Figures 11A and B, and the
frequency varied as shown in Figure 12. For Soil No. 7, the three vibra-
tors gave similar maximum densities with erratic variation within a range
of approximately 4 pcf. For Soil No. 10 the three vibrators gave nearly
identical maximum densities at rheostat settings greater than 60 for
Vibrators No. 9 and 10 and settings greater than 80 for Vibrator No. 1ll.
At rheostat settings less than 60, the density for Soil No. 10, obtained
using Vibrator No. 9 increased slightly but the density obtained using
Vibrator No. 10 decreased rapidly. The density obtained for Soil No. 10,
using Vibrator No. 11, decreased rapidly for rheostat setting less than 80.

The limited data presented in Figures 11, 12, and 16 indicate:

(1) The density obtained by vibration is independent of the frequency in
the range 3,600 cpm to 8,400 cpm at an amplitude of approximately .005
inch (.013 cm), but drops rapidly for frequencies immediately below
3,600 cpm.

(2) The density obtained by vibration is independent of the amplitude in
the range from .010 to .020 inch (.025 to .051 cm) at a frequency of

3,600 cpm, but drops rapidly for amplitudes less than .010 inch (.025 cm)
or is very erratic at amplitudes in the range .005 to .010 inch (.013 to

.025 cm).

It should be emphasized that (1) and (2) are not based on sufficient data
to qualify as conclusions, but are listed here only as possible aids in
future research to determine the effect of amplitude and frequency on the
soil density.

Tests using initially saturated material were performed for all combina-
tions of Soils !o. 9 and 10 and Vibrators No. 9, 10, and 11. The differ-
ences in the densities obtained using ovendried and initially saturated
material were not considered signitficant for the conditions tested.

9



CONCLUSIONS AND RECOMMENDATIONS

The increase in density was insignificant for times of vibration greater
than about 6 minutes for the soils and equipment used in this investiga-
tion. The vibration time of 8 minutes required by the current Bureau of
Reclamation procedure* is a reasoncble and sufficient time when equip-
ment similar to Vibrators No. 9 and 10 are used.

The initial density (before vibration) did not have a significant effect
on the final density obtained by a vibration time of 12 minutes. The
minimum density procedure should be used to fill the measure for maximum
density tests because this procedure helps provide a representative sample
in the measure anc minimizes segregation before the start of vibration.

There was evidence that the amplitude and frequency of the vibrating
instrument affected the results indicating that certain limiting ranges
for operation are recommended. For the equipment and soil used in this
research, the maximum density was nearly independent of frequence in the
range 3,600 to 8,400 cpm at an amplitude of .005 inch (.013 cm) and i3
nearly independent of amplitude in the range .010 to 020 inch (.025 to
.051 cm) at a frequency of 3,600 cpm. Further research in which the
frequency or amplitude is held constant while the other is varied over
a wide range is needed to clarify the effect of these variables on the
soil density obtained by vibration.

The difference between the densities obtained using ovendried soil and
initially saturated soil was not significant for the two solls tested.
The data available at this time do not allow a reliable correlation
between soll gradation and the appropriate moisture condition; there-
fore the maximum density of an unfamiliar soil should be determined
using both ovendried and initially saturated material.

Changes in the gradation of a weakly cemented dune sand during vibra-
tion were found to increase both the minimum and maximum densities
obtained for this material.

The current method for cetermining the maximum density of cohesionless
solls was developed during the preliminary phases of this study and as a
result of previous progress reports. The research of this study gives
greater confidence in the procedure and provides information for several
questions of possible variables that affect the results. Although the
general procedure appears satisfactory, certain limiting ranges of
operation for the vibrators were indicated. The possibility of inaccu-
racies in the volume determination of the density test hole in the

field is suggested as a contributing cause for reported {ield densities
of more than 100 percent relative density, and special care should be
given to this problem in control testing.

*Designation E-12B 1/
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Table 1

RESULTS OF TESTS ON A NATURAL DUNE SAND--24N-339--AUGUST 1963
Electromagnetic Vibrator No. 9, O.l-cu-ft Measure

2-psi Cingle-piece Surcharge, Frequency = 3,600 cpm

Time of : Rheostat : Amplitude : Initial : Final
vibration, min : setting, : of vibration,: density, : density,
Increase : Total : percent : inch : pef : pef
8 8 : 100 3 011 : 88.4 : 112.82
4 12 : 100 s 011 : : 115,36
8 : 20 90 $ 011 : : 115,97
8 : 28 80 : .010 ; : 117,51
4 S22 2 80 H .010 : ¢ 118.45
8 s 40 70 . .08 < ¢ 118.45
8 T 48 60 s .006 - : 118.77
4 52 2 60 - .006 g + 118.77
8 60 50 2 .006 : : 118,61
8 : 68 40 : - 3 : 118.92
4 s 72 % 40 ¢ - 2 _: 118,77
8 : 8 90 . t 93.94 : 114.82
4 S S 90 : I ; 115,38
8 : 8 80 : : 95.23 i 116.26
4 ;12 80 ; s : 116,40
8 : 8 70 s : 96,02 : 116.10
4 : 12 70 4 s : 116,67
8 : 8 60 H : 96.92 : 116.77
4 s D W 60 H : : 117,61
8 3 8 : 50 : : 96.42 : 112.79
4 § 12 50 : : : 113,58
8 8 80 5 : 95.83 : 116.85
4 s 12 80 : 3 : 117.70
4 16 : 80 S : ¢ 117.50
4 : 20 80 : : : 117.93
4 T 24 80 . 2 ¢ 118,37
4 : 28 80 3 g : 118,66
4 32 80 : 3 ¢ 118.81
4 26 3 80 - 3 : 118,96
8 8 60 S .006 i 96.48 : 115.20
4 12 60 2 - ¢ 115,89
4 16 60 : H : 116.45
4 ¢ 20 60 ¢ 116.59
4 : 24 60 : 116,87
4 : 28 60 ¢ 117.15
4 32 60 : - 2 117,43
4 36 60 3 : ¢ 117.72
4 40 60 s : : 118.00
4 44 60 s : : 118.29
4 48 60 g : ¢ 118.44
4 52 60 5 s : 118,73
4 56 60 g : + 118.58
4 s 60 - 60 3 g : 119,02
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Table 2

"RESULTS OF TESTS ON A NATURAL DUNE SAND--No. 24N-339--AUGUS: 1963
Electromagnetic Vibrator No. 10, O.l-cu-ft Measure

