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Compaction Procedures, Specifications, and 

Control Considerations 
ERNEST T. SELIG 

This paper provides a review of soil compaction principles and practice. 
The nonlinear relation of compaction energy to resulting density is 
shown. The need to consider the effect of change in moisture from the 
as·compacted state is pointed out. Factors that influence the reference 
test for specifying compaction are discussed to show the uncertainty in 
the resulting maximum dry density and optimum moisture content. 
Factors that influence field compaction are also described, and the possi
bility of a large variation in compaction results with field conditions is 
demonstrated. The need for more awareness of the effects of methods 
of preparation and uniformity of procedures is indicated. Limitations 
of density as a method of specifying compaction are pointed out. The 
type and magnitude of compaction measurement errors are defined and 
implications for compaction control are discussed. Finally, because 
knowledge of compactor performance in combination with observa-
tion of field procedures is a meaningful basis on which to judge compaction, 
some basic principles of compactor performance evaluation are described. 

The purpose of this paper is to review and evaluate 
methods of specifying, achieving, and controlling 
field compaction. Although compaction is an impor
tant part of all earthwork projects, it is often 
tr~ated casually. Present practice does not reflect 
the knowledge gained from the extensive past studies 
of compaction. Many basic principles are either not 
understood or not applied. Furthermore, discrepan
cies often exist between compaction expectations and 
reality. 

BASIC CONCEPTS 

Compaction is the process of soil densification by 
mechanical manipulation (1). Densification is 
achieved by reduction in vOi.ume of the air voids. 
Thus, during compaction the moisture content remains 
unchanged, in the absence of wetting and drying 
caused by weather conditions, and the percentage of 
saturation increases. Consolidation, in contrast, 
is the process of volume reduction in saturated 
soils that takes place gradually as pore water is 
expelled (_!) • Unfortunately, the terms compaction 
and consolidation are often interchanged erroneously 
in practice. 

The obtaining of a greater unit weight of soil is 
not a direct objective of compaction. Instead, the 
reason for compacting is to improve soil properties 
such as increasing strength, decreasing compressi 
bility, decreasing permeability, and reducing swell
ing and shrinking. However, density is the most 
commonly used parameter for specifying the desired 
amount of compaction and for determining the state 
of compaction. This is primarily a consequence of 
historical tradition and convenience. An increase 
in density implies an improvement in the other 
parameters. However, a given density, or even a 
given percentage of compaction, does not produce the 
same magnitude of strength and compressibility prop
erties for all soils. The use of density specifica
tions causes this fact to be deemphasized. 

If we exclude certain soils, such as relatively 
clean sands and gravels, the most common density 
reference tests for compaction specifications are 
AASHTO T99 (ASTM 0698) and AASHTO Tl80 (ASTM 
01557). In these tests, soil is compacted by the 
impact of a dropped weight. The compactive effort 
per unit volume E for this type of test is computed 
as follows: 

E=WhNn/Vm 

where 

W impact hammer weight, 
h hammer drop height, 
N number of drops per layer, 
n c number of layers, and 

Vm z mold volume. 

(I) 

Thus, for the AASHTO T99 test, E = 12 300 ft-lb/ft 1 , 

and for the AASHTO Tl80 test, E = 56 100 ft-lb/ft 1 • 

As indicated in Figure 1, the density achieved is 
neither proportional to the compactive effort nor 
linearly related to it. Thus, an increase in the 
amount of compaction from 95 percent AASHTO Tl80 to 
100 percent AASHTO Tl80 might require a 500 percent 
increase in effort. This is an important fact to 
consider when attempting to achieve additional com
paction in the field. 

The general relations of dry density and strength 
to moisture content produced by the reference com
paction tests are shown in Figure 2. These trends 
have been well established and are representative of 
most soils. The individual curves in Figure 2 are 
obtained by applying a constant compactive effort to 
samples of soil prepared with different moisture 
contents. The maximum dry density (MDD) occurs at a 
particular moisture content known as the optimum 
moisture content (OMC) • When soil is compacted at 
both higher and lower moisture contents than optimum 
by using the same effort, the dry density achieved 
is less than the maximum. As the effort is in
creased, MDD increases and OMC decrease.s. The maxi
mum as-compacted strength occurs at a compaction 
moisture content lower than optimum. At moisture 
contents well above optimum, the as-compacted 
strength is low, and an increase in compactive ef
fort may actually produce a lower strength. 

