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gas that was still being generated in the landfill. 
2. Settlement-time curves were found to have shapes 

similar to those of fine-grained soils. 
3. Strain in the sanitary landfill was between 11 and 14 

percent for the applied stress range. 
4. The underlying deposits of peat and organic silt 

exhibited strains similar to those of the overlying landfill 
materials. 

5. The compression ratio for the sanitary and fill 
material, some of which was undisturbed and some of which 
was excavated and recompacted, was between 0.16 and 0.20 
and averaged 0.18. 

6. The observed rates of settlement correlate well 
with those reported for a highway constructed on sanitary 
landfill in California (1)· 
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Prediction of Density and Strength for 
a Laboratory-Compacted Clay 

D. W. WEITZEL AND C. W. LOVELL 

Predictions of compacted soil strength for a highly plastic clay are developed 
by statistically correlating the resulu of unconsolidated·undrained triaxial 
tests with the compaction variables of water content, dry density, and com· 
pactive work. Work was calculated from measurements of the force and dis
placement of a kneading-compactor foot as it loaded the soil. The statistical 
models for prediction of density and strength gave results consistent with 
well-documented experimental evidence. The model for density prediction 
dry of optimum included variables of water content and a compactive work 
ratio; for compaction wet of optimum, dry density was a function of water 
content only. The model for strength prediction dry of optimum included 
variables of water content, dry density, degree of saturation, and confining 
pressure. Wet of optimum, the logarithm of strength decreased linearly with 
initial void ratio. All of these models had good statistical validity. By using 
such models, the de1igner can predict soil strength at particular compaction 
levels or, if a minimum strength value Is required, the necessary levels of com
paction values can be estimated. These relations were developed from labora
tory compaction. Similar relations for field compaction are being developed 
with the intention of correlating the two. 

Compaction is commonly used to improve the strength of 
embankments, although the placement specification usually 
controls only certain compaction variables. This study 
developed predictions of strength from compaction variables 
that are more commonly and simply measured than 
strength. The as-compacted strengths of a 
laboratory-compacted, highly plastic clay were measured in 
unconsolidated-undrained triaxial tests. Samples were 
prepared by kneading compaction to densities that fit on 
three impact-energy curves, on each of which were four 
water contents. Samples were then sheared at four levels of 
confining pressure to simulate a variety of compaction 
conditions and embankment depths. In addition, the work 
expended to compact the soil was estimated from 
measurements of force and displacement for the compactor 
foot. 

The results of these tests were used in statistical 
regression analysis to develop prediction equations for 
density and as-compacted strength in terms of the 
compaction variables. Correlation of these results with 
similar ones currently being developed for field compaction 
will allow better control of short-term shear behavior in 

embankments. Such predictions are of particular interest as 
(a) strength becomes more extensively used as a compaction 
specification element and (b) greater attention is paid to the 
potential overloading of the compacted soil by construction 
equipment. 

LITERATURE REVIEW 

The clay fabric established by compaction has an important 
effect on soil behavior. Modern fabric explanations were 
first introduced by Barden and Sides (1) and then by Hodek 
(2) and his "deformable aggregate" - theory (deformable 
aggregate is an agglomeration of clay particles, or 
macropeds). 

The size and distribution of the pore space of 
compacted-clay fabric have also been studied considerably 
in recent times. Bhasin (3) defined pore-5ize distributions 
for several different clays at various energy levels. The 
distributions of the pore sizes for soil at equal porosities 
wet and dry of optimum were very different: The dry 
sample had larger pores than the wet one. In addition, as 
compactive effort increased at a constant water content dry 
of optimum, the quantity of larger pores was vastly reduced 
until a point was reached at which further changes in the 
pore-size distribution would not occur. These results agreed 
with those of Sridharan and others (4) and Ahmed and others 
(5). Garcia-Bengochea (6) also reached similar conclusions 
for a 50-50 silt-kaolin mixture. 