2-psi Single-piece Surcharge, Frequency = 3,600 cpm
Time of : Rheostat : Amplitude ¢ Initial : Final

vibration, min : setting, : of vibration, : density, : density,

Increase : Total ;: percent : inch : _pef ¢ pef
8 8 : 100 . .027 : 96.42 : 119,04
4 : 12 : 100 3 2 : 119,18
8 : 20 90 $ .027 q : 119.36
8 : 28 80 2 .01 : s 119.95
4 s 32 : 80 g g ¢ 119,95
8 : 40 ¢ 70 . .021 : + 120.40
8 s 48 ¢ 60 5 .006 : : 121.61
4 : % ¢ 60 : : s 121.76
8 : 60 50 3 .006 2 s 122,07
8 : 68 40 s .004 : : 121,76
4 72 ¢ 40 : 3 : 121,91
8 : 8 : 100 5 : 97.12 : 120.05
4 + 12 : 100 : : ¢ 120.34
4 : 16 : 100 : 2 : 120.64
4 s 20 ¢ 100 : § : 120,79
4 : 2 : 100 : S ¢ 120.94
4 + 28 : 100 : - : 121.09
4 s 32 : 100 0 g ¢ 120.94
4 ; 36 ;100 H : : 121,09
8 : 8 80 3 ¢ 97.71 : 119.90
4 ¢ 12 80 . : ¢ 120.05
4 16 80 . 5 : 120,20
4 ¢+ 20 80 s H s 120,20
4 T 2% 80 s = : 120.34
4 : 28 80 : : : 120,34

20 : 20 80 : Initially saturated; : 116,89
: H 8 final moisture = R
: : o 11,23¢ s




Table 3

RESULTS OF TESTS ON A POORLY GRADED SAND AND GRAVEL--NO, 7--JANUARY 1964
Electromagnetic Vibrator No, 9, 0.5-cu-ft Measure

2-psi Single-piece Surcharge, Frequency = 3,600 cpm _=
Time of : Rheostat : Initial : Moisture, : Dry ¢ Av dry

: 136.4 : 136.1

vibration, : setting, : density, : final ¢ density, : density,
min : _percent pef : __percent @ pef H pef
/(1) 1 : 100 : 118.0 : Ovendry : 1357 : 135.4
3 : 100

5 100 : g 136.5 : 136.1
7 100 5 3 ¢ 136.8 : 136.6
9 100 & . 136.9 : 136.7
12 : 100 g : : 137.3 : 137.0
1/ (2) 1 : 100 : 117.8 : Ovendry : 135.0 :
B 100 : : : 135.8
5 100 g J e 135.7 ¢
7 : 100 : > . 1363
9 : 100 - s s  136.5 :
12 100 : H s 136,7
(1) 12 : 100 :+ 123.0 : Ovewdry : 137.2 : 136.6
: H min+5 : : :
(2) 12 : 100 : 123.0 : Ovendry : 136.1 :
2 3 min+5 H :
(1) 12 : 100 : 128,00 : Ovendry : 135.3 : 135.8

s S min+l0 H
Ovendry : 136.3

(2) 12 : 100 ¢+ 128.0
: i min+]0
(1) 16 : 100 : 117.7 : Ovendry : 136.2 : 136.2
(2) 16 : 100 : 1)7.9 : oOvendry : 136,2
(1) 16 : 90 + 114.1 : Ovendry : 133.4 : 133.2
—(2) 16 90 : 116,9 : Qvendry : 1331
(1) 16 : 80 : 117.3 : Ovendry : 134.2 : 133.8
(2) 16 80 : 16,1 end s 1331
(1) 16 : 70 : 117.3 : Ovendry : 135.7 : 135.6
(2) 16 : 70 ;. 120,1 : Ovendry : 135.5
(1) 16 : 60 ¢ 117.3 : Ovendry : 128.0 : 134.0

}0. e o

(2) 16 _60 el w  135.5 o

(1) 16 : 50 5 116.1 : Ovendry : 132.2 : 134.1
(2) 16 50 s 1175 s 136,0

(1) 16 : 40 : 116,55 : Ovendry : 133.0 : 133.8
(2) 16 ¢ 40 R )R PP I e N

(1) 16 : 30 : 116.9 : Ovendry : 131,6 : 132.3
(2) 16 30 : 119.7 3 . 1330 &

(1) 20 : 100 : - : 6,9 D <1 Wy AT -
(1) 20 : 70 : - : 7.6 ¢ 132,55 1 133:6
(2) 20 70 : - : 7.3 2. 1347 &

1/Nos, (1) and (2) indicate duplicate samples,

14



Table 4

RESULTS OF TESTS ON A POORLY GRADED SAND AND GRAVEL--NO, 7--JANUARY 1964
Electromagnetic Vibrator No. 10, 0.5-cu-ft Measure

2-psi Single-piece Surcharge, Frequency = 3,600 cpm
Time of : Rheostat : Initial Moisture, : Dry : Av dry

vibration, : setting, : density, : final ¢ density, : density,
min : percent pef ; percent ; pef : pef
/(1) 1 : 100 : 114.1 : Ovendry : 131,7 : 131.8
2 100 g g ¢ 133.0 : 132.8
4 100 : E : 133.0 : 133.0
6 : 100 : : ¢+ 133.0 : 133.1
8 : 100 : : 1323 ¢+ 132.7
10 : 100 : : ¢ 132.7 : 133.0
12 100 : : : 132.7 : 133.0
1/ (2) 1 : 100 : 118.1 : Ovendry : 131.9 :
e 100 g : s 132.5
I 100 g g ¢ 133.0
7o 100 : : :  133.1
9 : 100 2 : ¢ 133.2 -t
12 ¢ 100 : : ;333 =
(1) 12 : 100 g 123,0 : Ovendry : 132.,2 : 133.2
g ¢ min+s5 ¢ 2 3
(2) 12 : 100 : 123.0 : Ovendry : 134.2 :
H ;.  minss 3 :
(1) 12 : 100 ¢+ 128,0 : Ovendry : 132.5 : 132.8
: : min+l0 : s :
(2) 12 : 100 ¢ 128,00 : Ovendry : 133.0 :
: :  min+l0 ¢ H 3
(1) 16 : 100 : 117.3 : Ovendry : 134.4 : 134.0
(2) 16 ; 100 s 173 _; s 133.7
(1) 16 : 90 :+ 1l6.1 Ovendry : 132.8 : 133.4
(2) 16 ;: 90 : 1173 : 133.9
(1) 16 : 80 ¢+ 118.1 : Ovendry : 134.5 : 133.6
16 80 119,.3 . ; 132.8 ¢
(1) 16 70 : 1185 : Ovendry : 133.4 : 133.6
(2) 16 70 s 1185 : 1337
(1) 16 60 ¢ 1179 ¢ Ovendry : 1319 : 131.4
2) 16 60 1181 41309
(1) 16 50 118,5 : Ovendry : 133.1 132.6
16 20 ;. 118.5 s 132.,2
(1) 20 : 100 : - ] 6.9 s 134.9 : 134.2
(2) 20 . 100 3 - : 7,6 _ _: 133.6

1/Nos, (1) and (2) indicate duplicate samples.



