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Preface 

The study reported herein was performed in accordance with Addenda 

Nos. 9 and 10 to "Instructions and Outline for Field Moisture Content 

Investigation" (Fiscal Years 1952 and 1953, respectively), and Addendum 

No. 4 to "Instructions and Outline for Condition Surveys of Existing 

Pavements" for Fiscal Year 1954. 
The field and laboratory work was accomplished by the technicians 

of the General Investigation Section of the Flexible Pavement Branch of 

the Waterways Experiment Station. 

This report was prepared by Mr. J. F. Redus. The work was under 

the general supervision of Messrs. O. B. Ray, C.R. Foster, and W. J. 

Turnbull. 
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A STUDY OF IN-PLACE DENSITY 

DETERMINATIONS FOR SOILS 

Introduction 

1. The Waterways Experiment Station has used several types of 

apparatus to determine the in-place density of soils by the displace

ment method in connection with an investigation of moisture conditions 

under flexible airfield pavements. In several instances results were 

obtained that were obviously inaccurate since the computed saturation 

exceeded 100 per cent. Such results occurred mainly in base courses 

containing coarse aggregate. An analysis of the various factors enter-, 
ing into the determination of the degree of saturation of the soils 

showed that the major portion of the error probably lay in the density 

values obtained. The only part of the density test subject to serious 

error (other than the personal element) is the determination of the 

volume of the hole from which the sample is taken. 

2. In an attempt to eliminate inaccurate data from similar 

future investigations a study was made to: determine the amount of 

error inherent in each piece of apparatus in current or proposed use 

at the Waterways Experiment Station; to examine changes indicated as 

necessary to any of the apparatus; and to attempt to develop improved 

techniques for using the various pieces of apparatus in the field. 

Scope of Investigations 

3. A laboratory study was first made, consisting of comparative 

tests performed under carefUlly controlled conditions, of the various 

types of apparatus in current or proposed use at the Waterways Experi

ment Station. Upon completion of these tests a field study was made to 

perfect field testing techniques, following which the various types of 

apparatus were again tested to determine their accuracy under field 

conditions using the improved techniques. The oil displacement method 

was also included in the field study. 
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Laboratory Tests 

4. The following pieces of apparatus were used in the laboratory 

study: (a) water balloon, (b) pycnometer, (c) glass jar and cone, (d) 

7-in. sand-density cylinder, and (e) 10-in. sand-density cylinder. In 

order to have a large number of comparable tests, holes simulating 

those from which samples are obtained in the field were formed in five 

concrete blocks and one wooden block for performing volume determina

tions. A 4-in.-diameter compaction mold was also used for some 

determinations. 

Description and use 
of density apparatus 

5. Water balloon. The water balloon apparatus consists of a 

glass cylinder which holds water, a rubber membrane "balloon" attached 

to the cylinder, a scale graduated in cubic feet, and a rubber tube for 

applying air pressure, as shown in photograph 1. The diameter of the 

cylinder is about 8 in., the height is about 18 in., and the length of 

the balloon is about 12 in. The cylinder is filled with water with the 

valve on the air hose closed. The apparatus is placed over the area 

where the sample is to be taken, the air valve opened, and the balloon 

allowed to fill with water. Air is then blown into the hose (by mouth) 

to exert sufficient pressure on the surface of the water to cause the 

balloon to fill the space between the bottom of the cylinder and the 

ground surface. This provides an initial reading which takes into ac

count irregularities of the ground surface. After the sample is removed 

from the ground, the apparatus is replaced over the hole in the same 

position in which the initial reading was taken and a final reading 

made. The difference between the two readings is the volume of the hole. 

6. Pycnometer. The pycnometer consists of a screw-top glass jar 

'capped with a small funnel, as shown in photograph 2. No calibration 

of the ground surface can be made with this apparatus. The volume is 

determined by pouring sufficient calibrated sand from the jar, held at 

approximately a constant height, to fill the hole. 

7. Glass jar and 4.75-in. cone. This apparatus is composed 
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essentially of 60-degree double-cone assembly fitted with a 1/2-gal, 

screw-top glass jar, as shown in photograph 3. The assembly has a cone 

on the bottom with a 4.75-in.-diameter base, a 3/8-in. valve, and a top 

cone which is threaded for a screw-top glass jar. Air-dried sand is 

used in the apparatus to make the volume determinations. The surface of 

the ground is calibrated by determining the volume of sand required to 

fill the space under the bottom cone. The sand is then removed from the 

area, the sample taken, and the volume of sand required to fill the 

space under the bottom cone including the hole is determined. The dif

ference between these volumes of sand is the volume of the hole. 