An important consideration, not always remem
bered, is that the relation in Figure 2 represents 
behavior of soil when the moisture content remains 
at the value during compaction. The equilibrium 
moisture content that develops in the field after 
compaction as a result of environmental factors may 
be very different from the moisture content chosen 
for compaction and may vary with time. Any such 
changes will alter the strength and density by an 
amount that depends not only on the magnitude of 
moisture change but also on the relation of the 
as-compacted moisture content to optimum. Consider
ation of this factor is an essential part of proper 
earthwork design. 

Factors That Influence Reference Test Results 

Many factors influence the values of MDD obtained 
with the AASHTO T99 and Tl80 reference tests. These 
have been described in detail by Johnson and 
Sallberg (_£). In summary, these factors are as 
follows: 

1. Size and shape of mold--Test standards fix 
values for these so that their influence on MDD 
should be consistent. 

2. Mold support--Variations in this can cause up 
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Table 1. Index properties of four soils. 

Specific 
Gravity 

Soil (G,) 

F-70 banding sand 2.6 5 
ASTM C109 sand 2.65 
ASTM Cl90 sand 2.65 
Garnet mine tailings 3 .16 

Particle Size 

Effective 
[D10 (mm)] 

0.10 
0.22 
0.56 
0.06 

Mean 
[D5o (mm)] 

0.15 
0.38 
0.75 
0.19 
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Coefficient of Coefficient of 
Uniformity Curvature Roundness• 
(Cu) (Cc) (p) 

1.5 1.1 0.30 
1.9 1.0 0.42 
1.4 1.0 0.60 
3.3 1.2 0.19 

8 Results based on equations by Wadell(.!) and charts by Powers(~. 

Figure 1. Grain size distribution curves for four sands. 
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Table 2. Mean maximum void ratios from initial pluviation tests. 

Funnel Pluviation Mean Max Void Ratios by Mold Diameter 
Diameter Height 
(in) (in) 2.0 in 2.5 in 3.0 in 3.5 in 4.0 in 4.5 in 

0.117 6 0.831 0.835 0.833 0.835 0.830 0.836 
12 0.800 0.808 0.815 0.822 0.818 0.821 
24 0.622 0.664 0.702 0.709 0.730 0.705 

0.275 6 0.831 0.831 0.838 0.837 0.831 0.839 
12 0.827 0.824 0.836 0.835 0.825 0.824 
24 0.818 0.814 0.818 0.818 0.806 0.803 

0.435 6 0.816 0.813 0.815 0.814 0.814 0.817 
12 0.812 0.811 0.809 0.811 0.807 0.814 
24 0.807 0.805 0.804 0.803 0.799 0.804 

inscribed circle within the projected area. Based 
on its value of p, each soil was then classified 
according to angularity by using the system devel
oped by Powers <2>· 

So that a wide range of particle shapes was rep
resented in the study, the soi ls chosen were ASTM 
Cl90 sand (rounded), ASTM Cl09 sand (subrounded), 
F-70 banding sand (subangular), and (angular) mine 
tailings from a garnet mining operation. 

Index properties of the four soils are given in 
Table 1 and in Figure 1 are the grain size distribu
tion curves for each soil. 

INITIAL TESTING SERIES 

Deposition by pluviation involves the free fall of 
soil particles through a fluid median (air or water) 
so that the particles come to rest in a loose con
figuration. The rate of deposition is controlled by 
the aperture through which the soil flows. To de
termine the void ratio, the soil is pluviated into a 
mold of known volume and weighed. A preliminary 
series of dry pluviation tests that used air as the 
median was carried out to determine the effects of 

height of free fall, diameter of aperture (funnel) 
opening, and mold diameter on the void ratio. In 
these tests dry soil flowed through a funnel into a 
mold of known volume. The funnel was supported by a 
ring clamp, and when the center of the funnel and 
the center of the mold were aligned a stopper was 
held to the tip of the funnel while a quantity of 
banding sand sufficient to overflow the mold was 
placed in the funnel. The stopper was then removed 
and the soil rained down. 