Table 5

RESULTS OF TESTS ON A POORLY GRADED SAND AND GRAVEL--NO, 7--JANUARY 1964
Eccentric-weight-type Vibrator No. 11, 0.5-cu-ft Measure

2-psi Single-piece Surcharge--Variable Frequency

Time of : Rheostat : 1Initial : Moisture, : Dry : Av dry
vibration, : setting, : density, : final : density, : density,
min 3 volts : pef :____percent : pef s pef
1/ (1) 1 120 : 117.4 : Ovendry : 133.3 : 133.3

30 s 120 : : + 133.8 : 134.0
5 120 : g : 134.1 134.3
7 120 2 : : 134.2 134.4
9 120 : s : 134.5 134 .7
12 : 120 : : s 134.5 134.8
1/ (2) 1 : 120 : 117.6 : Ovendry : 133.3
3 it 120 : 2 T 134.2
D 120 e 134.5
A 120 3 134.7
9 : 120 : : 134.9
12 120 : : ;. 135.0 ¢
(1) 12 : 120 : 123.0 : Ovendry : 135.1 : 135.2
: : min+5 ¢ - :
(2) 12 : 120 : 123.,0 : Ovendry : 135.3
2 : min+5 ¢ : :
(1) 12 : 120 : 128,00 : Ovendry : 136.3 : 136.4
: : min+l0 : :
(2) 12 : 120 : 128.0 : Ovendry : 136.5

: 3 min+lO : :
(1) 16 : 120 : 1189 : Ovendry : 136.3 : 136.0
(2) 16 : 120 : 118,9 : oOvendry : 1357

(1) 16 : 110 : 117.7 : Ovendry : 135.0 : 135.4
(2) 16 110 . 118,5 : Qvendry ; 1359 .

(1) 16 : 100 + 117.1 : Ovendry : 133.1  : 134.2
s 100 i 117.4 : Ovendry : 135.4

1) 16 : 90 : 1179 : Ovendry : 131.9 : 132.3
(2) 16 90 : 1179 : Qvendry : 1327

(1) 16 : 80 : 118.3 : Ovendry : 134.7 : 135.0
(2) 16 : 80 ; 1183 ; oOvendry : 1353

(1) 16 : 70 : 119.5 : Ovendry : 133.4 : 132.6
(2) 16 70 : 119.5 : Ovendry : 131.9

20 3 120 : - L 7.4 s g S -

1/Nos. (1) and (2) indicate duplicate samples,
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Table 6

RESULTS OF TESTS ON POORLY GRADED FINE SAND--NO, 10--JANUARY 1964

2-psi Single-piece Surcharge, Frequency = 3,600 cpm

Electromagnetic Vibrator No. 9, O.l-cu-ft Measure

17

Time of : Rheostat : Initial : Moisture, : Dry : Av dry
vibiation, : setting, : density, : final : density, : density
min ; percent : pef : percent : pef (1 cf
1/(1) 1: 100 : 90.9 : Ovendry 111.2 111.2
30 C : 112.6 112.8
o - : 112.1 112.6
s 3 3 : 112.4 @ 112.7
9 : : : o 112.4 112.7
12 : : - : 113.0 : 113.0
1/(2) 1: 100 : 89.8 : Ovendry 111.2
35 : : 112.9 :
o s : : 113.0 :
7 & 3 : ¢ 1li3.0
9 : : : : 113.0 :
12 ; : s 3 113.0
(1) 12 : 100 : 95.1 : Ovendry : 113.9 : 113.4
: ¢ min+5 : 3 H
(2) 12 : 100 : 94.7 : Ovendry : 113.0 :
$ ; min+) 2 E 2
(1) 12 : 100 : 100.0 : Ovendry : 113.4 : 113.3
: : min+l0 : : :
(2) 12 : 100 : 100.0 Ovendry : 113.2 :
. : min+l10 o :
(1) 16 : 100 3 89.7 : Ovendry : 112.4 : 112.9
(2) 16 ; 100 ; 89,7 3 Ovendry 113.4
(1) 16 : 90 : 89.5 : Ovendry : 113.3 : 113.3
(2) 16 : 90 : 89,9 . Ovendry : 113.3
16 : 80 ¢ 91,1 : Ovendry : 113.0 : 113.4
16 80 : 90,1 : Qvendry : 113.7
16 : 70 : 89.5 : Ovendry : 1l13.6 : 113.9
16 ; 70 . 90,2 : Qvendry : 114.2
16 : 60 : 91.5 : Ovendry : 113.2 : 113.6
16 ¢ 60 : 0,0 : Ovendry : 114.,0
16 : 50 ¢ 91.5 Ovendry : 114.0 : 114.2
16 : 50 : 89,8 Qvendry : 114,3
16 : 40 : 89.6 Ovendry : 116.7 : 116.2
16 : 40 ; 89,9 : Ovendry : 115.,7
16 : 30 : 91.6 Ovendry : 115.0 : 115.7
16 : 30 ; 89.8 Qvendry : 116.4
16 : 20 < 90.5 : Ovendry : 115.0 : 115.4
16 ¢ 2 . o5 1 : Ovendry : 115.7
20 : 100 s - 2 15.0 : 114.2 : 114 .4
20 ;: 10d 3 3 4.4 2 114.5
20 : 30 3 - l6,2 : 113.3 : 113.5
_ 20 30 H 2 15,4 3 313.7
1/Nos. (1) and (2) indicate duplicate samples,



Table 7

RESULTS OF TESTS ON POORLY GRADED FINE SAND--NO. 10-~JANUARY 1964
Electromagnetic Vibrator No. 10, 0.l-cu-ft Measure

2-psi Single-piece Surcharge, Frequency = 3,600 cpm

Time of : Rheostat : Initial : Moiegture : Dry : Av dry
vibration,: setting, : density, : final : density, : density,
min :_percent : pecf :_percent : pcf pef
1/ (1) 1: 100 : 90.8 : Ovendry : 111.9 112.0