8. Seven-inch sand-density cylinder. The 7-in. sand-density 

cylinder is about 7 in. in diameter and 10 in. high and is mounted on a 

double cone as shown in photograph 4. The identical cones have slopes 

of 45 degrees and are joined at the apexes by a 3/4-in. valve. The 

bottom cone fits into a recess in a metal plate which is placed over the 

area to be tested. The cylinder is made of plexiglas and the cones are 

made of sheet metal. A cylinder of some transparent, durable material 

such as plexiglas is considered highly desirable so that the movement 

of sand, condensation of moisture, or other occurrences may be observed. 

The combined volume of the cylinder and upper cone is determined by 

filling with a measured amount of water. The sand is calibrated before 

each test. The method of using the apparatus is the same as that of the 

glass jar and cone apparatus. The sand-density cylinder and test proce

dure are modifications of those developed under the supervision of Mr. 

R. R. ?rector of the Department of Water and Power, Los Angeles, 

California. The original equipment developed by Mr. Proctor was con

structed of welded sheet metal and had a small vent pipe with openings 

in the cones and the cylinder to relieve any air pressure that might 

retard the movement of the sand. This design presented three objec

tionable features: moisture that had condensed inside the cylinder was 

difficult to dry out, the movement of the sand during filling or empty

ing of the cylinder could not be observed, and the sand ran through the 

vent pipe. Two pieces of apparatus were constructed for this study, 

one according to the original design and the other with the plexiglas 
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cylinder that screwed into the top cone and had no vent pipe. 

9. Ten-inch sand-density cylinder. This apparatus is the same as 

the 7-in. sand-density cylinder except for the size of the cylinder 

which is about 10-1/4 in. in diameter and 10 in. high. Dimensions of 

the bases of the cones were made to conform to the larger cylinder. 

Test holes 

10. Holes of various sizes were used in the laboratory to make 

volume determinations with the different pieces of apparatus. Pertinent 

data concerning each hole are tabulated below. 

Approx Size of Hole 
Hole Diameter Material and Texture 

No. in. Depth, in. Used in Forming Hole Prototype Simulated 

1 6.o 5.0 Concrete .• gritty Sandy subgrade 
2 7.0 6.o Concrete, smooth Clay subgrade 
3 6.o 6.o Concrete, very rough Stone base 
4 6.o 6.o Concrete, rough Gravel base 
5 4.o 4.5 Steel compaction None 

mold, smooth 
6 4.6 5.0 Wood, smooth None 
7 9.4 7.0 Steel compaction None 

mold, smooth 

The sides and bottoms of the holes were coated with a waterproofing 

material and their actual volumes were determined using a measured amount 

of water, except that the volume of hole 5 was computed from measurements. 

Photographs 5 through 10 depict all the holes except hole 5 which was a 

standard compaction mold. 

11. Measurements were made on these holes of known volume with as 

many pieces of apparatus as were applicable, and by several technicians 

using each piece independently. The tabulation below indicates the ap

paratus used on each hole. 

7-in. Sand- 10-in. Sand-
Hole Water density density 

No. Balloon Pycnometer Glass Jar Cylinder Cylinder 

1 x x x 
2 x x x x 
3 x x x 
4 x x x 
5 x x 
6 x x 
7 x 



Discussion of labo
ratory test results 

12. A summary of the laboratory test results giving the range of 

test values and number of tests made with each type of apparatus is 

presented in table 1. Plots of actual volumes determined by a measured 

amount of water versus the volume measured in the laboratory with the 

pieces of apparatus are shown on plates 1-5· A line has been drawn at 
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45 degrees through the origin on each plot to indicate the locus of 

points at which the measured and actual volumes are equal. Points fall

ing above the line represent determinations greater than the actual 

volume, while those falling below the line represent values less than the 

actual volume. Density values determined from the measured volumes when 

the density determined from the actual volume is assumed to be 120 lb per 

cu ft are presented in table 2. A plot of density versus actual volume 

is presented on plate 6 and shows the limits wit'"tiih which about-90 per 

cent of the points fall for each piece of apparatus. 

13. Water balloon. The results of the tests performed with the 

water balloon are shown in table 1 and on plate 1. It was noted during 

the tests that the balloon had a slight tendency to round out sharp cor

ners or pockets in the holes; this resulted in less than actual volume. 

This fact is borne out on plate 1 where 36 points fall below the line of 

actual volume, while only 12 fall above. It is believed that the round

ing out of the corners or pockets by the balloon was partially caused 

by entrapped air. With this in mind it was attempted to vent these air 

pockets by placing one or more strings across the pockets so that the 

air could escape along the string. A number of tests were performed 

using both one string and three strings placed carefully in the holes. 

The use of the strings appeared to bring the points closer to the actual 

volume line for hole 4 as shown on plate 1 but showed little or no im

provement for holes 2 and 3. The range of density is plotted on plate 6 
for the tests in which no strings were used in the hole. This plot shows 

that considerable difference exists between the extremes of the range 

and the actual density with a maximum difference of about 9 lb per cu 

ft. It was found that several technicians working independently of one 
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another were able to check their own results but that results varied 

considerably among the technicians. 