Such studies deemphasize the role of individual clay 
particles in the compaction process and focus on the nature 
and action of collections of particles into groups called 
domains, packets, macropeds, or aggregates. The 
arrangements of these aggregates vary significantly wet and 
dry of optimum. Dry of optimum, the aggregates are 
distinct. The void space is principally between aggregates, 
and a considerable quantity of it is in larger pores. As 
optimum water content is approached, the soil gets closer to 
its plastic limit and the aggregates become more 
deformable. Hence, in compaction the aggregates distort 
p.nd squeeze together, and this reduces the number of large 
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pores. Past the optimum water content, the aggregates 
become much less distinct, and the pore space is essentially 
in intra-aggregate pores, a much finer range of sizes. At 
constant water content, increases in energy also change the 
arrangement of aggregates. As energy increases, 
aggregates become more broken or deformed, and the 
quantity of large pores is reduced. 

Rutledge (1) presented some of the first comprehensive 
results of unconsolidated-undrained (U-U) strength testing 
of compacted clays. He found that the major variables were 
minor principal stress, dry density, water content, and 
degree of saturation. The U-U strengths (a) increased as the 
minor principal stress increased, (b) increased as the dry 
density increased, and (c) decreased as the water content 
and saturation increased. The U-U strength increases with 
the minor principal stress only until the confining pressure 
becomes high enough for a sample to become fully 
saturated. This happens when the air in the sample voids is 
dissolved in the water as a result of increased pressure (8,9). 

Samples of similar fabric and initial water content show 
that strength will increase with an increase in density. In 
this connection, Leonards (10) found a unique relation 
between void ratio at failure and compressive strength that 
was independent of confining pressure, drainage condition, 
water content, and degree of saturation. At different initial 
water contents, different compacted fabrics result, and 
each initial condition would have a different relation 
between void ratio and strength. Dacruz (11) found the 
differences could be accounted for by including saturations 
and void ratio e; i.e., els. These values at failure plotted 
versus log [1/2~1 - a3)f] showed a linear relation 
for all compacted samples of Dacruz' residual clay. 

Some investigators have used statistical techniques to 
predict shear-strength behavior. Essigmann (12) performed 
unconfined compression tests on a laboratory-eompacted 
silty clay. From a list of water content, dry density, 
energy, strength, and combinations thereof, significant 
variables were selected by an all-possible-regressions 
analysis. These variables were further combined and 
analyzed in separate complete regression runs to obtain 
valid prediction models. Similar regression techniques were 
used successfully by Scott (13) to formulate prediction 
equations for dry density and strength. Price (14) developed 
prediction equations similar to those of Scott aria Essigmann 
but by a somewhat different statistical approach. 

EXPERIMENTAL PROCEDURE AND APPARATUS 

The soil used in this study was St. Croix clay, a highly 
plastic residual soil of sandstone and shale origin, taken 
from a cut area about 6.5 km (4 miles) south of St. Croix, 
Indiana. Atterberg limits and classification values 
determined for St. Croix clay are given below: 

Category 

Unified soil classification 
AASHTO classification 
Atterberg limits (%) 

WL 

Wp 

Ip 
Clay fraction, < 2 µm (%) 
Specific gravity (G) 

Classification 
or Value 

CH 
A-7-6(27) 

52 
23 
29 
40 
2.79 

Kneading compaction was used to prepare samples for 
triaxial testing. It was felt that this method, among the 
common laboratory types, was the most like field 
compaction; i.e., the shearing strains and loading patterns 
that occur in compaction are more similar to those in the 
field. Work applied to the soil was measured in terms of the 
load and displacement of the foot during compaction, for 
every tamp applied to the soil. Details of the 
instrumentation are given elsewhere <!~). Strength samples 
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were obtained by pushing thin tubes into the compacted 
sample. 

The apparatus for measuring volume change was like 
that designed by Chan and Duncan (16). It measures the 
quantity of water that flows into and out of the triaxial cell 
chamber as a result of chan~es in the sample volume. 
Volume changes of 0.0 l cm (0.000 61 in) could be 
detected. Application of the load was at a constant rate of 
strain of 0.058 mm/min (0.0023 in/min). This rate was 
chosen to approximate the rate used in the consolidated 
undrained triaxial testing phase of this project (17). The 
triaxial test was run until the sample reached Ifs peak 
compressive strength or 20 percent axial strain, whichever 
came first. 