3: 100 : : : 112.7 113.2

5: 100 : C : 113.0 : 113.6

7 ¢+ 100 ; : : 113.4 : 113.8

9 : 100 : : : 113.8 : 114.1

12 : 100 8 : ¢ 113.1 : 113.8
1/(2) 1: 100 : 90.3 : Ovendry : 112.1
3: 100 : : : 1l13.8
5: 100 H : : 11l4.1
7 : 100 : : : 114.2
9: 100 : : ¢ 1l4.4 ¢
12 ;: 100 : : : 114.5 ¢

(1) 12 : 100 : 95,1 : Ovendry : 113.2 : 113.2
3 : min+5 < 3
(2) 12: 100 : 95.1 : Ovendry : 113.1 :
H :_min+5 . : :

(1) 12 : 100 :+ 68.9 : Ovendry : 113.7 : 113.6
: : min+l0 : : :
(2) 12 : 100 : 98.9 : Ovendry : 113.6 :
: : min+l0 : HIl

(1) 16 : 100 : 91.1 : Ovendry 114.0 : 113.8
(2) 16 : 100 : 90,5 : OQvendry 113.6

(1) 16 : 90 : 90,8 : Ovendry : 112.9 : 113.1
(2) 16 : 90 : 90,6 : Ovendry 113.3

(1) 16 : 80 : 90.7 : Ovendry : 1l14.0 : 113.6
(2) 16 : 80 : 91,0 : ovendry : 113,1

(1) 16 : 70 : 91.7 : Ovendry : 113.7 : 113.6
(2) 16 : 70 : 90,4 : Ovendry : 113.5

(1) 16 : 60 : 91.3 : Ovendry : 114.2 : 113.8
6 : 60 : 90,7 : oOvendry : 113.4

(1) 16 : 50 : 91. : Ovendry : 112.9 : 113.0
(2) 16 : 50 : 91,2 : Ovendry 113,1

(1) 16 : 40 : 9l1.5 ¢ Ovendry 111.4 : 111.1
(2) 16 40 : 90,9 : Ovendry ~110,8

(1) 16 : 30 : 91.5 : Ovendry : 102.7 : 106.4
(2) 16 ; 30 : 90,9 : ovendry ; 110,0

(1) 20 : 100 : : 15,6 : 113.7 : 112.1
(2) 20 ; 100 : 14,9 ¢ 1105 .
(l) 20 _: 90 ; s 5.3 + 32 o«
(1) 20 ; 80 : 3 16,2 5 1127 ¢
(1) 20 ; 70 : s 16,2 & 111,5

1/Nos. (1) and (2) indicate duplicate samples.
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Table 8

RESULTS OF TESTS ON POORLY GRADED FINE SAND--NO. 10--JANUARY 1964
Eccentric-weight-type Vibrator No. 11, O.l-cu-ft Measure
2-psi Single-piece Surcharge, Variable Frequency
Time of : Rheostat : Initial : Moisture,: Dry . Av dry

vibration, : setting, : density, : final : density, : density,
min : volts : pef : percent : pef . pef (1) & (2)
1/ (1) 0.5: 120 : 89.7 : Ovendry : 106.6
JU 2 : . 109.7
B 3 110.5
5 : 111.5
7 s 112.0
9 =« : 112.8
L2 g : : 112.6 112.2
1/ (2) 2 : 120 : 89,3 : Ovendry : 109.2 :
4 2 s : ¢ 110.2
6 % g : : 110.9
8 . : 111.0
10 = : ¢ 211l.40
12 ¢ : : : 111.,8
(1) 12 : 120 : 95,1 : Ovendry : 1l1,4.0 : 114.2
H : min+5 : :
(2) 12 : 120 : 95.1 : Ovendry : 114.4
: : _min+5 ¢ 1 :
(1) 12 : 120 : 100.1 : Ovendry : 113.7 : 113.4
: : min+l0 : : 3
(2) 12 : 120 : 100.1 : Ovendry : 113.0
H : __min+10 : :
(1) 16 : 120 : 89.9 : Ovendry : 112.6 : 113.4
(2) 16 ; 120 : 9,0 : oOvendry : 114,1
(1) 16 : 110 : 90.9 : Ovendry : 113.8 : 113.2
(2) 16 : 110 : 90,6 : Qvendry : 112,5
(1) 16 : 100 3 9l1.5 : Ovendry : 112.9 £ 113.2
(2) 16 __: 100 :_ 90,9 : oOvendry : 113.6
(1) 16 : 90 : 90.5 + Ovendry : 113.3 : 113.6
(2) .16 _: 90 : 91,0 : ovendry : 1139
(1) 16 80 : 90.7 : Ovendry : 113.3 : 113.2
(2) 16 80 : 90,6 : oOvendry : 113.3
(1) 16 : 70 : 90.9 : Ovendry : 109.6 : 110.1
(2) 16 70 : 90,5 : OQvendry : 110,6 :
(1) 20 : 120 : - - 16.3 : 111.2 : 108.2
(2) 20 - 120 : - 2 14,7 : 1053 :

1/Nos. (1) and (2) indicate duplicate samples,
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PX-D-27358 A"

Pouring minimum density in O.l-cu-ft measure.

Figu



PX-D-27356 A

Large electromagnetic table-type vibrator (No. 9)
with 0.1-cu-ft measure, guide sleeve and 2-psi
surcharge.

Figure 5
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PX-N-437294 NA

Small electromagnetic table-type vibrator (No. 10)
with 0.1-cu-ft measure, guide sleeve and 2-psi
surcharge,

Fig



PX-D-48508 NA

Eccentric-weight table-type vibrator (No, 11),
Dismounted to show vibrator attached to shop-
made table.

Figure 7
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PX-D-31799 A

Placing surcharge baseplate on soil specimen,
Note solid 2-psi surcharge weight on vibratory
table.

Figure 8
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PX-D-31798

Making final dial reading on O.l-cu-ft measure,

Figure 9



1.10

1.00

0.9

o8

0.7

0.6

0.5

04

Amplitude of Vibration-mm.

03

0.2

O.1

T

Amplitude of Vibration-in.

T

.045

Vibrator No.—- Symbol

040 °% = e
10 — o]
! _— A

.035

030

q

025 .

020 \

Ol5 >—_—_1'\

010

005 /\(JL\‘

% 50 100 150 200 250 300
Load onVibraotor Taoble-I1bs.

Lt | | { | 1 _J

o) 226 454 68.1 90.8 1135 136.2

Lood on Vibrator Table-kgq.

Fig.10 Amplitude vs. Load on Vibrator at Maximum Rheostat Setting




0.4

o o
- 3" ]
1 1

» O
T

|

o

Amplitude of Vibration-mm.
o
i
I

o
M
T

Fig.