14. Pycnometer. The results of the tests performed with the pyc

nometer are shown in table 1 and on plate 2. The major difficulty ex

perienced with this piece of apparatus was in determining when the hole 

was exactly full. No satisfactory means of overcoming this trouble was 

found. A tendency to overfill the hole is indicated on plate 2 by 24 

of the plotted points falling above the line of actual volume, 9 below, 

and 1 on the line. It is noted on plate 6 that the differences between 

the extremes of the range and the actual density vary from hole to hole. 

The maximum difference is about 5 lb per cu ft. 

15. Glass jar and 4.75-in. cone. The test results obtained with 

the glass jar and cone are shown in table 1 and on plate 3. Holes 5 

and 6 were the only ones that could be tested with this apparatus since 

the diameter of the cone and the volume of the jar were less than those 

measurements for holes 1 through 4. One of the points plotted on plate 3 
fell on the line of actual volume, while the remaining 8 fell below the 

line. The maximum variation of the extremes of the range from the ac

tual density (plate 6) is slightly more than 2 lb per cu ft. 

16. Seven-inch sand-density cylinder. The test results obtained 

with this sand-density cylinder are shown in table 1 and on plate 4. 

It is noted that 33 points are above the line of actual volume, 4 on the 

line, and 28 below. This indicates that, in general, an average of a 

group of values determined with this apparatus should fall approximately 

on the line. It is noted on plate 6 that the range of density generally 

parallels the line of actual density. The maximum difference between 

the extreme of the range and the actual density is slightly more than 1 

lb per cu ft. 

17. Ten-inch sand-density cylinder. The test results obtained 

with the 10-in. sand-density cylinder are shown in table 1 and on 

plate 5. Because of the uneven tops of the blocks and relatively small 

volume of the holes in test holes 3 and 4, it was felt that they should 

not be included in the study of this apparatus. It is noted on plate 5 

that five points fall above the line and five points below-. This 

1 
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indicates that, in general, an average of a group of values should fall 

approximately on the line. The maximum difference between the extreme 

of the range of density shown on plate 6 and the actual density is ap

proximately 1 lb per cu ft. 

18. Summary. The maximum difference between the extremes of the 

ranges of density and the actual density as taken from plate 6 for each 

Piece of apparatus is shown in the following tabulation. 

Apparatus 

Water balloon 
Pycnometer 
Glass jar 
7-in. sand-density cylinder 
10-in. sand-density cylinder 

Approximate Variation 
from Actual Density 

lb/cu_ ft 

9 
5 
2 
1 
1 

It is apparent that the greatest degree of accuracy was obtained with 

the sand-density cylinders. 

19. The tests with the 7-in. sand-density cylinder were performed 

with two different cylinders and two types of sand. As described in 

paragraph 8 one cylinder had a vent and the other was not vented. The 

sand used in part of the tests was standard Ottawa sand passing the 

No. 20 sieve and retained on the No. 40 sieve. The other sand used was 

a washed, local, river-bar sand of the same grain size limits. Reference 

to plate 4 shows that little difference was found between the accuracy 

of either cylinder or either type of sand. 

Test Technique Development 

20. Since it was found in the laboratory that the sand-density 

cylinder was the most accurate of the pieces of apparatus tested, a pro

gram of field in-place tests was initiated with this cylinder to develop 

techniques that would achieve about the same degree of accuracy as that 

obtained in the laboratory. Four tests were performed with the apparatus 

placed in the following manner: (a) cone placed directly on ground sur

face, (b) cone placed on metal plate, (c) cone placed on metal plate 
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with the space under the plate sealed with plaster of Paris and the base 

course surface sprayed with lacquer, and (d) same as (c) except that 

modeling clay was used instead of plaster of Paris. The material on 

which the tests were performed was a well-graded crushed limestone. The 

surface of the limestone was fairly rough but was brushed as clean as 

possible. 

21. A line was drawn _around the perimeter of the cone to mark its 

position for the test with the cone seated on the base course. The vol

ume between the ground surface and the cone surface was measured with 

sand. The sand then was brushed carefully from the area, the sample 

removed, and the space under the cone, including the sample hole, was 

measured with the sand. About 30 minutes were required to make the 

measurements and obtain the sample. In places where the cone did not 

touch the surface of the base course, sand was observed to run from 

under the cone during both measurements. This would not affect the 

value for the volume of the hole if the same amount of sand ran from 

under the cone each time. However, this will not always happen, and 

the loss of the sand must be considered a source of appreciable error in 

each test. Another possible source of error is in the brushing away of 

part of the sample with the sand used in the original measurement. These 

errors may be compensative or accumulative. 