DISCUSSION OF RESULTS 

Testing Program 

The results of impact compaction tests on St. Croix clay are 
shown in Figure 1. The three compaction curves are the 
results of three different energy levels: modified Proctor 
(ASTM Dl557), standard Proctor (ASTM D698), and 
low-energy Proctor (a 15-blow "standard Proctor"). Triaxial 
compression samples were tested at four water-content 
levels for each energy level. These water contents were 
chosen at equal saturation levels-70.5, 77.5, 85.0, and 92.5 
percent-as shown in Figure 1. For each level of density and 
water content, samples were tested at confining pressures 
of O, 138, 276, and 414 kPa (0, 20, 40, and 60 lbf/in'). 
The confining pressure of 414 kPa approximately 
corresponds to the vertical pressure a sample would 
experience at an embankment depth of 20 m (70 ft). 

To save space in subsequent sample descriptions, a code 
was adopted. The confining pressure was denoted by the 
letter C and a number of O, 1, 2, or 3: CO for zero confining 
pressure, Cl = 138 kPa, C2 = 276 kPa, and C3 = 414 kPa. 
The energy level was represented by the letters L, s, or M, 
for low-energy Proctor, standard Proctor, and modified 
Proctor, respectively. A number from one to four 
accompanies this letter to define the saturation level: l = 
70.0 percent, 2 = 77.5 percent, 3 = 85.0 percent, and 4 = 92.5 
percent. The samples for triaxial testing were actually 
formed by kneading compaction with selected foot 
pressures. Hence, the designation of an energy level as 
modified, standard, or low-energy Proctor means that the 
sample was compacted at the kneading-compaction pressure 
required to obtain a sample of selected water content and 
density on one of the impact curves. 

Measurement of Work in Compaction 

It is customary to designate the compactive work as a total 
value-i.e., the work required to operate the compaction 
device or machine. These values differ from the work 
required to actually compact the soil, since they include 
energy lost in the machine operation and work done on the 
soil that does not produce residual densification. Thus, 
compactive work equals force times the residual 
deformation that produces densification of the soil. 
Measures of foot pressure and total deformation under 
loading with time are reasonably convenient, even with 
automatic compaction machines, and were used to represent 
compactive work in this study. This quantity excludes the 
energy lost in the compactor operation and in the transfer 
of energy from the compactor into the soil. It does not 
exclude the energy expended in a nonuseful fashion to 
produce elastic deformation of the soil. This work 
measurement may also include nonuseful energy for samples 
that are compacted wet of optimum. When samples 
approach full saturation, vertical foot displacements may 
result in excessive shear displacements and heaving. The 
rebound and heaving losses are most significant after a 
number of tamps have acted to initially densify the layer of 
soil. 

Schematic load and displacement curves for a single 
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Figure 1. Results of impact compaction. 
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tamp of the kneading compactor are shown in Figure 2. The 
upper curve of the plot is the foot displacement with time; 
the lower curve shows foot loading with time. To determine 
the work done on the soil, point a was interpreted as the 
start of loading, and therefore point b was taken as the 
position of the foot as it contacted the soil. Compression of 
the soil continued to point c, where no further downward 
movement of the foot occurred. The force application 
within the time period a to d was considered to do 
compactive work. Since loading beyond point d caused no 
displacement, no further work was done on the soil. 

The work done on the soil for this tamp can be expressed 
in terms of definite increments as 

where 

t =time, 
F = average force, and 
d = displacement. 

(1) 
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The work calculated in this way for each tamp was summed 
for all tamps. Although this· measure of work is superior to 
the nominal values ordinarily used, it still contains errors, as 
indicated above. 

The differences between the average work done at two 
nominal energy levels, at the same saturation level, are 
given in the following tables (1 kJ/m' = 20.9 
ft•lbf/ft' ~ 

Nominal Energy
Satu ration Level 

L 1,S1 
L1,M1 
L2,S2 
L2,M2 
L3,S3 
L3,M3 
L4,S4 
L4,M4 

Difference Between 
Average Work (kJ/m3) 

142 
1372 
224 

1443 
168 

1569 
97 

1403 

Energy 
Level 

Average of 
Differences (~J/m3) 

L,S 
L,M 

158 
1447 

For example, the difference between the avera~e work of 
11 and Sl is 142 kJ/m' (2968 ft•lbf/ft ). These 
differences are obviously not constant for different levels of 
saturation, but they are of the same order of magnitude. 
The average of these differences is shown in part b [e.g., the 
average difference in work between L and M samples is 
1447 kJ/m' (30 242 ft• lbf/ft')]. 