Amplitude of Vibrui_inn-—in.

.020

015

.010

Vibrator No.

025 9

10

I
Load = 100 Lbs

Symbol | |

o ..
O |
a

(45.4 kg.)

Rheostat Setting for Vibrotor Il - Volts

Amplitude of Vibration vs. Rheostat Setting

005 x
| |
]
0 |
Vibrator No. Symbol | A
o15(—— 9 o |
10 o /
I T\"' 4
010 T e -| LOAD ——
] — 250 Lbs. of
steel plate
—=264 Lbs. - single
piece surcharge
005+—— |
/s
h._‘
0 B :
20 40 60 80 100 120
Rheostat Setting for Vibrator 9 & 10
L L ] L ] L |
40 60 80 100 120 140




9600

8400

7200

n
@
o
o

Vibrator No. ||

Frequency —cpm
¥
¢ o)
o
o

Ol
(o)
o
o

2400

1200

%o 60 80 100 120 140
Rheostat Setting - Volts

Fig.12 Frequency vs. Rheostat Setting for Vibrator No. ||



— 124 R Y .
| Density after Vibration
S —— = e e AN e e e - — ——
|95 |
120 ' S i
.90} ; Ff‘
e
¢
.85} 1 ¢
| 80 12
o
Q
3
o |75 :
; o 08
had |
C L >
2I.7O -
v v 104
o c
| S| @
>
o o
o >
C 100
.60 o |
| gus
N’{
|.551 961~ 7, =
"Minimum Density
| |
'Vibrator No.9 Vibrator No.iO
.50 | - >
92 : T !
Water Content-09
Surcharge-2 psi
| 45} Soil No. 24N-339
88 | l 1
0 80 160 240 320 400 480
| 0L Total Time of Vibration for Soil Sample- min

gdsidelds(slelelsls] ¢ | 3 |sideldsldels | |

Rheostat Setting

Fig.13 Dry Density vs. Time of Vibration and Rheostat Setting




2.25

2.20

A
(&)

)

— gm/cc
o

g

Densit

1.85

Dry

1.80

.75

.70

i
T

e
ensi

I

Dry D
IS

ty-pcft

140

136

110

106

Water Content-0%
Surcharge - 2 psi

Vibrator No.
Base Plate not Disturbed
Bose Plate Removed oand Reseated

Soil

No. 7, O.5cu. ft. measure

9 !0 i
o 8
o o -

Time of Vibrotion-min.
A . L
Soil No.10,0. cu ft. measure
—2 —
i i
|l
lg |
0] 2 4 6 8 10 12

Time of Vibraoation-min.

Fig.14 Dry Density vs Time of Vibration




Dry Density gm/cc

Dry Density gm/cc

— 144 ]
Soil No. 7 l
Waoter Content -0 %
225 o Time - 12 min.
o 140 Surcharge - 2 psi
“1 Measure Size - 0.5 cu.ft.
220+ 2
S |36 hq_“. —"
2.5} ©
:. D——'—-—--G-i-.______‘:l
0 132
2.10- Vibrator NO. 9 Ommo
Vibrator No. 10 D=e=eQ
A Vibrator No. il la—-—o
2. = |
20 i 16 120 124 128 132
Density Before Vibration -pcf
| ) | \ | i | |
185 190 195 _2.00 . 2.05 2.10 2.5
Density Before Vibration —gm/cc
— 120
20tl No. |0 ’
.90 LY Woter Content -0 %
Q Time - 12 min.
116 Surcharge - 2 psi.
|85 + Meosure Size - 0.1 cu.ft.
‘»
c
o
1.80F 112
:‘ Vibrotor No. 9 eo———e
() Vibrotor NO. 10 B=e—=am
I.75t B. Vlbroflor NO. Il Moeescmd
108
90 94 98 102 106

Density Before Vibration -pcf |
1 | |

Fig. I5

Dry

)| 1
1.45 1.50 .55 1.60 .65
Density Before Vibration —gm/cc

Density Vs. Density Before Vibration




Soil No.10,0.1 cuft Meosure ® e A
Soil No. 7,0.5 cu.ft Measure o o -
- 136 R
2.151—
= |
2.10 Test Series E
Waoter Content-0%
Time-16 min.
Surcharge - 2 psi
=
13}
& a
& |
~ >
Ezo0l- *
o 024
> s | A
<L O < ><
L > om, — e
c -
@ (]
1.90 -
o 118}
Iy
=
o
.85
4
1.80 -
110
.75
B
10
1.70 &= o 40 60 80 100
Rheostat Setting- Vibrator No. 9and 10
(I | | | | |
60 80 100 120

Vibrator No. 9 10 I

Rheostat Setting-Vibrator No.ll- Volts

Fig.16 Dry Density vs Rheostat Setting J




-y ———— -

APPuNDIX A

Retesting of Soils to Compare Results Obtained with HNew Test
°rocedure £ 1d Iquipment with Previous Resultc
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PURPOSE

Investigations of methods to determine the maximum density of cohesion-
less soils have been carried on in the Soils Engineering Branch since
about 1954. A number of different types of vibrators and a wide variety
of soils have been tested, The tests reported in this appendix were run
to compare present methods with some of the methods used in the past.

TEST PROCEDURE

A number of tests were rur according to the test procedure prescribed in
Designation E-12B)l/ using Vibrators No., 9, 10, and 11 on Soils No. 1, 2,
3, 4, 6, 7, and 9 which had been used in previous investigations.2,3,4/
Standard gradation *tests (Designation E-6))/ were run on each soil and
compared with the results of standard gradation tests which were run on
the soils before they were vibrated the first time.

TEST RESULTS

The maximum densities obtained during this retesting of Soils No. 1,
2, 3, 4, 6, 7, and 9 are compared with the maximum densities obtained
in previous tests in Table A-1l. The results of gradation tests on
these soils before and after vibration are presented in Figures A-l
through A-7, The gradation before vibration was determined when the
material was first received in the laboratory in the year 1957 while
the gradation after vibration was determined in 1964. Between the
before and after gradations the soils had been subject to various
types of vibration for a total of about 6 hours,

DISCUSSION OF TEST RESULTS

Major changes in gradation occurred in Soils No. 1, 2, 3, and 4 between
the time the material was received and tests in 1964. Soils No, 1, 2,

and 4 became coarser while Soil No, 3 became finer, Two mechanisms

work to change soil gradation: (1) a breakdown o particles by mechanical
action, and (2) a loss of the finer material during storage and handling
and by migration of fines from the top of the measure during vibration
testing. Minor changes in gradation were also observed for Soils No., 6
and 7, but no appreciable change was noted in the gradation of Soil No. 9.

