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Method for Specifying Soil Compaction 
M. F. Essigmann, Jr., Lincoln-Devore Testing Laboratory, 

Colorado Springs 
A.G. Altschaeffl and C. W. Lovell, Department of Civil Engineering, Purdue 

University, West Lafayette, Indiana 

Laboratory compaction data and associated strength test results have been gen· 
erated for a study to improve predictability of compacted behavior. Statistical 
regression relationships were established for dry density, strength, and their re
spective variabilities. These relationships were then plotted as one combined 
nomograph. When mean water content, mean dry density, and variation in dry 
density are entered on the nomograph, the plot will yield a predicted mean 
compressive strength as well as the variability in the strength. Such a nomo
graphic model based on field compaction relationships could be used to estab
lish moisture and density ranges and thus the desired mean strength and toler
able variation in stre~gth, i.e ., the specification region. Field data are now 
being generated for vari9us combinations of soils and rollers to allow this de
sign tool to be tested for real embankments. 

Soil compaction is performed to impart the desired 
engineering properties to the compacted mass. It is not, 
in general, practical to directly specify that the construc
tion achieve these desired properties. Rather, the 
engineer must first specify descriptors of the compacted 
product, the compactive process, or both that are easy 
to measure and then be able to relate these to the desired 
properties. The requisite correlations are not simple 
and continue to challenge engineers seeking the best 
design. 

Although the relationships among compacted properties 
and the variables of the compaction process are most 
directly studied in the field, this is expensive and time 
consuming. Accordingly, in the present state of the art, 
the above relationships are established in the laboratory. 
But this approach has serious intrinsic limitations, be
cause field compaction is achieved by different modes and 
at different energy levels than in the laboratory and there 
is more variability in all variables in the field. 

This paper reports a portion of a larger three-part study 
that (a) defines relationships among laboratory compaction 
variables and resulting properties and their variability, 
(b) defines these same relationships in the field, and (c) 
couples (a) and (b) so that the field-compacted properties 
and their variability can be predicted from laboratory 
testing only. 

The part reported deals with the relationships among 
laboratory compaction variables and the as-compacted, 
unconfined compressive strength and its variability. A 
methodology is proposed by which the mean strength and 
its variability can be predicted from a knowledge of the 
levels of the compaction variables. By using the same 
technique, it is possible to decide how to specify (i.e., 
control) the compaction variables in order to produce a 
desired mean strength within a selected tolerable vari
ability. Other laboratory data, such as soaked strength, 
as well as field values, could be handled in the same 
general way. Proof that the model proposed here will 
work awaits the results of field tests now under way. 

BACKGROUND 

Systematic studies of soil compaction date from Proctor 
Q); the impact-type laboratory test he developed is still 
by far the most popular one. Although the compacting 
action of this test is very different from that of common 

field rollers, the density and moisture content values of 
end-result specifications are based on it. Because large
scale studies by the Waterways Experiment Station (~ and 
the Road Research Laboratory(£), among others, show 
that the line of optimum is peculiar to the type of laboratory 
test or type of roller, the use of any one laboratory control 
test is arbitrary. 

The consequences of bringing a soil to the same com
pacted density and moisture by different methods of com
paction are not clear. Some believe that the soil fabric is 
strongly influenced by the compaction type and that proper
ties such as strength will be peculiar to the method of 
achieving a given moisture and density. Others disagree, 
and, in fact, this study showed that, at common moisture
density values, impact- and kneading-compacted samples 
had about the same strength (1). 

A number of previous studies have examined the variability 
in density, moisture content, or strength of laboratory-
or field-compacted soils (i, i, 1, §_, i, 10, 11, 12, !£). 
These studies led to the conclusion that variability in 
the compacted property will depend primarily on soil 
type, compaction method, moisture content, and compac
tion energy. Accordingly, in this study, the above vari
ables were suitably controlled and their effects on the 
magnitude and variability of density and unconfined com
pressive strength were established by statistical methods. 

SUPPORTING DAT A 

A glacial silty clay , CL or A-4(5), was compacted at four 
levels of energy input in the impact or Proctor-type test . 
This soil has a liquid limit of 20, a plasticity index of 6, 
and a specific gravity of solids of 2. 73. See Table 1 for 
the details of the compaction. Water content was con
trolled and both dry density and unconfined compressive 
strength were measured as dependent variables. The data 
are shown in Table 2. 

