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FOREWORD 

The investigation reported herein is part of a continuing evaluation 

of laboratory testing procedures for the Office, Chief of Engineers (OCE), 

tinder Item ES 516 of the Engineering Studies Program. Authorization 

for the testing program was given by OCE letter dated 16 November 1970, 

subject: Engineering Study 516, stating that a study should be made of 

sandy soils with fines as to which test method gives the higher compacted 

density, the vibratory table method or the standard compaction test. 

Testing was conducted during the period January 1971 through September 

1971.. 

The tests were performed by Mr. F. G. A. Hess under the general 

supervision of Dr.· F. C. Townsend, both members of the Laboratory 

Research Section, Embankment and Foundation Branch, Soils and Pave

ments Laboratory. The report was prepared by Dr. Townsend under the 

general supervision of Mr. J. R. Compton, Chief, Embankment and 

Foundation Branch, and Messrs. J. P. Sale and R. G. Ahlvin, Chief and 

Assistant Chief, respectively, Soils and Pavements Laboratory. 

COL Ernest D. Peixotto, CE, was Director of WES during prepara

tion of this report. Mr. F. R. Brown was Technical Director. 
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CONVERSION FACTORS, 
BRITISH TO METRIC UNITS OF MEASUREMENT 

British units of measurement used in this report can be converted to 

metric units as follows: 

Multiply By To Obtain 

inches 2.54 centimeters 

pounds 0.45359237 kilograms 

cubic feet 0.0283168 cubic meters 

pounds per square inch 0.68947 57 newtons per square 
centimeter 

pounds per cubic foot 16.0185 kilograms per cubic meter 
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SUMMARY 

Generally, two laboratory test methods, relative density and 
standard compaction (impact), are used in establishing density require
ments for the placement of embankment materials. The relative density 
test method is specified for cohesionless soils, generally when fines do 
not constitute more than 5-12 percent by weight, while the standard 
compaction test is for cohesive soils. However, for sandy soils contain
ing varying amounts of fines, selection is often based upon the test 
method considered appropriate to the material. This study was an in
vestigation of various criteria for assisting in compaction test method 
selection for cohesionless soils with fines. 

The effects of gradation, percentage and plasticity of fines, and 
moisture on vibratory and impact compaction of granular soils were 
evaluated by adding measured percentages (9, 16, .and 23 percent) of 
low plasticity (ML) and medium plasticity (CL) fines to a poorly graded 
(SP) and a nearly well-graded (SW-SP) sand. Maximum density tests 
using a vibratory table were made on both oven-dry and saturated soil, 
minimum density tests were made on oven-dry soil, and standard 
compaction tests were performed on material at various water contents. 

Test results indicate that a uniform sand, due to its higher void space, 
can accommodate more fines and densify more effectively than a well
graded sand with fines. Plasticity of the fines and moisture were found 
to be interrelated factors affecting the compaction of sand with fines. 
For low plasticity mixtures, saturation facilitated vibratory compaction. 
Conversely, for more plastic mixtures, adhesion of the fines to the sand 
grains restricted vibratory shifting of the grains into a denser structure. 
The same densities are produced by impact and vibratory compaction at 
higher percent fines added to the well-graded sand compared to the per
cent fines added to the uniform sand. Apparently, compaction of a well
graded sand with fines is more affected by water content than a uniform 
sand with fines._ 

Because moisture and plasticity of fines have such opposing effects 
on impact and vibratory compaction of sandy soils, guidance for com
paction test selection is not clear cut. The current practice of basing 
compaction test selection on results of relative density tests on oven
dry materials and standard compaction densities may not be realistic 
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of field conditions and may lead to the untenable conclusion that vibratory 
compaction should be used for sands containing in excess of 20 percent 
fines. It is recommended that the use of the relative density method for 
compaction control be limited to granular soils with 12 percent or less 
fines. 
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COMPARISONS OF VIBRATED DENSITY AND 
STANDARD COMPACTION TESTS ON SANDS WITH FINES 

PART I: INTRODUCTION 

Background 

1. Proper compaction is an important criterion in the placement 

of embankment materials. Commonly, two laboratory test methods of 

compaction are utilized as standards for comparing placement densi

ties. For cohesive materials, the standard compaction test (impact) is 

used and for cohesionless soils the relative density test is used. In the 

case of sandy soils containing fines (i.e., particles< No. 200 sieve), 

current Corps of Engineers' guidance is not clear cut. The following 

statements from Engineer Manuals relate to this matter: 

a. EM 1110-2-1906, Laboratory Soils Testing 

(1) Appendix VIA. Compaction Test for Earth-Rock Mixtures, 

Paragraph 1. "If less than 5 percent by weight of the total 

sample is less than the No. 200 sieve, maximum density 

should be determined by vibratory methods. 11 (Appendix VI, 

Compaction Tests, which applies to material having not more 

than 10 percent larger than the 3/4.-in. sieve, is silent on 

the subject.) 