Since the effect of gradation changes on the soil density obtained in a
vibration test is unknown, no conclusions can be drawn as to the effi-
ciency of the present procedure compared to the procedures usec¢ in
earlier investigations.
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CONCIUSION
The meaning of the results presented in this Appendix is not clear from

the available data, but are presented here for possible use in future
investigations.
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Table A-I

AVERAGE DENSITIES OBTAINED DURING
RELATIVE DENSITY RESEARCH

t: Avof 3 : Avof 3 : : : H
: tests : tests : Mld : ‘vof 3 : Surcharge
Soil type : Av max : Av min : Vibrator : size, : tests g

: density, : density, : No. : cu ft : moisture : Amount : G = Guided

: _pef s __pef -8 : s percent : PSI : H = Hend held
1 LAE56 Fe 91.5 : 1 s 0:1 = 0 ¢ 0.53 H
1 110.5 : 1/ 93.4 : 9 (o) DS 0 ]~ O G
1 109,8 : 1/ 93,4 : 10 : 0,1 0 ;2.0 G
2 123.5 : 102.6 : X N O/s 10 0 : 1.14 H
2 119.2 : 1/ 101.4 : 9 S 0TI 0 : 2.0 G
2 120.1 : 1/ 101.4 : 10 : 0.1 : 0 : 2.0 G
2 121.5 : 1/ 101.4 : 11 : 0.1 = 0 : 2.0 G
3 121.6 : 98.4 : 1 e 0 : 1.14 H
3 116.1 : 1/ 101.1 : 9 : 0.1 0 : 2.0 G
3 120.1 : 1/ 101.1 : 10 O 0 : 2.0 G
4 : 140.8 : 121.6 : 1 2 0.5 % 0] : 0.17 H
4 : 1/ 144.8 : : 7 : 0.5 ¢ 1/4.5 : 2.0 G
4 : 147.3 : 1/ 119.3 : 9 : 0.1 4,2 : 2.0 G
4 146.5 : 1/ 119.3 : 10 s IR ORI 4.4 2.0 G
6 : 132.4 : 101.3 : 1 s O lwme 0 : 1.15 H
6 : 1/ 144.0 : : 7 IR0 6.0 : 2.0 G
§) ] 141.7 : 1/ 109.3 : 9 : 0.1 : 6.8 : 2.0 G
6 : 135.2 : 1/ 109.3 : 10 : 0.1 8.7 : 2.0 G
7 2 1/ 147.5 : : 7 : 0.5 7.5 : 2.0 G
7 : 136.8 : 120.1 : 9 s 0.5 6.7 2.0 G
7 : 133.6 : 118,9 : 10 HI O 0 - 7.3 2,0 G
9 : 1/ 141.5 : 7 205 4.9 3.0 G
9 139.4 : 118.7 : 9 : 0.5 5.7 2.0 G
9 133.8 : 1/ 120.0 : 10 eSS 6.5 2.0 G

1/0nly one test.
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APPENDIX B

Tests Using a Sieve Shaker to Obtain the Maximum Density
of Cohesionless Soils
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PURPOSE

The sieve shaker shown in Figure B-l is used in many laboratories to
determine the gradation of coarse-grained soils. The frequency of
"shaking'" is about 600 cpm and the amplitude is aprroximately 0.5
inches. These values of amplitude and frequency differ greatly from
those of the vibrators used in investigations of the maximum density
of cohesionless soils. A limited number of tests were run to compare
the efficiency of the sieve shaker with vibrators previously used.

TEST PROCEDURE

A steelplate was fabricated to fit one of the sieve slots. The measure
was attached to the steelplate as shown in Figure B-2. The measure was
filled with soil and the steelplate and measure were tightened in the
shaker as shown in Figure B-3. Other aspects of the test procedure were
the same as described in the body of this report.

TEST RESULTS

Duplicate tests were run on two soils: a poorly graded sand and gravel
(Soil No. 7) and a poorly graded fine sand (Soil No. 10). The densities
obtained using the sieve shaker are compared with the densities obtained
with the large electromagnetic vibrator (No. 9) in Tables B-1 and B-2.
The shaker performed well under the load of approximately 100 pounds
required for tests on Soil No. 10; but under the load of approximately
250 pounds required for tests on Soil No. 7 the motor overheated and
stopped after running about 10 minutes.

DISCUSSION AND CONCLUSION

From the comparison in Table B-1l, it is obvious that the sieve shaker
cannot be used to obtain the maximum density of Soil No. 7, since the
density obtained by the shaker is approximately 10 pounds less than the
density obtained by Vibrator No. 9. Also, the motor overheated under
the load required tor the 0.5-cubic-foot measure.

The sieve shaker appears to give higher maximum densities for Soil

No. 10 than were obtained by other vibrators, and the sieve shaker
appears to operate very well under the load required for the 0O.l-cubic-
foot measure.

From the limited number of tests available, it appears that the sieve
shaker gives slightly higher maximum densities for some soils, but much
lower maximum densities for other soils.
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Table B-1

COMPARISON OF DENSITIES OBTAINED BY SIEVE SHAKER
WITH DENSITIES OBTAINED BY VIBRATOR NO, 9 ON A
POORLY GRADED GRAVEL (SOIL NO. 7)

Qvendry
Sieve shaker : Vibrator No, 9
: Time of : : Time of
Dersity, : vibration,: Density, : vibration,
pef 2 min s __pef. min

115.7 : 0 : 118.0 : 0

¢ (minimum) : : (minimum)
123.9 : 2 : 135.7 : 1
124.5 4 ¢ 136.4 3
125.8 8 : 136.5 5
125.8 12 : 136.8 7
: : 136.9 9
: s 137.3 12
116.8 : 0 ¢ 117.8 0

¢ (minimum) : (minimum)
126.7 4 : 135.0 1
123.3 : 8 : 135.8 3
123.4 : 12 : 135.7 5
124.0 16 : 1363 7
e : 9
: 12
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Table B-2

COMPARISON OF DENSITIES OBTAINED BY SIEVE SHAKER
WITH DENSITIES OBTAINED BY VIBRATOR NO. 9 ON A
POORLY GRADED GRAVEL (SOIL NO. 10)