22. In the next test the metal plate was placed on top of the base 

course and the measurements were made with the cone in the recess in the 

plate. About 40 minutes were required to make these measurements and ob

tain the sample. Sand ran under the plate during the measurement of the 

volume above the base course under the cone and remained there during 

the remainder of the test. This was a source of error but always de

creased the indicated volume from the actual volume. The sand had to be 

brushed away after the initial measurement, and any portion of the sam

ple brushed away would tend to increase the volume determination. 

23. The next test was made using the metal plate, a plaster of 

Paris seal between the plate and the base course, and a quick-drying 

lacquer sprayed over the surface. The measurements were made as in the 

previous tests. Approximately 60 minutes were required to make the 



measurements and obtain the sample. A substantial part of this time 

was taken up in mixing and placing the plaster of Paris. Five minutes 

or less are required for the lacquer to dry. Observations showed no 

sources of error because of apparatus or technique. 

9 

24. The test described in the preceding paragraph was repeated 

using modeling clay instead of plaster of Paris for the seal under the 

plate. Sand adheres to the modeling clay slightly, but after the clay 

is sprayed with lacquer, the sand does not adhere at all. Approximately 

30 minutes were required to make the measurements and obtain the sample. 

Observations showed this test to be as free from sources of error as 

the previous one. 

25. In subsequent in-place tests, spraying of the surface with 

lacquer during the surface calibration was found unnecessary in many 

cases. The surface was brushed clean of all loose particles, and close 

observations of the removal of the calibration sand showed that no ap

preciable amount of material was taken with the sand. In cases of loose, 

fine-grained materials, spraying is required, however. 

Accuracy Study of Remolded Samples 
of Crushed Limestone 

26. Tests were performed on remolded samples of crushed limestone 

to study the accuracy of volume measurements made with the 7-in. sand

density cylinder. Two samples of crushed limestone were compacted in a 

12-in.-diameter mold using a rather high, dynamic compactive effort. 

The density of the entire specimen was determined from the volume of 

the mold and the density of the center portion of the specimen was deter

mined using the in-place procedure with the 7-in. sand-density cylinder. 

It was impossible to fill the mold exactly with the coarse material and, 

therefore, the density of the entire specimen may possibly be slightly 

in error. It was noted in performing the first test that the materials 

in the walls of the hole dug in the compacted specimen were somewhat 

loosened during the digging operations. In the second test, an attempt 

was made to measure the amount of movement that possibly could take 

place during digging. Thumbtacks were pushed into the surface of the 
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specimen prior to placing the metal plate, as shown in photograph 11. 

Measurements were made along diameters of the mold from the edge of the 

mold to the centers of the tacks and between tacks. Then the sample 

was dug out of the area enclosed by the circle of tacks. No movement 

of the tacks was noticed during the digging, and measurements made after 

removal of the sample indicated no measurable movement. The sample as 

remolded after the density test was performed is shown in photograph 12. 

27. The results of the density tests are summarized below: 

Volume Density of 
of Hole Density Remolded Material 

Test Cll ft lb/cu ft lb/cu ft 

First 0.0539 146.5 138.1 

Second 0.0621 138.0 135.5 

The 7-in. sand-density cylinder indicated values about 8 lb per cu ft 

greater than that found for the entire remolded sample using the volume 

of the mold in the first test, and about 2.5 lb per cu ft greater than 

that for the entire sample for the second test. It is possible that 

edge effects of the mold and unevenness of the surface slightly decreased 

the average density for the entire specimen. The disturbance to the 

walls of the hole in the first test apparently caused a decrease in the 

volume of the hole and, consequently, considerable increase in the den

sity value; results of the second test, in which no appreciable disturb

ance to the walls of the hole occurred, showed fairly close agreement 

between the two density values. 

Field In-place Tests 

28. A program of field in-place testing was initiated to compare 

the accuracy of the sand-density cylinder with that of some of the other 

pieces of apparatus in this type of testing. The 7-in. cylinder was 

used for these tests, but tests were also performed with the 10-in. 

cylinder in one group on a limestone base course. 



Tests on clay with 7-in. 
sand-density cylinder, pyc
nometer, and drive cylinder 
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29. Density tests were performed in a clay test section at the 

Waterways Experiment Station used to determine the stresses induced in 

this material by various vehicle wheel loads. The tests were conducted 

in two groups in a small area in the tracking lane of the test section 

where the density of the material was thought to be rather uniform. 

The 7-in. sand-density cylinder, the pycnometer, and drive cylinders 

(short sections of 3-in. Shelby tubing with which an undisturbed sample 

is obtained) were used in these tests for comparative purposes. Re

sults obtained with the pycnometer were believed to be reasonably close 

to the actual value in the clay, since a sharp edge could be obtained 

on the hole and the hole could be filled with sand with reasonable ac

curacy. Results obtained with drive cylinders have been found to be 

reasonably accurate in clay.* The test results are presented below. 