(2) Appendix XII. Relative Density, Paragraph 7. "The 

relative density is meaningful only for co he sionle s s 

materials; if a soil has any appreciable dry strength, the 

methods for determining the minimum and maximum densi

ties described in this appendix are not applicable." 
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b. EM 1110-2-2300, Earth and Rock-Fill Dams, General 

Design and Const.ruction Considerations, Paragraph S-6b( 1). 

"The average in-place relative density of zones containing 

cohesionless soils* should be at least 85 percent, and no 

portion of the fill should have· a relative density less than 

80 percent. This requirement applies to drainage and 

filter layers as well as to larger zones of pervious 

materials, but not to bedding layers beneath dumped riprap 

slope protection. The requirement also applies to filter 

lay~rs and pervious backfill beneath and/ or behind spillway 

structures. The relative density test is generally satis

factory for pervious materials containing only a few percent 

finer than the No. 200 sieve. For some materials, however, 

field compaction results equal to 100 percent or more of the 

standard compaction test maximum density can be readily 

obtained and may be higher than 85 percent relative density. 

If 98 percent of the maximum density from the standard 

compaction test is higher than 85 percent relative density, 

the standard compaction test should be used. The design 

should provide that clean free-draining pervious materials 

be compacted in as nearly a saturated condition as possible. 

Otherwise compaction at bulking water contents might result 

in settlement upon saturation. 11 

2. The American Society for Testing and Materials (ASTM) 

11':~ The standard compaction test may be more· applicable than the 
relative density test for cohesionless soils having more than about 
5 percent by weight finer than the No. 200 sieve, depending upon the 
particle size distribution. tr 
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Specification D 2049-64T suggests that 12 percent fines be considered 

as a basis of selecting between standard Proctor and relative density 

tests. Guidelines, specified by the Bureau of Reclamation, classify 

soils suitable for vibratory compaction into two groups: (a) suitable and 

(b) borderline. Borderline soils may contain up to 12 percent fines, but 

control is based upon 95 percent of Proctor maximum density or 70 per

cent relative density, whichever produces the greatest unit weight. 

Purpose and Scope 

3. The objectives of this study were to investigate the effects of 

various factors (gradation, percentage and plasticity of fines, and 

moisture) on densities obtained in relative density and standard compac

tion tests on sands with various amounts of fines. The test results 

would then be analyzed to establish criteria for selecting which test 

method, vibratory or impact, should be used for compaction control of 

cohesionless materials . 

. 4. The testing program included testing of a uniform (SP) and a 

nearly well-graded (SW-SP) sand to which were added various per

centages of low plasticity (ML) or medium plasticity (CL) fines. Maxi-· 

mum density tests using a vibratory table were performed on oven-dry 

soils, and standard compaction tests were performed on soils at various 

water contents, 

Previous Investigations 

5. Previous investigations, ASTM1 and USBR, 2 have indicated that 

free draining soils respond more efficiently to vibratory compaction 
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than to impact compaction. Hence, it appears that the concept of free 

draining soil type according to the Unified Soil Classification System is 

the basis for the current guidelines used for selecting ~impact or vibra

tory compaction methods. For example, SW and SP sands are con

sidered as being free draining and by definition contain less than 5 per

cent fines, while SC and SM sands are somewhat impervious and are 

defined as containing in excess of 12 percent fines. Although free 

drainage would seem to be an important criterion in selecting the com-
2 paction test method, tests by the USBR have shown that there is poor 

correlation between permeability and effectiveness of vibratory 

compaction. 

6. The influence of gradation, which involves both percentage of 

fines and grain-size distribution, on maximum and minimum densities 

of sands has been emphasized by several investigators (Burmister, 3 

4 5 Hutchinson and Townsend, Shockley and Garber, and USBR). 

Burmister has shown that the maximum and minimum densities of co-

hesionless soils can be correlated with the grading parameters, n 50 , 

n 10 , and Cr (effective grain size range) and that reasonable estimates 

of relative density based on these correlations are feasible. However, 

he does not discuss any correlations for maximum ~ensity obtained by 

impact methods. Hutchinson and Townsend and Shockley and Garber 

have correlated Bagnold' s 6 grading parameters by regression analysis 

with maximum density achieved by vibration and impact procedures. 

Hutchinson and Townsend's results indicated that minimum density did 

not accurately correlate .with Bagnold 1 s parameters. All the above 

correlations, however, were developed for fairly clean sands with only 

small percentages of fines. 