DATA ANALYSIS 

Statistical regression analysis was performed to develop 
functional relationships among the controlled compaction 
variables and both the magnitude and variability of the de
pendent variables. The data were placed in a single group 
for definition of the magnitude of density or strength. In 
the case of the variability regressions, the data were 
divided into subsets of 1 percent water content intervals 
about the optimum water content for each energy input 
level. Means and variances within each subset were cal
culated, and these reduced data were applied to the analysis. 

To initially locate the important variables and variable 
interactions, an "all possible" regressions approach was 
used with the aid of the Purdue computer program 
DRRSQU, a part of the statistical applications library of 
computer programs. Analytical models so tested were 
considered to be potentially useful if (a) the square of the 
correlation coefficient was high (R2 > 65 percent), (b) the 
confidence intervals for the regression coefficients were 
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Table 1. Compaction details and levels for 11. 7 by 10.2-cm diameter 
mold . 

small, and (c) the confidence intervals did not cross zero. 
The regressions summarized in Table 3 are probably 

No. of 
He ight of Weight of Blows Energy 

the best s imple ones. Density and variability in density 
equations had much better R2 values and were simpler 

Test Hammer No. of Hammer per Developed Energy when the moisture contents were divided into dry- and wet
of-optimum groups. Significant models for strength and 
strength variability could be developed in this same manner, 
or for all moistures. 

Series Drop (cm) Layers (kg) Layer (kJ/m3
) Ratio 

15-blow 30 .5 3 2 .5 15 354 1.00 
P roc tor 

Standa rd 30.5 3 2.5 25 594 1.67 
Proctor 

25-blow 45. 7 3 4.5 25 1616 4.56 DISCUSSION OF RESULTS 
Proctor 

Modified 45. 7 5 4.5 25 2696 7.61 
Proc tor 

Note: l cm = 0.39 in; 1 kg = 2 20 lb; and 1 kJ/m 3 =- 20 87 lb ft/ft 3 

The equations developed can be plotted. Figure 1 shows the 
plot of the relations for dry density; the data points shown 
are mean values for the data subsets described earlier. 

Table 2. Results of four types of Proctor tests . 

Unconfined Unconfined 
Dry Water Compression Dry Water Compression 
Density Content Strength Density Content Strength 

Test (kg/ m') ({) (kPa) Test (kg/m') ("') (kPa) 

15-blow 1704 7.0 93 Standard 1855 9.6 291 
Proctor 1722 7.1 104 Proctor 1946 10.3 311 

1715 7. 1 85 (continued) 1978 10 .3 297 
1765 8.2 110 1989 10.5 377 
1734 8.2 97 1990 10.9 342 
1781 8.3 132 1963 10.9 376 
1809 9.5 124 1957 10 .9 360 
1851 9.5 186 1955 11.6 299 
1770 9.5 112 1982 11.6 311 
1874 10 .2 146 1963 11. 7 279 
1859 10 .3 182 1989 11. 7 335 
1861 10.3 158 1963 11.9 262 
1843 11. 1 112 1981 12.3 248 
1917 11.3 246 1958 12.8 200 
1916 11.4 231 1907 13 .5 126 
1917 11.4 240 1906 13.5 117 
1933 12.0 217 1904 13.6 128 
1910 12 . 1 210 1922 13. 7 115 
1931 12 .2 190 1928 13. 7 102 
1946 12.8 193 1909 13 .9 100 
1934 12 .8 183 1854 14.9 57 
1934 12 .9 190 1877 15.0 50 
1936 13. 7 110 1870 15.5 36 
1918 13 .9 82 1859 15.5 40 
1907 13 .9 105 1861 15.5 35 
1886 15.2 47 1837 15. 7 33 
1885 15 .3 49 1832 15. 7 42 

Standard 1762 7.6 162 1853 15.9 26 

Proctor 1770 7.9 135 25-blow 1944 7. 1 328 
1762 7.9 144 Proctor 1918 7.2 379 
1818 9.0 223 1974 8.1 480 
1912 9 .1 357 1946 8.1 421 
1906 9.2 338 1997 8.2 608 
1874 9.3 217 1947 8.2 422 
1899 9.5 279 1960 8.4 480 

Note: 1 kg/m3 = 0,06 lb/ft3 and 1 kPa = 0, 145 lbf/in2 , 

Table 3. Results of regression equations. 