One test was performed in each group with the sand-density cylinder and 

PYcnometer, and 4 tests were performed in each group with drive cylin

ders. Average values are shown for the drive cylinder tests. The max

imum variation between the density values obtained with the various 

pieces of equipment was 1.8 lb per cu ft. 

7-in. Sand-density 
C;z::linder 

Volume of Hole Density 
Group ----- cu ft lb/cu ft 

1 0.0377 98.6 

2 0.0412 98.7 

Tests on limestone with glass jar, 
7- and 10-in. sand-density cylinders 

Drive 
Pycnometer Cylinder 

Volume of Hole Density Density 
cu ft lb/cu ft lb/cu ft 

0.0325 97.3 96.9 

0.0292 97.2 96.9 

30. Tests with the glass jar, and 7- and 10-in. sand-density cylin

ders were performed along the side of an accelerated traffic test section 

which had been subjected to traffic. The size of samples averaged about 

* M. J. Hvorslev, "Subsurface Exploration and Sampling of Soils for 
Civil Engineering Purposes," p 372, ff. 
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0.015 cu ft for the glass jar, about 0.05 cu ft for the 7-in. cylinder, 

and about 0.16 cu ft for the 10-in. cylinder. The area was known to 

have been subjected to traffic of the load cart, but it was thought that 

the density was rather uniform over the area. Testing was performed in 

a grid pattern composed of five lines of holes in one direction and 16 

lines of holes in the other. For purposes of identification the holes 

parallel to the direction of traffic are called "lines," and those at 

right angles are designated "rows." The test area was about 7 by 25 ft. 

Arrangement of the holes and the system of sampling employed to insure a 

random use of the three pieces of density apparatus are shown on plate 7. 

Values obtained from each hole are shown beside the symbols. During a 

meeting at the Water-ways -Experiment -Station, Mr~ Paul Carlton of the 

Rigid Pavement Laboratory, Corps of Engineers, pointed out a decided 

trend for the density to vary along the long axis of the rectangle. 

Further study has shown that the density also varies along the short 

axis. These density values are plotted against line numbers for each 

row on plate 8. A recheck of traffic records revealed that traffic had 

not been uniform over the area. Lines 1 and 2 had received a moderate 

amount of traffic from the lightly loaded outrigger wheels; line 3 had 

received intense outrigger traffic; line 4 had been traveled intensely 

by the outrigger wheel and a little by the heavier power unit wheels; 

and line 5 had been traveled intensely by the power unit wheels and a 

little by the outrigger and heavy test load wheels. The extreme varia

tions from the trends suggested that in addition variations in gradation 

may have been a factor. Construction records indicated that the base 

course was placed with an asphalt spreader and that the junction between 

two construction lanes occurred in the vicinity of line 4. A study of 

the values shown on plate 7 and the plots on plate 8 showed that the 

density values measured for line 4 were inconsistent with the trend in 

eight out of 16 cases. Erratic points occurred in the other lines in 

very few cases. In an attempt to explain the numerous erratic values in 

line 4, gradation determinations were performed on four samples from the 

test section to explore the possibility of segregation at the junction 

between construction lanes. The gradations of the samples are presented 
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on plate 9 and show that line 4 contains a coarser-graded material than 

the other lines. This difference in gradation is believed to be the 

cause of the wide variations in density along line 4. 

31. The pattern of the plots on plate 8 shows that, in general, 

the density values reflected the increase in compactive effort described 

previously. From the data a single curve was obtained that appeared to 

represent this increase in compactive effort, and this curve was fitted 

as well as possible to the points in each plot. Deviations of the points 
from the curves are summarized below by 1-lb-per-cu-ft groups. 

Deviation 
lbLcu ft No. in Group Per Cent of Total Cumulative 

o.o to L.~Q 43 55 55 
1.1 to 2.0 13 17 72 
2.1 to 3.0 2 3 75 
3.1 to 4.o 9 11 86 
4.1 to 5.0 4 5 91 
5.1 to 6.o 4 5 96 
Above 6.o 3 4 100 

78" 

It is considered that where points on the plots on plate 8 do not follow 

the pattern of the curve, the deviation is due to a significant change in 

gradation as mentioned in the preceding paragraph (for example: line 4, 

row 1). Other deviations are probably a combination of experimental 

error and effect of gradation. The exact amount of experimental error 

cannot be stated, but in the summation above it is noted that there is a 

significant increase in the number of points in the 3- to 4-lb group as 

compared to the 2- to 3-lb group. On this basis, it is believed that 

the experimental error did not exceed about 3.0 lb per cu ft. The aver

age experimental error was much less, since 75 per cent of the samples 

showed less than 3-lb deviation from the curves. 