7. Investigations by the USBR have shown that the percentage of 
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fines present in a material is a possible criterion for selecting whether 

impact or vibratory compaction yields the greater density. Their test 

results showed that compaction test method selection based upon the 

percentage of fines was confined to a relatively narrow range for the 

broadly different soils tested and that some sands (SM) with as much as 

16 percent fines could be efficiently compacted by vibration. They con

cluded that the two primary factors affecting the ability of a soil to be 

densified by vibration were (a) gradation and (b) plasticity of fines. 

Gradation affects the void space available for the fines present. For 

example, a uniform sand would contain more voids than a well-graded 

sand in which the voids are filled by the finer fractions. The greater 

void space of the uniform sand would thereby allow a higher percentage 

of fines to be present and still vibrate satisfactorily. Plasticity of fines 

also contributes to the effectiveness of vibratory compaction in that the 

more plastic fines tend to re strict particle movement into denser 

configurations by adhering to the sand grains and creating "bridging" 

between grains. Obviously, plasticity would be an insignificant factor 

if the relative density tests were conducted on oven-dry inaterial. 

· 8. The 1970 edition of EM 1110-2-1906, Laboratory Soils Testing, 

has eliminated the laboratory procedure once permitted of determining · 

maximum density by vibrating sands in a saturated state. Nevertheless, 

Kolbuszewski 7 demonstrated that vibratory densification of sand was 

more effective when the material was compacted under water rather 

than in the air-dried condition. Hutchinson and Townsend4~ confirmed 

this observation for uniform sands, but showed that well-graded sands 

produced higher densities in the air-dried state. Felt8 and Pettibone 

and Hardin 9 indicated that for sands of varying gradation and percentage 

of fines (0 to 15%), the difference between maximum density produced 
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by vibrating wet versus dry sand was insignificant. However, Felt 

points out that for coarse-grained (gravelly) materials, maximum 

vibrated density is achieved ,in the saturated condition. It was hypoth

esized that for these coarse-grained materials, water aids in prevent

ing segregation and in "lubrication" of the particles. At moisture. 

contents between the wet and dry extremes, lower densities were ob

tained. Pettibone and Hardin indicated that for the sands they tested, 

no reliable correlation was available between gradation and densities 

produced by vibrating saturated or dry materials. 

9. In addition to effects of gradation, Burmister3 stated that grain 

shape (i.e., rounded versus angular) has some influence on the maxi

mum and minimum densities of cohesionless soils. Al-HussainilO 

showed that for a very uniform gradation (No. 3 to No. 30 sieve), little 

difference existed between the maximum vibrated densities of angular 

crushed stone and rounded gravel (however, there was considerable 

difference in minimum densities (92. 4 versus 112. 0 pcf*), the angular 

material having the lower minimum density). 

10. In summary, previous investigators have reported that the 

maximum and minimum densities of cohesionless soils are greatly in

fluenced by gradati~n and percentage of fines, and to a lesser extent by 

plasticity of fines, moisture, and particle shape. 

::~ A table of factors for converting British units of measurements to 
metric units is presented on page vii. 
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PART II: DESCRIPTION OF THE STUDY 

Investigative Procedures 

11. The natural sands utilized in this study were (a) subangular to 

subrounded concrete mortar sand (nearly well graded, SW-SP), and 

(b) a local subangular to angular sand termed Campbell Swamp sand 

(uniform, SP). These sands were processed by sieving to remove all 

natural fines. Sta~dard soil samples of ML and CL material passing the 

No. 200 sieve were used as fines to be added to the sands. The proper

ties of these fines and the grain-size distribution curves of the sand plus 

fines mixtures are presented in figs. 1 and 2. 

12. Standard test procedures outlined in EM 1110-2-1906, 

Appendixes VI and XII, were followed for standard compaction and 

relative density determinations, respectively. The standard compaction 

procedure involves impact compaction of three layers of soil into a 

4. 0-in. mold by 25 blows on each layer of a 5-1/2-lb hammer falling 

12 in. Water content determinations were made after compaction. The 

maximum density test procedure for use in relative density determina

tions involves vibrating oven-dried soil in a 0. 1 ft 3 (6-in. diam) mold on 

a vibratory table at a frequency of 3600 vibrations per min and amplitude 

of 0. 019 in. for 8 min under a surcharge of 2 psi. Maximum vibrated 

density was also determined on saturated material using the procedure 

described in the 1965 edition.of EM 1110~2-1906. In this procedure, 

Wet sand was placed in the mold as it was vibrating at 

greatly reduced amplitude, maintaining a small amount of 

free water above the soil. After the mold was filled, the surcharge was 

placed and the mold vibrated for 8 min. In addition to the above tests, 
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specimens of (SW-SP) sand plus ML and CL fines were vibrated after 

being brought to water contents corresponding to the optimum water 

contents obtained in the standard compaction tests on the same mixtures. 