The measured work that was done on the soil decreased 
as water content increased along a curve of constant 
nominal impact energy (Figure 1). It is not known what 
compactive work is done in the impact mode. However, the 
nominal value of foot pressure in kneading compaction 
follows the same trend as that of the measured work-i.e., it 
decreases while nominal energy of impact compaction to the 
same densities remains constant. Hence, it appears that 
impact is less efficient than kneading compaction for this 
plastic soil. 

Various work and energy ratios are compared below: 

Item 
Ratio of average work by kneading 
compaction 

Ratio of average kneading foot 
pressure 

Ratio of nominal impact energy 

Nominal Energy Level 

L S M 

1.00 

1.00 
1.00 

1.88 

1.60 
1.67 

9.09 

6.62 
7.61 

In each case, the low level of work (energy) is taken as 
unity. The first line represents the measured values of 
work. The second line represents simply a ratio of the 
average compactor-foot pressures required to fit the L, S, 
and M impact curves. The third line contains the nominal 
energy ratios for impact compaction. Since all of these 
ratios are about the same, any of them could be used to 
form a compactive work ratio. The reader is reminded that 
these ratios show neither the magnitude of the compactive 
work nor the numerical efficiencies of the compactive 
modes. 

Unconsolidated-Undrained Shear Strength 

Failure conditions as a function of energy level and degree 
of saturation are shown in Figures 3-5. In Figure 3, it can 
be seen that, for the low-energy Proctor level, strength 
decreases with increasing water content or saturation. At 
lower water contents, the pore-water pressures are more 
negative and so the effective stresses and shear strengths 
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are higher. The samples for the standard and modified 
energy levels shown in Figures 4 and 5, respectively, show 
much the same behavior; i.e., as water content increases, 
strength decreases. However, exceptions are seen in the 
levels Sl and Ml, where, at low confining pressures, the 
failure lines for low degrees of saturation lie below those 
for higher degrees. Conlin (18) found similar behavior. The 
samples at low water content and saturation should have 
more negative pore-water pressures, but these are effective 
over lesser areas and the result is lower average effective 
stress. Application of higher confining pressures compresses 
the fabric and allows the water to cover more soil area. 
The result is an increase in effective stress and thus greater 
shear strength of the soil, as shown by the failure lines of Sl 
and Ml at greater confining pressures. 

If the confining pressure is high enough, decreases in 
volume during testing may be great enough to cause almost 

Figure 3. qf versus Pf for low-energy Proctor level showing failure lines. 
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complete saturation. Hence, any further increase in 
confining pressure increases the pressures in the pore water, 
but neither the effective stresses nor the shear strength of 
the soil is changed. This tendency is evident at saturation 
levels 2 and 3 of the low-energy and standard Proctor 
failure lines in Figures 3 and 4. The trend of the failure 
lines for those same saturation levels at the modified 
Proctor energy level in Figure 5 is not toward a horizontal 
position. The soil aggregates of the modified Proctor 
samples are stiffer and stronger (2) and require higher 
confining pressures to cause significant volume change. The 
failure lines for saturation level 4 for all energy levels are 
quite close to the horizontal over the entire range of 
confining pressures, especially for the low-energy level. 
Since three samples are almost saturated, confining pressure 
has little effect on the strength. 

Stress-Strain Behavior 

Figure 6 shows stress-strain curves from tests on four 
low-energy Proctor samples, sheared undrained without 
confining pressure. The dry-of-optimum samples are stiffer, 
and the sample at the lowest water content, Ll, is quite 
brittle. This strain behavior is also dependent on the volume 
changes that occur in the sample. Samples of low water 
content (dry of optimum), like Ll, quickly reach the 
maximum amount of densification under shear and begin to 
dilate. Peak load is reached at or shortly after this point. 
Because the soil aggregates become weaker and more 
plastic as water content increases from dry of optimum, 
they yield more before the shear strength is reached. In 
addition, since wetter samples deform more under the 
compactor foot, the residual shear stresses are greater and 
more varied in direction. Greater strain is required to 
mobilize shear resistance in a given direction. In addition, 
because the aggregates are more plastic, they will squeeze 
into a more dense configuration before dilation occurs. 