32. Examination of the plots on plate 8 reveals the following 

information concerning erratic values determined with each piece of 

apparatus. 
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Erratic 
Number of Values Values 

Apparatus Total Normal Erratic % 
Glass jar 14 9 5 36 

7-in. sand-density cylinder 42 31 11 26 

10-in. sand-density cylinder 22 18 4 18 

This shows a trend for the number of erratic values to decrease as the 

size of apparatus increases. Undoubtedly gradation and other factors in

fluence these values to some extent and these data show that the larger 

apparatus tends to minimize the effects of these influences. 

Tests on silty clay and 
limestone with water balloon 
and 7-in. sand-density cylinder 

33. A series of tests was peri'ormerl on a test section of silty 

clay and a test section of limestone to compare the results of the water 

balloon with those of the 7-in. sand-density apparatus, and to check the 

accuracy of the use of strings (see paragraph 13) in the water-balloon 

test. The results of the individual tests are shown in table 3 and on 

plate 10. It is seen on plate 10 that in all cases the volumes de

termined by the water balloon were less than those determined with the 

sand-density cylinder. In general, the use of strings improved the re

sults obtained with the water balloon. The average differences in volume 

between the two methods are 0.0015 cu ft with one string and 0.0014 cu 

ft with four strings. These represent density differences of a little 

more than 3 lb per cu ft. No distinction was found between tests in 

silty clay and limestone except that the results in the limestone were 

slightly more erratic. 

Oil-displacement Test Method 

34. A study of the oil-displacement method of measuring volumes 

of holes for density determinations was made in portions of lines 4 and 5 

of the test area described in paragraph 30. Holes dug for determinations 

by the sand-displacement method were sprayed with a quick-drying lacquer 
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before filling with sand so that the sand could be removed from the hole 

without removing any base course material. Volumes of the holes were 

determined using a measured amount of oil. A few trials were made with 

SAE 30 and SAE 50 weights of oil but they were found to be unsatisfac

tory because of excessive leakage. The remaining tests {25) were per

formed using SAE 90 weight oil. Holes were filled by pouring until the ,, 

surface of the oil reached the average original ground surface elevation. 

This elevation was determined by two methods: (1) visual estimate, and 

(2) a gage set at the predetermined average elevation. Twenty tests were 

performed using method (1) and five using method (2). As described 

previously, both the 7- and 10-in. sand-density cylinders were used in 

lines 4 and 5 and, therefore, two general sizes of holes were dug. Data 

are presented in table 4. 
35. Analysis or- the data in the top portion of table 4 shows that 

in the tests using method (1) mentioned above, in the smaller holes the 

volumes indicated by oil were from 0.0009 cu ft to 0.0050 cu ft larger 

than those indicated by the sand-displacement method, and the oil volumes 

in the larger holes were from 0.0007 cu ft to 0.0100 cu ft larger than 

those indicated by the sand-displacement method. These volume differ

ences represented density differences of 3 to 18 lb per cu ft for the 

smaller holes and 3 to 10 lb per cu ft for the larger holes. The density 

shown by the oil was less than that shown by the sand in 16 of the 20 

cases. This indicates that excessive leakage occurred or the hole was 

overfilled with oil, or both. 

36. Differences between the volumes determined by sand and those 

determined by oil using a gage (method (2)) were found to be both posi

tive and negative (see lower portion of table 4). These data indicate 

that considerable differences were obtained even with rather carefully 

controlled methods. Possible reasons for differences include leakage, 

overfilling the hole with oil, underfilling the hole with oil, or scme 

combination of these. 

37. Measurements of the amount of leakage were made after the 

holes were filled with oil in several cases for each weight of oil. The 

measurements were made in terms of inch of drop of the surface in a 
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given time. A correction factor was computed from these data using the 

average diameter of the hole to obtain a volume. Average leakage for 

the various weights of oil and correction factors for two sizes of holes 

(5 and 9 in. in diameter) are shown in the tabulation below. The average 

time required for filling the 5-in. holes with oil was 20 sec and for 

filling the 9-in. holes, 30 sec. The drops in oil surface are based on 

measurements 60 sec after the hole was filled. The approximate equiva-

lent density is based on an actual density of 120 lb per cu ft. 

Time Drop Volume Correction* 
Weight After in Oil Factor, cu ft Approximate Equivalent 

Of Filling Surface Diameter Density Correction 
Oil sec in. 5 in. 9 in. lb/cu ft 

SAE 30 20 3/16 0.0021 4 
30 3/8 0.0138 12 

SAE 50 20 1/32 0.0004 1 
30 1/16 0.0023 3 

SAE 90 20 1/64 0.0002 0.5 
30 l/32 0.0012 1.5 

* To be subtracted from computed volume of hole. 

It is believed reasonable to assume that the amount of leakage during 

pouring was greater than that shown above. 