Minimum density of oven-dry material was determined by pouring the 

material through a funnel device into the mold. 

Test Results 

13. Results of relative density and standard compaction tests on the 

two sands and on the sand-plus-fines mixtures are summarized in table 1. 

Definitions of the notations used in this table and in subsequent figures 

to identify the various density determinations are given in the footnotes 

of table 1. 

14. Standard compaction curves for the sands and sand-plus-fines 

mixtures are shown in figs. 3 through 6. Densities obtained on oven-dry 

material are also plotted on these figures. Vibrated densities of oven

dry material and saturated material are plotted against percent fines in 

figs. 7 through 10, together with standard compaction densities of oven

dry material and of material at water contents producing the highest 

density. Figures 9 and 10 also show the densities designated Y d(VO) 

obtained in vibrating the SW-SP sand plus ML and CL fines, respective

ly, with the mixtures at standard compact10n optimum water contents. 

Discussion of Test Results 

Comparison of densities obtained 
on oven-dry versus wet material 

15. Figures 11 and 12 graphically show the difference in dry 
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density obtained in vibrated tests on oven-dry versus saturated material, 

and in standard compaction tests on oven-dry material versus material at 

optimum water content. These plots indicate that higher vibrated densi-

ties are obtained on sands without fines when the materials are oven-dry. 

Conversely, Hutchinson and Townsend4 observed that saturated uniform 

sands with less than 10 percent fines produced higher vibrated densities 

than the same sands dry. However, data presented by Felt8 and Pettibone 

and Hardin 9 indicated differences in vibrated densities of saturated versus 

dry sands "Yere not significant for sands with various percentages of fines. 

The current test results indicate that for the uniform sand, the vibrated 

density of oven-dry material exceeded that of saturated material by the 

greatest amount when there were no fines. Apparently, in a well-graded 

sand, the vibratory movement of the smaller particles into the voids be

tween the larger particles is unhampered by saturation, while in a uni-

form sand the absence of smaller particles to fill the voids and the pres

ence of water reduced the saturated density slightly. In standard compac

tion of the sands containing no fines, the effect of "apparent ~ohesion" im

parted by moisture is evidenced by the fact that the densities of oven-dry 

materials were greater than the maximum densities of moistened materials, 

differences being greater for the well-graded sand. Evidently, at opti-

mum moisture content; more "apparent cohesion" is developed between 

the various sized particles of the well-graded sand than for the uniform 

sand and a more open structure is created. 

16. Obviously,_ pla.stic__it_y and- moisture are interrelated fa-ctnrs-af-

fecting compaction of the sand-plus-fines mixtures since the plasticity 

characteristics of the fines would not be exhibited in compaction of oven

dry material. The test results in fig. 11 show that in the case of the 

sands with the more plastic fines (CL), the maximum vibrated density 
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of the dry material was higher than the saturated material for both the 

well-graded and uniform sands. Similarly for both the uniform and well

graded sands with small amounts of ML fines, the dry material initially 

produced the higher maximum vibrated density. However, as the per

centage of fines increased, the saturated mixtures with ML fines ulti-· 

mately produced the higher maximum vibrated density. The vibrated 

density tests on saturated materials indicate that the more plastic fines 

adhere to the sand grains and thereby restrict the shifting of the sand 

particles into denser configurations. In the case of the sands with less 

plastic fines (ML), adhesion was not as great and the water present as

sisted in filling the voids with these fines, thereby generating higher 

densities. Based upon these observations, it appears that the plasticity 

of the fine fraction rather than gradation is the primary factor in govern

ing whether oven-dry or saturated sand with fines will produce the 

highest vibrated density. 

17. Vibration of well-graded sand with fines at standard optimum 

water content produced the lowest values of vibrated densities. As 

shown in figs. 9 and 10, the density-percent fines curves were below 

and generally parallel to the curves for saturat.ed material. 

18. The effects of plasticity observed for the standard compaction 

densities, as shown in fig. 12, were somewhat different than for the 

vibrated densities. For the sands with less plastic fines (ML), the dry 

material densified more effectively than the same material at optimum 

moisture content throughout the range of percentages of fines tested. 

On the other hand, for san~s with the more plastic fines (CL), the dry 

material with zero or small amounts of fines densified more than the same 

material at optimum moisture content but as the percentage of fines in

creased, greater densities were obtained with the addition of moisture. 
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These' results are as expected since moisture facilitates the compaction 

of cohesive materials, and the cohesive nature of the sand-plus-fines 

mixtures increases with greater percentages of fines. 