OQvendry
Sieve shaker : Vibrator No, 9
: Time of : ¢ Time of
Density, : vibration, : Density, : vibration,
pef 2 min : _pef : min
88.4 0] : 90.9 0
: (minimum) : (minimum)
108.2 : 2 : 111.2 1
109.2 : 4 + 112.6 3
113.1 8 ¢ 112.1 5
116.1 H 16 : 112.4 7
2 ¢ 112.4 ¢ 9
: S & O 12
110.7 : 4 : 89.8 0
3 : ¢ (minimum)
111.9 : 8 ¢ 111.,2 1
114.6 : 12 : 112.9 3
115.1 16 : 113.0 5
J ¢ 113.0 7
: ¢ 113.0 9
: ; 113,0 . 12
Initially saturated
107.5 : 4 ¢ 114.2 4
109.5 8 : 114.0 8
111.6 : 12 : 114.1 12
113.7 16 : 1141 ¢ 16
H s 114.,2 20
111.7 s 4 : 114.6 § 4
8 i G R 8 ¢ 114.5 8
114.2 12 ¢ 114.7 12
115.2 16 : 114.7 16
116.0 : 20 : 114.5 20
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PX~-D-48309 NA

Sieve shaker for determining the gradation of
coarse-grained soils,

51 Figure B-1



D~ 48510 NA|

PX-

Steelplate adapter for sieve shaker,

52 Figure B-2



PX-D-48511 NA

S8ieve shaker as used to determine the maximum
density of cohesionless soils.

53 Figure B-3



APPENDIX C

Characteristics of Vibrators Used to Obtain the Maximum Density
of Cohesionless Soils
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INTRODUCTION

The maximum density obtained by vibration of a cohesionless soil is
believed to depend on the amplitude and frequency of vibration. The
purpose of this appendix is to discuss in more detail the character-
istics of the vibrators used in this study.

POWER SUPPLY

A 230=-volt source was used for the two electromagnetic vibrators,
Although these vibrators may be purchased for use with a 115-volt
source, the data presented here are probably applicable only when
a 230-volt source is used. A 1l5-volt source was used for the
eccentric weight vibrator. Each of the vibrators is equipped with
a rheostat by which the power can be varied from O to 100 percent.

LOAD-AMPLITUDE RELATIONSHIP

Since the load on the vibrator depends on the maximum grain size of
the material being tested, the amplitude was determined for loads
between O and 300 pounds at various rheostat settings.

The load was applied in increments of 50 pounds by varying the
amount of sand in a 0,5-cubic-foot measure and combinations of
20- and 35-pound steelplates, The amplitude was measured at
various loads and rheostat settings by a recording-type vibrometer
on opposite sides of the measure as shown in Figure C-1, The
arrangement of plates and measure for the 250-pound load is shown
in Figure C-2, The amplitudes were also measured when the solid
2-psi surcharge weights were used as in an actual test.

The results of amplitude measurements are presented in Tables C-1 and
C-2 for Vibrator No, 9, in Table C-3 for Vibrator No, 10, and in
Table C-4 for Vibrator No, 11, Selected portions of these data
are presented graphically in Figures 10, 11, and 12 in the body
of this report. It is evident from these data that the amplitude
varies at different points on the measure and on the vibrating
table. The reason for these variations is not apparent. Obser-
vations during vibration tests indicate that particles tend to
migrate from points of high amplitude to points of low amplitude;
therefore the variation in amplitude may have a significant effect
on the soil density obtained. Further investigation is required
to determine the magnitude of this effect.
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Table C-1

VARIATION OF AMPLITUDE WITH RHEOSTAT SETTING AND LOAD - LARGE ELECTROMAGNETIC VIBRATOR
NO. 9. AMPLITUDES MEASURED ON THE HANDLES OF THE 0.5 CUBIC FOOT MEASURE -

Rheostat : Load = O lbs ¢ Load = 50 lbs : Load = 100 1lbs : Load = 150 lbs
Setting : Amplitude, in. 1/: Amplitude, in. 2/: Amplitude, in. 2/: Amplitude, in. 2/
: : 1 3 2 s 1 : e : 1 : 2
30 : .013 :  .0ll : .019 : .010 : .015 : .008 : .010
Lo s 014 3 .019 : LOLL .011 : 015 .010 ¢ 013
50 g .018 : .06 : .025 : .013 : .06 : .013 : .015
60 ¢ .023 3 019 ¢ .025 : .0l1 : .020 : 013 ¢ .017
70 : .023 : 022 : 027 ¢ 017 ¢ 021 .01k ¢ 021
80 3 .022 8 022 : .030 : 011 : .021 : 011 : .023
90 : 027 : .023 : .032 029 : .023 : 019 : .023
100 : 027 : 024 : .033 .017 .018 : .019 : .033
: Load = 200 1lbs : Load = 250 1lbs : Load = 263 1bs Load = 300 1lbs
: Amplitude, in. 2/: Amplitude, in. 2/: Amplitude, in. 3/ Amplitude, in. 3/
g 1 : 2 H 1 g 2 H 1 2 g 1l ;e
30 :  .005 : .010 : .005 : .008 : .0 : .012 : .005 : .00L
Lo ¢  .006 : .012 .006 : .007 : 006 : .013 : .006 : .008

50 3 .008 : .015 .00k : .010 : 007 @ 013 : .008 : .010
60 : .010 : .017 : .006 : .010 : .008 : .015 .013 : .015

70 ; .013 : .017 010 : .010 .005 : .013 .01k : .016
80 : 015 : .019 : .010 : .011 : 005 ¢ .013 : .013 : .015
90 : 015 = .023 : 011 : .015 : .006 : .015 .011 ¢ .015

¢ 017

100 ) 017 ¢ .025 011 : .015 : 006 : .015 : .012

1/Measured in center of table.

2/The amplitudes were measured on opposite sides of the measure at points designated
1l and 2. A combination of loose steel plates, the 0.5 cubic foot measure, and soil
were used for this load.