Dependent Variable Moisture Range Regression Relationship 

Dry density Yo= [0.375) [w) [El+ [2.12) [w) + [90 .6) 
Yo= [145.7) - [1.90) [w) 

Test 

25-blow 
Proctor 
(continued) 

Modified 
Proctor 

Variation in dry density 

Unconfined compression strength 

Variation in unconfined compres-

Dry of optimum 
Wet of optimum 
Dry of optimum 
Wet of optimum 
Dry of optimum 
Wet of optimum 
Dry of optimum 
Wet of optimum 
All water contents 

s(vo) = [3.02] [wl - [1.06] [10 ·11 [wl' [:;;oJ' + [0.142) [r,l' 
S(v,) = [0.55) + [9.16] ( 10 ·1 ] Cw) [EJ 

sion strength 

q, = [4.14) [y•) - [0.0•17) [ Yo) Cw) - 390.2 
q, = [3.!0l (y.J - [0.073 ) bol CwJ - 231. 8 
S(q,) = [0.12 4 ) [q,] + (2.08) ( S(YoJ1 -3 .'I 
s(q,J = co.1291 Cq.,J + t1.ea1 ts('y.)J - 2.10 
S(q,) = [0.128) [q,) + [2.38) [S(v0)] - 2.6 

Dry 
Densit}'. 
(kg/m) 

2021 
2016 
2010 
1995 
1997 
2008 
2000 
2003 
2030 
1994 
1982 
2014 
1942 
1926 
1906 

2062 
2045 
2027 
2042 
2085 
1992 
2048 
2024 
2043 
2029 
2011 
1952 
1968 
2002 
1946 
1902 
1954 
1928 
1973 
1965 

R' 

0.905 
0.919 
0.789 
0 .645 
0.888 
0.943 
0.814 
0.891 
0.866 

Notes: Coefficients of regression equations are for U.S . customary units. 
w = water content (%), W = mean water content within data subset, E = energy ratio (see Table 1 ), 'Yo = dry density (lb/ft3), ::Yo = muan dry density whhin data 

subse t. q0 = unconfined compression strength (lbf/in 2 ), S(-y0J = standard deviation of dry density within data subset, qu = mean unconfined compressiot, 
s1tcng1h within data subso1, nnd SIQu) = standard deviation of uncon.fined compression strength within data subset. 

Unconfined 
Water Compression 
Content Strength 
('I:) (kPa) 

9.8 533 
9.8 387 
9.9 472 
9 .9 468 

10.0 497 
10.0 552 
10.0 477 
10 . 1 476 
10.2 518 
10.8 404 
10.8 345 
10.8 464 
13 .2 121 
13 .4 114 
13 .5 109 

9.4 690 
9.6 526 

10.1 626 
10.2 518 
10.3 488 
10.5 375 
10.5 442 
10.5 469 
11.0 489 
11. 1 406 
11.2 359 
12.0 238 
12.0 235 
12 .0 379 
12.0 316 
12 . 1 32U 
12 .2 238 
12.5 195 
12 ,5 202 
12 .8 170 



The pattern of these relations follows that which is generally 
accepted, even to the observation that the dry-side slopes 
are functions of the energy-water content interaction. It 
should be noted that interaction terms are present in these 
relations; this precludes discussion of effects of variables 
in simple one-on-one fashion. 

The relationships for the unconfined compression 
strength are plotted on Figure 2. Even though the energy 
variable does not appear directly, its presence is implicit 
in the dry-density term for dry of optimum. It would ap-

Figure 1. Moisture-density relationships. 
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Figure 2. Moisture-strength relationships. 
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pear from Figures 1 and 2 that the maximum strength is 
obtained about 1 percent dry of optimum water content for 
the energy level involved. The relations suggest that, for 
wet-side compaction, the dry-density relations with water 
content could be substituted into that for strength; the 
result would be a relation for strength as a function of 
first- and second-order terms in water content only. 

Adequate description of the variability of dry density 
produced by compaction required a complex relation. 
That for the dry-side compaction differs markedly from 
that for wet-side compaction. Figure 3 shows these rela
tions plotted against actual water contents (a) and against 
deviations from the optimum water content (b). Even 
though the energy term is not part of the dry-side relation, 
it is again there implicitly because energy is important in 
establishing the dry-density term. For dry-side compac
tion, an increase in compaction energy decreases the dry
density variability. At the water content associated with 
the maximum strength (about 1 percent dry of optimum), 
all levels exhibit the same variability. For the wet-side 
compaction, the variability is almost uniform for a given 
energy level. 