Comparison of vibratory 
versus impact compaction 

19. Figure 13 graphically compares the differences between vibrated 

densities of oven-dry material and standard compaction densities for 

various percentages of fines. The plots show that for the uniform sand 

(SP) with fines, the difference in densities produced by the two ~ompac

tion methods reduced to 2 pcf with 9 percent CL fines or 12. 5 percent 

ML fines, and to zero with fines content of 14. 5 and 18. 5 percent. On 

the other hand, for well-graded sand (SW-SP) with fines, the differences 

in densities produced by the two methods remained large up to about 

20 percent fines. At 12 percent fines, the vibrated densities of dry well

graded material exceeded the standard compaction .density by 7. 4 to 

8, 7 pcf. These results and those presented in figs. 11 and 12 indicate 

that well-graded sands with fines are more affected by factors which lead 

to "bridging" between particles; i.e., "apparent cohesion" and plastic 

fines, than uniform sands with fines. Apparently, uniform sand contain

ing more void space (i.e., having higher void ratio) than well-graded 

sand can accommodate more fines in its structure, while the various 

sized particles of the well-graded sand restrict the movement of fines and 

are more conducive to "bridging." 

20, Figure 14 graphically indicates the difference between dry 

densities corresponding to 85 percent relative density of oven-dry 

material and 98 percent of maximum standard compaction densities at 

optimum water content for various percentages of fines. If guidance 

given by EM 1110-2-2300 (see para. 1.£) is followed, then compaction 

control by relative density rather than by standard impact compaction 
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would be used for sands containing as much as 14 to 21 percent fines. 

However, it appears to be inappropriate or artificial to compare vibrated 

densities obtained on oven-dry materials with impact compaction densi

ties of moist materials, which because of substantial fines content, show 

definite moisture-density relations (i.e., an optimum water content and 

a maximum density are defined). 

21. Comparisons of standard effort density and vibratory density, 

when both tests are performed on oven-dry material, indicate generally 

lower fines contents at which standard effort densities exceed vibratory 

densities (6. 5 and 8 percent fines for the SP sand mixtures; 14 and plus 

23 percent fines for the SW-SP sand mixtures). 

22. Because moisture has such significant effects on the compac

tion characteristics of the mixtures, it would seem preferable to 

compare maximum densities at optimum water content with those ob

tained by vibratory tests on saturated materials. These comparisons 

are presented graphically in fig. 15. The test results indicate that 

materials containing up to 10. 5 to 15 percent of medium plastic fines 

(CL) will densify more by vibration when saturated than by impact 

methods when at optimum moisture content. However, in the case of 

lower plastic fines {ML) higher densities were produced by vibration in 

a saturated condition for fines contents in excess of 23 percent. Ap

parently, the ML fines when saturated do not exhibit sufficient plasticity 

as do the CL fines to be restricted in their mobility when vibrated. As 

a. --re-sult, -the -density increases with increasing fines (ML) until all the 

voids are filled by the fines. Beyond this condition, additional ML fines 

tend to segregate and move around the surcharge plate and out of the 

mold, as well as begin to alter the sand-fines structure. For the well

graded sand (SW-SP), it appears that due to the lower void ratio the 
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mobility of the ML fines is more restricted and alteration of the struc

ture occurs rather than segregation, causing an increase in volume and 

lower densities. However for the uniform sand mixtures, evidently 

segregation occurs and the ML fines move out from beneath the 

surcharge plate, with results indicating the erroneous conclusion that 

vibratory compaction is better than impact compaction for unlimited 

quantities of fines. Although material consisting of 100 percent ML 

fines was not saturated and vibrated, it would be anticipated that the 

surcharge plate would merely settle to the bottom of the mold; this is 

based on the fact that in tests on sands with 23. 1 percent fines, it was 

noted that considerable fines were present on top of the surcharge plate 

at the conclusion of the test. 

23. Analogously, for impact compaction, the density will increase 

correspondingly with the amount of fines up to a certain fines content; 

after this, the addition of fines will reduce the density to that cor-

responding to 100 percent fines (approximately 106 pcf for ML fines 

and 109 pcf for CL fines). The fines content required to achieve the 

maximum density is obviously quite different for impact and vibratory 

compaction due to the different sand-fines structure created by the two 

methods. 

Correlations for 
compaction test selection 

24. Previous investigators (Shockley and Garber5 ) have obtained 

good correlations between maximum densities of sands and Bagnoid's 6 

grading parameters. Because vibratory techniques used by these 

investigators were different and the sands investigated contained little 

or no fines, these correlations were not applied directly in the present 

·study. Therefore, independent correlations were made based on 
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Bagnold' s 6 grading parameters and percent fines, as presented in 

Appendix A. 