The excess soil was gently struck off flush with 
the top surface of the mold by using a straightedge 
or screed that had an edge bev~lled at approximately 
45°. The screeding procedure consisted of three 
steps. 

The first step was to place the bevelled edge of 
the screed on a small area of the lip of the mold. 
This was sometimes difficult, depending on the size 
and shape of the soil particles. If possible the 
screed was pushed horizontally into the first layer 
of sand grains. Alternatively, the screed was held 
at an angle of 30°-45° to the horizontal, which 
caused the sand grains to separate slightly and al
lowed the screed to rest on the lip of the mold. 

In the second step the bevelled edge of the 
screed was held approximately 30° to the hori
zontal. Application of a slow, continuous foreward 
motion to the screed caused the excess sand to over
flow the mold and created the desired horizontal 
plane behind the screed. During this step care was 
taken to limit any vibration. Occasionally, to re
lease particles wedged between the screed and the 
lip of the mold, a small side to side motion was 
applied to the screed as it was advanced across the 
top of the mold, but the screed was never reversed 
in its forward progress or raised. 

The third step in the screeding procedure was 
necessary only if particles became wedged between 
the screed and lip of the mold. This occurred in
frequently with angular particles only. Side to 
side motion usually freed trapped grains, but ex
traction of a particle was sometimes necessary. The 
void left in the surface was filled by lightly de
positing sand with a spoon. The first two steps of 
the screeding procedure were then repeated to elimi
nate minor surface irregularities. 

In the initial series of pluviation tests, 54 
combinations of funnel opening size (3) , pluviation 
height (3), and mold diameter (6) were chosen to 
examine the effects of these variables on the re
sulting void ratio. The results given in Table ? 
are the average of five tests for each combination. 
The data show that the largest void ratio was ob
tained when the soil was pluviated from a 0. 28-in 
diameter funnel through a 6-in free fall into a 
4.5-in diameter mold. 

The tube method evolved from the results of the 
initial testing series, which used the pluviation 
method and the research reported by Lucks ( 10) and 
Kolbuszewski (4). In the tube method a tube or 
right cylinder- opened at both ends is positioned 
within the center of a mold that has one end sup
ported by the bottom of the mold. A quantity of dry 
soil sufficient to fill the mold is placed in the 
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tube and the tube is then extracted to allow the 
soil to flow into the mold. Excess soil is then 
screeded off. 

An initial series of tests that used tubes was 
run to determine which combination of radius ratio 
(tube radius to mold radius) and extraction speed 
yielded the largest void ratio. For each of the 
four soils, a total of 30 combinations, each re
peated 10 times, was performed. The following ob
servations were made from a study of the data from 
all tests: the largest void ratio was obtained by 
using a tube-mold combination that had a small 
radius ratio (RR), and higher void ratios were ob
tained with the slower extraction rate than with the 
faster rate. Based on these observations, it was 
decided to use a tube-mold combination with a RR of 
0.44 (2-in tube, 4.5-in mold) with a slow extraction 
speed in the evaluation test series designed to com
pare the results obtained from several published 
methods of determining maximum void ratio. 

EVALUATION TESTS SERIES 

The evaluation t-est series provided data and infor
mation so that comparisons could be made between 
several methods of determining the maximum void 
ratio of granular material. Of the eight procedures 
selected, four are variations of methods suggested 
by Kolbuszewski (!l· In the notation of the listing 
that follows, the Kolbuszewski procedures are dif
ferentiated by the diameter of the cylinder used ( 2 
or 3 in) and the fluid in which the soil particles 
are suspended--air (A) or water (W). The eight pro
cedures were performed on each of the four soils in 
the following order: 

1. Kolbuszewski 3A, 
2. Modified ASTM 02049-69, 
3. Kolbuszewski 2W, 
4. Tube method, 
5. Kolbuszewski 3W, 
6. Castro method, 
7. Kolbuszewski 2A, and 
8. Mulilus, Chan, and Seed method. 