These trends appear to support the multilevel soil 
structure concept suggested by Hodek@, among others. 
This concept suggests that soil aggregations rather than 
individual particles are the most important structural 
units . Behavior then is described in terms of what happens 
within as well as between the aggregations. 

The variation in unconfined compression strength is a 
function of the magnitude of the strength and the variation 
in dry density. Both an increase in the density variation 
and an increase in the strength magnitude are associated 
with a larger strength variation. Figure 4 shows these 
relations. A comparison of Figures 3a and 4a for dry-side 
compaction reveals that the lowest effort level (15-blow 
Proctor) with the highest variation in dry density has the 
lowest variation in strength. This lowest effort level also 
results in the lowest strengths, which indicates the imp or-

Figure 3. Variability in dry density. 
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Figure 4. Variability in unconfined compression strength. 
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Figure 5. Nomograph for strength and strength variability 
prediction. 
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tance of the magnitude of strength for its variability. Thus, 
for dry-side compaction, increasing the compaction energy 
will decrease the dry-density variation but will increase 
the strength variation. Figures 3b and 4b show that the 
maximum strength variation occurs at the moisture content 
,.,ho't"o tho U<l't";<>Hrm in nry nAn,:;ity and the mean Strength 
are at a maximum. 

COMBINING THE RELATIONS 

The unification of the foregoing relations was suggested by 
Hudson (lli, who discussed conce1Jts of reliability and 
variability as they refated to pavement design. The analy
sis of the data suggested that all the results could be com
bined in a nomog-raphic solution. Thus, Figure 5 was con
structed from the relations shown in Table 2. It should be 
noted that the calculated variations in dry density and 
strength do not appear as such on the nomograph. These 
values have been converted to half-ranges, where the half
range equals two standard deviations. By doing this, a 
limiting range in values of four standard deviations is de
fined, 

The nomograph can be used to predict strength, entering 
with mean water content, mean dry density, and half-range 
in dry density. On scale 3 the mean unconfined compres
sion strength is obtained. Using curve 6, entering with the 
half-range in dry density, and using the result for mean 
strength, the half-range in strength is obtained on scale 4. 

20 

SPECIFYING COMP ACTION 

O 7 8 9 10 II 12 13 14 15 @ 
Waler Conlent w (%) 

A more significant use can be made of the nomograph in 
establishing the ranges of moisture and density that will 
produce the strength properties desired . 

Assume that a mean unoonflned compressive strength 
(qu) of 207 kPa (30 lbf/in~) ls desired . The use ot scales 
1, 2, and 3 on Flgure 5 indicates this mean strength can 
be obtained at moisture-density combinations of 8 percent-

808 kg/m.3 (113. 0 lb/ft3 ) , 11 percent-1896 kg/m 3 (118. 5 
lb/ft3 ), and 4 percent-1968 kg/m3 (123 lb/ft3

), among 
mru1y olhers. These three points l1ave been plotted on llle 
basic moisture-density-energy compaction relations for 
this soil and appear as line RS on Figure 6. This line 
represents a constant mean strength of 207 kPa. 

The variation in strength is 11 function of mean strength 
and variation in density. Scales 3, 4, and 5 on Figure 5 
can be used to develop an allowable range of dry density 
to assure a specific varia!:ion (half-range) in strength. 
Assume the tolerable half-1•ange in strength is :!: 55 kPa 
(8 lbf/in 2). Scale 6 indicates the allowable Jial.f-range in 
dens ity is SG kg/m3 (2. 25 lb/ft3 

). 'fhis means that Lhe 
area for compaction is bo1,1nded by lines (RS + 36) and 
(RS - 36); on Figure 6 these lines are labeled AB and CD. 
Of course, this variation in density can be obtained only at 
certain water contents. The appropriate water content 
regions can be isolated by use of scales 5 and 6 of Figure 
5. 