25. Correlations were obtained relating standard maximum density 

at optimum water content and maximum density obtained by vibrating 

oven-dry material to percent fines and Bagnold' s distribution curve 

parameter S • 
c 

With these correlations, limiting values of Bagnold' s 

parameter S and percent fines can be established to indicate which of 
c 

the two compaction methods would produce the higher density for a given 

sand with fines. Unfortunately, this is not a realistic criterion since the 

correlations, by ignoring the obvious effects of plasticity of fines and 

water content, lead to the untenable conclusion that vibratory compac

tion should be used for sands containing as much as 25 percent fines. 

26. It was thought that simple tests such as roughly checking dry 

strength by hand and noting whether or not moist material could be 

molded by hand into a coherent mass might provide some guidance in 

selecting the appropriate compaction method. For both sands, it was 

found that material with 17 percent CL fines had considerable dry 

strength after being oven-dried, but 23 percent CL fines had to be added 

to produce a coherent mass of moist material. On the other hand, moist 

sands with 23 percent ML fines could not be molded except into a weakly 

coherent mass, and the mixtures felt like wet sand. The sands, even 

with 23 percent ML fines, had no appreciable dry strength upon being 

oven-dried. It thus appears that dry strength and moldability provide 

-no ,-guidanc-e in -the -s-election of -compaction test since both the well

graded and uniform sands behaved similarly, while compaction test 

data showed differences for the two sands. 
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PART III: SUMMARY AND CONCLUSIONS 

27. The guidance provided by the testing of the two sands with fines 

of different plasticity characteristics is not clear cut, as there are dif

ferent relations of vibrated versus standard compaction densities with 

increase in fines depending on sand gradation, moisture conditions, and 

plasticity of fines. Since it does not seem practicable to specify the 

method of compaction control on the basis of these parameters, and 

since field experience has shown that essentially cohesionles s materials 

other than those containing large proportions of silts or rock flour are 

best compacted by vibratory equipment, it is recommended that the use 

of the relative density method be limited to sands containing 12 percent 

or less fines. It is believed that vibratory compaction of essentially 

saturated sands with fines in excess of this amount would be ineffective. 
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Table 1 

Summary of Density Test Results 

MATERIAL 
Standard Compaction 

Percent Fines watyd(opt) 95%yd(opt) 
Maximum Vibrated Density 
Yd(VD) Yd(VS) Yd(VO) 

Minimum 
Density 

Yd(min) 

% 

1. Campbell Swamp Sand (SP) 
a. No fines 

o 102. o 98. 4 

b. With ML fines 

9. 1 
16.7 
23. l 

llO. 2 
116. 2 

c. With CL fines 

9.1 
16.7 
23.l 

110.0 
116. 0 
ll9. 0 

10:7. 2 

115. 3 
11(i. 2 

107.2 
116. 1 
122. 7 

2. C~ncrete Mortar Sand (SW-SP) 
a. No fines 

* 

0 121. 3 114. 5 

b. With ML fines ------9.l 128.4 
16.7 131.8 
23. 1 131. 0 

c. With CL 
9. 1 

16. 7 
23. 1 

fines 
126.9 
129.5 
128.2 

121. 7 
12B.3 
130.5 

124.2 
130. 0 
131. l 

NOTES: Standard Compaction: 

(i.e. opt w, %) pcf 

NA 

12.0 
10. 1 
10. 2 

12.0 
9.5 

10.0 

NA 

8. 1 
7.0 
7.2 

8.0 
7.5 
7.8 

93. 5 

101. 9 
109.6 
110. 4 

101.7 
110.2 
116. 6 

108.8 

115. 6 
121. 9 
124.0 

118. 0 
124.0 
124.5 

Y d(dry) dry density using oven-dry soil 

maximum dry density of soil at 
optimum water content 

96.4 

105.l 
113. 0 
113. 9 

105.0 
113. 8 
120.2 

112. 2 

119. 3 
125.8 
127.9 

121. 7 
127.9 
128.5 

pcf 

106.1 

110. 0 
116. 4 
115. 2 

109.2 
115. 4 
117. 6 

125.4 

130.3 
132.7 
129.0 

133.9 
136.0 
130. 7 

102. 8 

108.9 
116.4 
121. 4 

107. 8 
113. 7 
117. 2 

125.0 

129.2 
134.9 
132.8 

128.3 
128.6 
123.5 

pcf 

124.3 
130. 9 
129.9 

123.7 
124.8 
119. 6 

pcf 

90.0 

94. 8 
98.4 
94.6 

95.2 
98.2 
96.4 

111. 8 

113. 7 
112. 3 
108.6 

113. 5 
112.9 
108.9 

Vibratory Table Compaction: 
Yd(VD) maximum dry density using oven-dry soil 

maximum dry density using saturated soil 

maximum dry density with soil at standard 
compaction optimum water content 

yd at D d :: 