38. It was noted during this series of tests that the base course 

material was rather dry. To compare leakage in the dry material with 

that in moist material, checks were made in three holes where the 

moisture content was appreciably higher. It was found in two of the 

holes that no appreciable leakage occurred in several minutes after the 

hole was filled and in the third no measurable leakage occurred for 

several hours. 

39. In the foregoing paragraphs the only sources of error dis

cussed were those caused by inability to fill the hole with oil to the 

correct level and by leakage. Other sources of error are surface ir

regularities, unlevel surfaces, and wall disturbance. Surface irregu

larities are taken into account in the sand-density and water-balloon 

methods by a surface "calibration," but no such procedure is readily 

usable for oil. Although an attempt was made to determine by measurement 
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an "average" surface in the tests conducted, it was not considered en

tirely satisfactory. An unlevel surface poses a similar problem in fill

ing the hole with oil. The same conditions of wall disturbance exist 

for the oil method as discussed previously in connection with other test 

methods. 

Summary of Results 

40. The results of the laboratory and in-place tests are con

sidered an a9-equate basis for the following statements: 

a. The 7- and 10-in. sand-density cylinders give results in 
the laboratory that are accurate to about 1 lb per cu ft. 

b. The water-balloon and pycnometer methods result in values 
that vary considerably from the actual value. 

c~ Testa performed in_ the field with the 7- and 10-in. sand
density cylinders on a metal plate using a seal of model
ing clay resulted in values for the volume of the hole 
that contained no obvious sources of error. 

d. The accuracy of the density determined by any in-place 
test may be influenced considerably by disturbances to 
the walls of the hole during digging. 

e. The experimental error in using the sand-density cylinders 
was not more than 3 lb per cu ft in most cases and prob
ably considerably less than this value in many cases. In 
general the 10-in. sand-density cylinder is considered 
the most accurate for density determinations. 

f. The time required to make the measurements and obtain the 
sample with the sand-density cylinders is about twice that 
required with the water balloon or pycnometer. 

&· The use of strings with the water-balloon apparatus in 
tests on coarse materials tends to improve the accuracy 
of the determinations, but the density will still vary 
considerably from the actual value. 

h. The oil-displacement method as described herein contains 
a number of sources of error which make it less satisfac
tory than the sand-density cylinder. 

i. Considerable variation in density from point to point will 
be found in base courses where a significant change in 
gradation exists and should not be confused with testing 
error. 



Table 1 

Summary of Tests for Volume Deter~nations on Test Blocks 

Measured Volume in Cubic Feet 
Water Balloon Sand-densitl AEEaratus 

Actual No Strin~s 1 String 3 Strinf;!l Glass Jar !,i:cnometer 7-in. Cllinder 10-in. Cylinder 
Hole Volume No. No. No. No. No. No. No • 
..1!£=. ~ Range . ~ Tests Range ..!:!L Tests Range ..!:!L Tests Range ..!:!L Tests Range ..!::!.L Tests Range ..!::!.L Tests Range ..!::!.L ~ 

i .0550 .0510 .0525 11 .054.5 .0552 10 .0542 .0548 12 

.0540 .0573 .0554 

2 .o8o2 .0785 .o809 13 .0773 .0797 12 .0781 .0797 10 ----- ----- .o8oo .o816 11 .o801 .o807 12 .0796 .0799 6 
.o820 .o8o7 .o822 .o837 .0813 .08o3 

3 .o629 .058o .6o2 12 .0581 .0610 9 .058o .o604 10 ----- ----- .o624 .o637 10 .o624 .o628 12 ----- -----
.o625 .o627 .o626 .o656 .o633 

4 .o683 .o645 .o671 12 .o661 .o673 9 .o635 .o659 10 ----- ----- .o672 .o686 10 .0682 .0685 12 ----- -----
.o695 .o685 .o683 .07o6 .0688 

5 .0335 ----- ----- ----- ----- ----- .0323 .0330 6 ----- ----- .0336 .0338 5 ----- -----
.0335 .0339 

6 .o46o ----- ----- ----- ----- ----- ----- .0453 .0453 3 ----- ----- .o456 .o461 13 ----- -----
.o454 .o467 

7 .299 ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- ----- .301 .303 4 

.305 
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Table 2 

Summary of Densit~ Data 

Actual Range of Measured Volume in Cu Ft Range of Densiti in LbZCu Ft 
Hole Volume Water Glass Pye- Sand-density AEparatus Water Glass Pye- Sand-densitz Apparatus 

No. Cu Ft Balloon Jar nometer J-in. C;t:l 10-in. Cz! Balloon Jar nometer 1-in. ci1 10-in. ci1 