Typical results of low-energy Proctor tests at 
confinement level l [138 kPa (20 lbf/in2

)) are shown in 
Figure 7. All of the curves demonstrate a more plastic 
behavior, regardless of water content. Application of 
confining pressure causes considerable volumetric strain and 
accompanying shear stresses between aggregates. Again, 
these shear stresses require greater strains to mobilize them 
all in one direction to failure. 

As Figure 8 clearly shows, as confining pressure 
increases more densification occurs in dry-of-optimum 
samples. As these volume changes continue to densify the 
sample, it is able to pick up more load, and thus axial strain 
also increases. Large confining pressures may result in 
enough compression to cause the sample to approach 
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Fi'gure 6. Typical stress-strain curves for tests on St. Croix clay without 
confinement. 
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complete saturation and leave less volume change to occur 
during undrained shear. This may be the explanation for the 
curves of 414 kPa (60 lbf/in 2

) in Figures 8 and 9 
crossing those of lower confining pressure. Samples wet of 
optimum were in all cases close to saturation so that 
confining pressures had no significant effect on volumetric 
strain. All samples at the modified Proctor level 
demonstrated low volumetric strain, regardless of water 
content and confining pressure (see Figure 10). 

Statistical Correlation 

The regression procedures and criteria applied in this study 
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Figure 8. Water content 
versus volumetric strain 
at failure: low-energy 
Proctor level. 
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Figure 9. Water content 
versus volumetric strain 
at failure: standard 
Proctor level . 

Figure 10. Water content 
versus volumetric strain 
at failure: modified 
Proctor level . 
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are described in detail by Weitzel (15). The variables used 
to generate a prediction model for-aensity included water 
content, compactive work, and the square and square root of 
both of these. Combinations of all variables in products and 
quotients were investigated in scattergrams. Also used was 
the average work ratio, as previously defined, and the 
deviation of water content from optimum. 

It was found that, although overall prediction models for 
density both wet and dry of optimum were acceptable in 
most of the statistical criteria, the residuals showed trends 
that indicated a poor fit to the observed data. This was 
caused in part by the differences in the effect of 
compaction work wet and dry of optimum, as described 
earlier. Therefore, separate models were developed for 
water content each side of optimum. 

The dry-of-optimum model selected for dry density was 

Pd= 1338.3 + 1284.0v'W;tw + 0.32 w2 v'W; 

where 

Pd =estimated dry density (kg/m'), 
WR = average work ratio, and 
w = water content (96). 

(2) 

It is, of course, important that this equation, and those that 
follow, not be extrapolated beyond the range for which data 
were available to develop them. Details on the zones of 
observed data are given by Weitzel (15). 

The prediction model developedfor dry density wet of 
optimum was 

Pd= 961.8 + 15 564.6/w (3) 

This equation essentially describes a line of constant 
saturation such as those in Figure 1. By definition, dry 
density is related to water content and to saturation S by 

Pd = SGpwf(Gw + S) (4) 
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Figure 11. Predicted compressive strength versus dry density at various 
constant water contents dry of optimum and confining preuures of 0 and 
138 kPa. 
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where Pw = density of water and G = specific gravity of 
solids. 

At constant saturation, all of the variables are constant 
except water content, and density is inversely proportional 
to the water content. The statistical criteria for the 
density models are excellent, including an R2 of 0.99 
(15). 
- The variables tested in prediction models for strength 
were water content, work, dry density, degree of saturation, 
void ratio e, and confining pressure (cr3), as well as the 
squares and square roots of these. The nearly saturated 
wet-<>f--optimum samples increased little in strength with 
confining pressure, whereas, for reasons already discussed, 
the dry-of-optimum sa mples were strongly affected by 
confining pressure. This made a good prediction model for 
strength for both wet- and dry-of-optimum conditions 
unobtainable, as the residual plots for these models show. 
Hence, separate models for wet and dry of optimum were 
developed. 