85%* 

pcf 

103. 3 

107.4 
113. 3 
111. 6 

106. 8 
112.4 
113. 8 

123.l 

127.5 
129.2 
125.5 

130.4 
131. 9 
126.9 
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APPENDIX A 

CORRELATIONS OF DENSITY 

VALUES WITH GRADATION PARAMETERS 

1. The Bagnold6 grading parameters were obtained as illustrated 

on the distribution plot shown in fig. A-1. The log of the percent 

retained on a given sieve is plotted against the log of the mean particle 

diameter of the sieve interval (assuming that the mean diameter of the 

material retained on a given sieve is the average diameter of that sieve 

and the next larger sieve). This special distribution identifie~ the three 

Bagnold grading parameters: the peak grain diameter (D ), the slope of 
p 

the distribution curve for the sizes coarser than the mode (S ), and the 
c 

slope of the curve for the sizes finer than the mode (Sf). A least 

squares regression analysis was used to establish the values of Sf and 

s 
c 

2. Table A-1 lists values of Bagnold' s grading parameters, per-

centage of fines, standard compaction density, and maximum and mini-

mum densities for relative density purposes from tests performed in 

this study and from tests on other soils. These values were analyzed 

assuming the following regression model: 

y = 
d 

S O + S l ( o/oF) + S 2 (Sc) + S 3 (Sf) + S 4 ( D p) + 

S5[1og(10 Sc)]+ S6[1og(l0 Sf)]+ S7 [1og(10 DP)] 

Al 

(Al) 

I 



where 

s 
c 

D 
p 

= dry density, pcf 

= beta coefficients for given variables 

= percent fines, % 

= slope of frequency curve for coarse sizes 
( Bagnold' s distribution) 

= slope of frequency curve for fine sizes 
( Bagnold' s distribution) 

= peak grain diameter, mm (Bagnold's distribution) 

A statistical analysis system (SAS) developed at North Carolina State 

University by Goodnight 1 p:~ was utilized for performing the multiple 

regression analyses. Analysis of variance tables of the correlations 

are presented in Appendix B. The analyses indicated that several of 

the selected variables were insignificant. Therefore, variables which 

were common to both the maximum standard compaction density and 

maximum vibrated density were selected for the following regression 

equations: 

yd (opt) = 112. 78 + 0. 95 (o/oF) 2. 70 (S ) 
c 

(A2). 

Yd(VD) = 124.89 + 0.47 (o/oF) - 3.80 (S) 
c 

(A3) 

The coefficients of multiple regression are r 2 = O. 92.1 and r 2 = 0. 831, 

respectively, which indicated very good correlations. Standard errors 

~~ Refers to similarly numbered item in list of literature cited, which 
follows the main text. 

A2 



of estimate are.± 3. 0 pcf and + 4. 2 pcf, respectively. 

3. Unfortunately, the same variables, o/oF and S , did not correlate 
c 

well with the minimum density. The following regression equation 

provided a good correlation (r2 = 0. 8S2 and standard error of estimate 

+ 3. 87 pcf for estimating Yd( . ) ). - . min 

Yd(min) = 96. 26 - 12. 06(Sf) + 9. 77(Dp) -

26. 76 [log( 10 S )] 
c (A4) 

However, the following correlation based upon the maximum vibrated 

density offers a somewhat more accurate means for estimating Y d(min): 

(AS) Yd(m:i,n) = 0. 893[yd (VD)l - 6.13(Dp) - 3. SS 

2 
the coefficient of regression being r = O. 89S and the standard error 

. of estimate being + 3. 24 pcf. 

4. Since the regression equations for yd(opt) and yd(VD) are 

functions of the same variables, by equating the two equations, a limiting 

equation can be derived to indicate which of the two compaction test 

methods would produce the higher density for a given sand with fines. 

Equating equations AZ and A3: 

112. 78 + 0. 9S(o/oF) - 2. 70(S ) = 124. 89 + O. 47(%F) - 3. 80(S ) 
c c 

yields 

S = 11. 0 1 - 0. 44 ( %F) (A6) 
c 

A3 



which is presented graphically in fig. A-2. The areas above and below 

equation A6 designate which test method gives the higher density. 