1 0.0550 0.0510 ------ 0.0547 0.0545 ------ 129.4 120.7 121.l 

0.0540 ------ 0.0554 0.0554 ------ 122.2 119.1 119.1 

2 o.o802 0.0785 ------ o.o8oo o.o801 0.0796 122.6 120.3 120.2 120.9 

0.0820 ------ o.o835 0.0810 0.0803 117.4 115.3 118.8 119.9 

3 0.0629 0.0590 ------ 0.0630 o.o625 ------ 127.9 119.8 120.8 

o.o625 ------ 0.0656 0.0633 ------ 120.8 115.1 119.2 

4 0.0683 0.0645 ------ 0.0676 o.o683 ------ 127.1 121.2 120.0 

0.0695 ------ o.o695 0.0688 ------ 117.9 117.9 119.1 

5 0.0335 ------ 0.0329 ------ 0.0336 ------ 122.2 119.3 

------ 0.0335 ------ 0.0339 ------ 120.0 118.6 

6 0.0460 ------ 0.0453 ------ 0.0456 ------ 121.9 121.l 

------ 0.0454 ------ 0.0465 ------ 121.6 118.7 

7 0.2990 ------ ------ ------ ------ 0.3001 119.6 

------ ------ ------ ------ 0.3005 119.4 

Note: Density values determined by assuming that density determined f'rom actual volume equals 120 lb per cu ft. 

Olo452.G 



Table 3 

Volume Determinations on In-place Material 
With Water Balloon and 7-in.· Sand-densit~ Cylinder 

Volume Determinations in Cu Ft 
7-in. Sand- Water Balloon{ll 

Test Material density 
4 Strin~s{2 J No. Tested Cylinder No Strings l Strin~ 

l Silty clay 0.0606 0.0588 0.0587 0.0594 

2 Silty clay 0.0627 0.0605 0.0609 0.0605 

3 Silty clay 0.0581 0.0569 0.0569 0.0571 

4 Silty clay 0.0589 0.0566 0.0576 0.0577 

5 Silty clay 0.0554 0.0534 0.0542 0.0541 

6 Limestone 0.0563 0.0559 0.0560 0.0549 

7 Limestone 0.0504 0.0471 0.0473 0.0467 

8 Limestone 0.0520 0.0499 0.0499 0.0508 

9 Limestone 0.0495 0.0469 0.0476 0.0484 

10 Limestone 0.0510 0.0495 0.0499 0.0506 

(1) All results with water balloon are an average of 5 determinations. 
(2) To all determinations made using 4 strings 0.0005 cu ft was added 

to allow for the space occupied by the string. 

102953D 



Table 4 

Results of Oil Dis~lacement Tests 

Volume of Holez cu ft Density, lb per cu ft 
Line Row Sand Method Oil Method Sand Method Oil Method 

Elevation of Oil Surface Determined Visually 

4 7 0.1242 0.1326 152.5 142.7 
8 0.0481 0.0488 153.2 151.0 
9 0.0431 0.0439 154.3 151.5 

10 0.0420 0.0417 154.6 155.9 
11 o.o44o 0 .0459 154.o 147.5 
12 0.0505 0.0497 143.9 146.3 
13 0.1058 0.1114 158.1 150.0 
14 0.0522 0.0534 151.4 147.9 
15 0.0548 0.0593 145.5 134.6 
16 0.0595 0.0635 141.5 132.6 

5 7 o.o4o8 · o.o46o 156.3 138.7 
8 0.0364 0.0387 153.3 144.4 
9 0.0410 0.0413 155.7 154.5 

10 0.0410 o.o4o8 151.5 152.2 
11 0~-1075 O.l070 155.0 i56.o 
12 0.0391 0.0420 154.0 143.6 
13 0.0399 0.0415 156.2 150.1 
14 0.0449 0.0478 156.7 147.3 
15 0.0541 o.056o 151.4 146.3 
16 o.124o 0.1326 140.8 131.6 

Elevation of Oil Surface Determined with Gage 

0.1446 0.1599 150.6 136.1 
0.1416 0.1273 141.2 157.8 
0.1510 0.1517 153.8 153.1 
0.1496 0.1452 154.9 159.6 
0.1470 0.1433 150.j 154.2 

Note: SAE 90-weight oil used in tests. 
Values determined by oil method corrected for leakage of oil 

through sides and bottom of hole. 
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Photograph J.. Water balloon apparatus Photpgraph 2. Pycnometer 



Photograph 3. Glass jar and 4.75-in. cone Photograph 4. Seven-in. sand-density cylinder 



Photograph 5. Hole l, gritty concrete 

Photograph 6. Hole 2, smooth concrete 



Photograph 7. Hole 3, very rough concrete 

Photograph 8. Hole 4, rough concrete 



Photograph 9. Hole 6, smooth wood 

Photograph 10. Hole 7, steel, smooth 



Photograph 11. Remolded specimen prior to testing 

Photograph 12. Rem.olded specimen after testing 
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