Figure 6. Acceptable moisture-density 
regions for desired strength and strength 
variability. lbtfl' kg/m3 
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The intersections on Figure 5 of the constant half-range 
density value of 36 kg/m3 (2, 26 lb/ft3

) (scale 6) with the 
various energy curves have been transferred to Figure 6. 
For example, the half-range of 36 kg/m3 intersects the 
25-blow Proctor curve on scale 6 of Figure 5 at 10 percent 
water content; this point plots as point L on Figure 6. 
Repeating this process produces line PNLBC, which rep
resents a constant half-range in dry density of 36 kg/m3

• 

The shaded region ABCD has thus been isolated as being 
associated with a strength of 207 kPa ± 55 kPa (30 lbf/in2 

;: 8 lbf/in2
). 

The size of the specification region is naturally deter
mined by the range in strength that is tolerable. The 
availability of such a nomograph allows the compaction to 
be prescribed to produce the strength behavior deemed 
optimum. 

SUMMARY 

The systematic determination of the relations that exist 
among the laboratory compaction variables and the results 
of compaction for one soil and one compaction method has 
produced a solution to the question of how much compac
tion to specify. 

Appropriate field studies (test pads) are required to 
develop a comparable nomograph for each combination of 
soil type and equipment. With both laboratory and field 
compaction functions available for the same soil, these 
relations can be coupled. When this has been accomplished, 
it will be possible to directly prepare the compaction 
specification so as to produce a desired field soil response 
with confidence. 
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Base-Course Gravel-Compaction 
Control by the Comprimeter 
Neville F. Allen, Stoll, Evans and Associates, Ann Arbor, 

Michigan 

A new device called the comprimeter developed to measure in situ density of 
granular materials has been proved to effectively monitor the compactness of a 
typical gravel used as road base course. Its operation is quick and efficient, and 
it directly determines relative compactness at the test location. 

Measurement and control of compaction of soil materials 
are very often an essential aspect of construction. The 
popular compaction-measuring methods that employ the 
drive cylinder, sand cone, and balloon tests have the in
herent drawback of requiring a separate moisture deter
rnin::::.tion :::...'id referer1ce to previ01-lsly det.e.r!Yl in~n Proctor 
density tests, The nuclear densiometer is very efficient 
and rapid, but the device is rather expensive to obtain and 
operate, and results also must be referenced to independent 
Proctor tests on comparable soils. 

A new device called the comprimeter, developed by the 
Norwegian Geotechnical Institute in cooperation with A. 
Eggestad, Chief Engineer of the Geotechnical Division of 
the Municipality of Oslo, promises to allow quick and 
reasonably accurate monitoring of the state of field com
paction of moist, cohesionless materials. Relative com
paction is determined directly, without reference to 
companion Proctor tests. In the calibration of the instru
ment, extensive testing was done on sands, with a general 
size range of O. 06-2 mm. One grain-size distribution 
included 35 percent gravel in the 3-10 mm range. 

Eggestad also mentioned some tests done on crushed 
stone with a gradation of 0-30 mm. Noting this, a series 
of tests was conducted on Michigan Department of State 
Highways (MDSH) 22-A gravel, which was typical of well
graded road base course, to determine the suitability of 
the comprimeter for monitoring the state of compaction 
under normal field construction circumstances. 

THE COMPRIMETER 

A complete description of the comprimeter is given by 
Eggestad elsewhere (!) and will not be reiterated here . 
The device and its principle of operation are diagramed 
in Figure 1. The operating principle is based on the fact 
that the denser a granular soil, the more it will dilate 
when subjected to large shear strains. With the compri
meter, the shear strains are produced by a rod of known 
volume that is driven into the material. The volume of 
hr:>~_ve ii, meafmred by the volume of water expelled from a 
water-filled membrane that covers the surface around the 
point where the rod is driven. This heave volume is 
empirically related to the degree of compactness by means 
of a series of controlled density tests. The instrument 
can be calibrated for both the standard and the modified 
Proctor compaction tests. 

TESTING PROGRAM 

Materials tested are representative of road base-course 
gravel and meet the requirements of Michigan Department 
of State Highways (MDSH 22-A). Gradations are shown on 
Figure 2 for field, ideal, and gap-graded dis tr ibutions. 
Each contained a minimum of 25 percent of crushed material 
and consisted of natural glacial gravels obtained from a 
local commercial pit. 

Standard and modified Proctor tests (AASHTO T99 and 
Tl80, respectively) were determined for each of the three 
particle distributions; results are summarized in Table 1. 
Maximum densities by the modified Proctor test range 
from 2256 to 2288 kg./m 3 (141 to 143 lb/ft3

), which are 
consistent with the well-graded character of the gravel. 