The model for strength prediction dry of optimum was 

qc =-1784.8 + 3.lpd v'Si /w+ 84.0 (1-S;/lOO)v'U; (5) 

where 

qc = estimated compressive strength (kPa), 
Pd = dry density (kg/m'), 
Si= initial degree of saturation (%),and 
cr3 = confining pressure (kPa). 

Since initial void ratio ei is related to water content by 
Siei = wG, Equation 5 can be written as 
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qc =-1784.8 + 8.Spd/e1v'S; + 84.0(1-Si/lOOjv'Q; (6) 

The variable ei /Si showed a linear relation similar to 
Dacruz• data when plotted against log (01 -a3)f/2 
(.!_§). Since 

(7) 

the variable Pd/ei /Si becomes a higher-order 
term that better linearizes the data than the logarithm. In 
addition, the effect of confining pressure had to be 
accounted for. The variable that was found to be best for 
this was the term (1- Si/ 100) fa3. As confining 
pressure increases, its effect on strength decreases (this 
behavior was evident in the qr-versus-pf plots in 
Figures 3-5). The factor (1- Si/ l 00) reduces the influence 
of confining pressure as saturation increases. 

Predicted compressive strength versus dry density at 
both constant water content and constant confining pressure 
for dry-of-optimum conditions is shown in Figures 11 and 
12. These figures show that, as density increases and/or 
water content decreases, so does the strength. However, as 
confining pressure increases, the volume changes increase so 
that initial density has less effect on strength. The trend of 
the curves at zero confining pressure is very similar to the 
data of Seed and Monismith (19). The best prediction 
equation for compressive strength of samples wet of 
optimum was 

Log(qc) = 1. 70/e; (8) 

The statistical criteria for these strength equations are 
excellent (R' ,2: 0.98). The equations can be adapted 
for quick and simple use by developing them into charts or 
nomographs (15). 

Such prediction equations can aid in embankment 
design. For a particular water content and work level, the 
compacted density that will be obtained in compaction can 
be predicted. The use of this predicted density, or an 
observed value, permits the soil strength to be estimated 
and the stability of the side slopes to be calcula ted. 
Conversely, one could start with a minimum factor against 
slope instability and successively "back figure" to estimate 
the compaction variable values that would produce it. 

However, the limitations on the use of 
laboratory-compacted samples to predict field-compacted 
conditions should be recognized. Work is currently under 
way at Purdue University to correlate the results for 
laboratory-compacted samples with results for samples 
compacted in the field. 

CONCLUSIONS 

As a result of unconsolidated-undrained triaxial tests 
performed on samples of laboratory-compacted, highly 
plastic St. Croix clay, the following conclusions are drawn. 

1. To fit kneading-compaction results to compaction 
curves of constant Proctor (impact) energy required less 
nominal energy in the kneading mode as water content 
increased. This indicated that the kneading method is more 
efficient than the impact method. 

2. The values of calculated compactive work in 
kneading compaction showed the same trend as the nominal 
kneading values. 

3. When the measured values of work were compared 
for different fitted Proctor energy levels at constant 
saturation, the result was a constant ratio. These work 
ratios are of the same magnitude as the ratios of nominal 
impact energy. 

4. The behavior of St. Croix clay in 
unconsolidated-undrained triaxial tests is like that 
well-established in the literature (7-9, 18). The values of 
strength, determined at maximum stressdifference or 20 
percent axial strain, decreased with water content, 
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increased with density, and increased with confining 
pressure until the sample reached near-saturation. 

5. The volume changes that occur during shear are 
significant, especially for samples of low water content and 
density. On the dry side of optimum, volumetric strains 
during shear increased with increased confining pressure and 
decreased with increased water content. Volumetric strains 
during shear for samples wet of optimum were independent 
of confining pressure. 

6. The prediction equations for dry density and strength 
for the range of variables investigated were shown as 
Equations 2, 3, 5, and 8 in the text. These relations are in 
general agreement with the reported literature (!Q, !1). 

7. All developed prediction equations had good to 
excellent statistical characteristics. 
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