3/A solid 2 piece surcharge weight and the 0.5 cubic foot measure filled with soil
were used for this load.
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Table C-2

VARIATION OF AMPLITUDE WITH RHEOSTAT SETTING AND LOAD - LARGE ELECTROMAGNETIC VIBRATOR
NO. 9. AMPLITUDES MEASURED ON THE VIBRATOR TABLE
Rheostat : Load = O 1lbs Load = 50 lbs ¢ Load = 100 lbs : Load = 150 lbs
Setting : Amplitude, in. 1/: Amplitude, in. 2/: Amplitude, in. 2/: Amplitude, in. 2/
. . 2 o

H . 1 H 2 : 1 . » 1 : 2
30 g .013 H .015 ¢ 019 011 2O 011 : .010
4o : 017 : .01k s 021 .015 : 016 : .015 ¢ 015
50 S .018 H .021 s 021 017 : 019 .013 ¢ 019
60 : .019 ¢ 021 : .025 : .015 : .06 : .013 : .O1T7
T0 : .021 : .025 : 026 022 s 022 013 : .019
80 . .023 : .026 s .029 .02k s 015 = .015 s .023
90 $ .025 H 027 : 029 027 : 018 017 : .023
100 s .029 $ .030 ¢ .033 017 s 025 .023 s 033
: Load = 200 1bs : Load = 250 lbs : Load = 2h3 lbs : Load = 300 lbs
: Amplitude, in. 2/: Amplitude, in. 2/: Amplitude, in. 3/: Amplitude, in. 3/
H 1l $ 2 1l 4 2 : 1 1 2 $ 1 { 2
30 s .000 : 009 : .006 : 006 . .006 : .003 .006 s .008
40 : 006 .02 : .005 ¢ .009 : .008 : .00 : .006 : .O17
50 : 008 :.013 : .00 :.010 : .006 : .00 : .008 : .01T
60 3 .010 ¢ 011 ~1 .008 s 009 .009 8. -015 & .008 s .021
70 : 013 ¢ .015 : .00 ¢ .00 : .013 : .016 : .005 : .Ol1
80 $ .013 : 019 : .010 & 5015 3 011 : 013 007 : .O014
90 s .01k ? »021 V¢ .010 5 015 % .012 80 00T o .005 & w015
100 H .015 £, 025 08 .010 § .015 4 011 ¢ 019 .006 : .018

1/Measured in center of table.

g/Ihe amplitudes were measured on opposite sides of the table at points designated

1l and 2 located beneath the handles of the 0.5 cubic foot measure. A combination
of loose steel plates, the 0.5 cubic foot measure, and soil were used for this load.
g/A solid 2 piece surcharge weight and the 0.5 cubic foot measure filled with soil
were used for this load.
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PX-D-48512 NA™

Recording-type vibrometer used to
measure amplitude of vibration

60 Figure C-1



Photograph of weights used to determine the effect
of load on the amplitude of vibration

61 Figure C-2
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CONVERSION FACTORS=~BRITISH TO METRIC UNITS OF MEASUREMENT

The following corversion factors adopted by the Buresu of Reclamation are those published by the American Society for
Testing and Materials (ASTM Metric Practice Guide, January 1964) except that additional factors (#) commonly used in
the Bureau have been added, Further discussion of definitions of quantities and units is given on pages 10-11 of the
ASTM Metric Practice Guide,

The metric units and conversion fectors adopted by the ASTM are besed on the "International System of Units" (designated
S1 for Systeme International d'Unites), fixed by the International Committee for Weights and Measures; this system is
also known as the Giorgi or MKSA (meter-kilogram (mass)-secord-ampere) aystem. This system has been adopted by the
International Organization for Standardization in 1SO Recammendation R-31,

The metric technical unit of force is the kilogram-force; this is the force which, when applied to a body having a

mass of 1 kg, gives it an acceleration of 9.80665 m/sec/sec, the standard lccelention of free fall toward the earth's
center for sea level at 45 deg latitude, The metric unit of force in SI units is the newton (N), which is defined as
that force which, when applied to a body having a mass of 1 kg, gives it an acceleration of 1 m/sec/sec, These units
must be disting\.iahed from the (inconstant) local weight of a body having s mass of 1 kg; that is, the weight of a

body is that force with which a body is attracted to the earth and is equal to the mass of a body multiplied by the
acceleration due to gravity. However, because it is general practice to use "pound" rather than the technically

correct term "pound-force,” the term "kilogram" (or derived mass unit) has been used in this guide instead of "kilogram-
force" in expressing the conversion factore for forces, The newton unit of force will find increasing use, and is

essential in SI units,

Table 1
QUANTITIES AND UNITS OF SPACE

Multiply By To obtain
LENGTH
8 5 b 00ocno000o0 of 25.4 (exactly). ., .. ... .Mecrm
Inches . . . .. .. .. .. 25.4 (exactly). ... .. . . Mllimsters
2.54 (exactly)s , ., . . . . Centimeters
Feet . . . ... ...... 30./.8(ox-ctls ¢+ « « o o Contimsters
0.3048 (exactly)» ., . . , . Msters
0.0003048 (exactly)® . . . . Kilometers
Yards, . . 0.9144 (exmctly) . . . . . . Msters
Mles (uutuu) e o s oo 1,600.3k (exactly)s , ., ., , ., ., Meters
T B 1,609344 (exactly) . . . . . Kilometers
—AREA
Square inches. . ., . . . . . 6.4516 (exactly) . . . . . . Square centimeters
Square feet, , . . .. .. . 29)(oncuy)¢......8qun~occnu-tcn
0.092903 (exactly) . . . . . Square meters
Square yards ., . . . . . . . 0.836127 . . . . . . ¢« + « . Square meters
Acres, . . . ... ... .. 01.0469! e o s s 0 s s « » Hectares
0 v e s s s o s s o« Square kilomsters
Square miles , . . . . . . . 2.58999. . . . . . . . . . . Square kilomsters
YOLUME
Cudbic inches . . . . . . . . 16.871. . . . ... ... . Cubic centimeters
Cubic feet . ., . .. ... . 0.0283168 ., . ... ... . Cubic meters
Cublc yads, ., ., . . . . . . 0.764%%5. . . . . . .. . . Cublc meters
CAPACITY
Fluid ounces (U.S.) . . . 29.5737. . . . .. .. . . . Cublc centimsters
29.5729. . . . ... ... . Mlliliters
Liquid pints (U.S.) . . . 0.47T1. . ... .. .. .Cuble decimeters
0.473166. . . . . .. .. . Liters
Quarts (U.S.). . ... .. 9,463.58. . . . ........Cublic centimeters
0.946358. . . ... ... .Liters
Gelloms (U.S.) . . ... . 3,785.43% ., . . ... ... . .Cublc centimeters
37853 . . ... .. ... Cudblc decimeters
378533 . ., . . v ..o e o . Liters
0.00378543= , ., ., . . . . Cubic meters
Gallons (UK.) . . .. .. 4.54609 . . . ... ... .Cubic decimsters
454596..........!.11.9:1
Cubic feet . . . . ... . 28,3160, . . ., .. .. . . Liters
Cubic yards . ., .., .. . P64.55% ., . . . . v v v . . . Liters
Acre-feet, . . . . ... . 1,233.5% . . . ...+ . . Cudblic meters
s s e s o s 1,233, 500% . o s s v s s o o s o Liters
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