A4 



Table A-1 

Values of Percent Fines, Bagnold's Grading 
Parameters, and Densities Utilized for Correlation 

D 
s sf 

p 
y d(VD) y d(min) Ya( opt) 

Material %F c mm 

Campbell Swamp 0 5.32345 -3.46551 0.298 106. 1 90.0 98.4 
sand plus: 9. 1 5.34753 -3.46903 0.300 110. 0 94.8 107.2 

ML Fines 16.7 5.35825 -3.47732 0.295 116. 4 98.4 115.3 
23. 1 5.30821 -3.47803 0.290 115. 2 94.6 116.2 

CL Fines 9. 1 5.34753 -3.46903 0.300 109. 2 95.2 107.2 
16.7 5.35825 -3. 47732 o. 295 . 115. 4 98.2 116. 1 
2 3. 1 5.30821 -3.47803 0.290 117. 6 96.4 122.7 

Cone rete mortar 0 0.201905 -1. 62283 o. 315 125.4 111. 8 114.5 
sand plus: 9. 1 o. 199205 -1. 62241 0.330 130. 3 113. 7 121. 7 

ML Fines 16.7 o. 198900 -1. 62183 0.330 132.7 112. 3 128.3 
23. 1 o. 198055 -1. 62066 0.330 129.0 108. 6 130.5 

CL Fines 9. 1 o. 199205 -1. 62241 0.330 133.9 11'3, 5 124.2 
16.7 o. 198900 -1. 62183 0.330 136.0 112.9 130.5 
23. 1 o. 198055 -1. 62066 0.330 120.7 108.9 131. 1 

Miss .. River 0 2.31760 -3.41417 0.410 110. 1 98.2 106.7 
sand plus: 9. 1 2.33552 -3.41333 0.410 123.5 104.6 116. 7 

ML Fines 13. 1 2. 31789 -3.41275 o. 410 125.5 107.5 121.3 
16.7 2.31802 -3.41454 0.410 126.8 108.6 125.6 

SD 7c':' 11. 5 1.17153 -1. 02559 1. 80 120.4 92.3 

SD 13 & 14 2.7 1. 08367 -1. 39540 1. 15 119. 9 89.4 

SD 27-30 16. 5 1. 97720 -0.62796 2.40 128.5 99.2 

SD 13 17.4 5.53485 -2.27958 . 240 102. 1 81. 1 

Reid Bedford 
sand 2.3 3.-73956 -3. 18583 o. 186 108.2 91. 1 99.6 

Hopkinton-
Everett sand 3. 4 1. 12252 -2. 3572 0.205 107. 2 

SD denotes Soil Dynamics; the numbers are the sample numbers. 
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APPENDIX B 

ANALYSIS OF VARIANCE TABLES. 
FOR DENSITY CORRELATION EQUATIONS 
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1•· ABSTRACT Generally, two laboratory test methods, relative density and standard compaction (impact), are 
used in establishing density requirements for the placement of embankment materials, The relative density 
test method is specified for cohesionless soils, generally when fines do not constitute more than 5-12 per-
cent by weight, while the standard compaction test is for cohesive soils. However, for sandy soils contain-
ing varying amounts of fines, selection is often based upon the test method considered appropriate for the 
material. This study was an investigation of various criteria for assisting in compaction test method se-
lection.for cohesionless soils with fines, The effects of gradation, percentage and plasticity of fines, 
and moisture on vibratory and impact compaction of grarrular soils were evaluated by adding measured per-
centages (9, 16, and 23 percent) of low plasticity {ML) and medium plasticity (CL) fines to a poorly graded 
(SP) and a nearly well-graded (SW-SP) sand, Maximum density tests using a vibratory table were made on both 
oven-dry and saturated soil, minimum density tests were made on oven-dry soil, and standard compaction tests 
were performed on material at various water contents, Test results indicate that a uniform sand, due to its 
higher void space, can accollllllodate more fines and densify more effectively than a well-graded sand with 
fines. Plasticity of the fines and moisture were found to be interrelated factors affecting the compaction 
of sand with fines. For.low plasticity mixtures, saturation facilitated vibrato?"y compaction, Conversely, 
for more plastic mixtures, adhesion of the fines to the sand grains restricted vibratory shifting of the 
grains into a denser structure. The same densities are produced by impact and vibratory compaction at 
higher percent fines added to the well-graded sand canp_ared to the p~rcent fines added to the uniform sand, 
Apparently, compaction of a well-graded sand with fines is more affected by water content than a uniform 
sand with fines. Because moisture and plasticity of fines have such opposing effects on impact and vibra-
tory compaction of sandy soils, guidance for compaction test selection is not clear cut, The current prac-
tice of basing ~ompaction test selection on results of relative density tests on oven-dry materials and 
standard compaction densities may.not be realistic of field conditions and lllll¥ lead to the untenable con-
clusion that vibratory compaction should be used for sands containing in excess of 20 percent fines, It 
is recomm.ended that the use of the relative density method for compaction control be limited to granular 
soils with 12 percent or less fines. 
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