The testing sequence was organized so that the data 
could be analyzed statistically and to separate sim
ilar procedures to minimize the influence of oper
ator proficiency on the results. All eight proce
dures were carried out on one soil before another 
soil was tested. Each method was performed 30 times 
for each soil. Except for the two Kolbuszewski pro
cedures, which used water as a medium, the soil used 
was air dry. 

Procedures 

ASTM 02049-69 Modified Method 

A pouring device or funnel, with an inner spout 
diameter of 0.5 in was used to deposit the soil, as 
illustrated in Figure 2. The modification to ASTM 
02049-69 (11) was that a 0.046 rt• rather than a 
O .1 ,ft' mold was used. The decreased mold volume 
had .: no significant effect on the resulting emax 
values. While the funnel was held firm y against 
th~ base of the mold, a quantity of soil sufficient 
to/ fill the mold was placed in the funnel. The 
fljnnel was then raised, which allowed a steady 
st:ream of soil to free fall 1 in into the mold, as 
shown in Figure 2. The pluviation (free fall) 
height was kept constant as thP. mold filled and the 
funnel was rotated in a spiral motion from the 
center to the edge of the mold to form a soil layer 
of uniform thickness. The excess soil was screeded 
from the mold. 
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Tube Method 

As a result of the preliminary study, a 2-in inner 
diameter tube and a 4.5-in inner diameter mold 
(RR = 0.44) were used to perform the tube method 
test. The extraction rate was approximately 0.2 
in/s. This method is illustrated in Figure 3. 

Castro Method 

The procedure used by Castro (12) is similar to ASTM 
02049. The differences involve use of a dispersion 
plate, smaller diameter mold, and decreased height 
of pluviation. The dispersion plate was 0.5 in in 
diameter and was attached 0. 2 in below the tip of 
the funnel by a thin wire harness (see Figure 2). 
Castro used a 2. 9-in mold i however, a 3-in mold was 
used in this study. The same funnel motion used in 
the ASTM method was used. 

Mulilus, Chan, and Seed Method 

The ASTM method was modified by Mulilus, Chan, and 
Seed (13) to achieve a very loose soil structure 
within a 2.8-in diameter triaxial mold. This method 
of pluviation involved a larger free fall and a 
smaller mold than in the ASTM method. A variable 
pluviation height of from 6-20 in was used by 
Mulilus ana others, but in this study, because the 
preliminary test results showed that a 6-in free 
fall yielded larger void ratios, a constant height 
of 6 in was used. This method is illustrated in 
Figure 2 with the 3-in diameter mold used in this 
study. 

Kolbuszewski Methods 

Whereas other methods used in this study involved 
the placing of an unknown mass of soil in a known 
volume and then measuring the mass, Kolbuszewski' s 
approach (4) is to place a known mass of soil in an 
unknown volume and then measure the volume occupied 
by the soil. 

A kilogram of soil was placed in a calibrated 
right cylinder 18-in high that was closed at one 
end. A rubber stopper was attached to the open end 
and the cylinder was inverted several times so that 
all sand particles were free from one another. An 
immediate inversion allowed the grains to settle 
into a loose soil structure. By use of a special 
apparatus developed specifically for the task (14), 
the unoccupied volume of the cylinder above the 'SOil 
was measured. This volume was then subtracted from 
the known total volume of the cylinder to obtain the 
volume occupied by the soil. 

Kolbuszewski <!> reported that the diameter of 
the cylinder influenced the void ratio obtained, so 
in this study cylinder diameters of 2 and 3 in were 
used. Another variable that affected the results 
was the fluid through which the soil pluviated. 
Both air (A) and water (W) were used in combination 
with the 2- and 3-in diameter cylinders. Hence, the 
method designations 2A, 3A, 2W, and 3W. 

When using Kolbuszewski' s method to deposit soil 
through water, care must be taken to eliminate en
trapped air within the soil. This was done by tilt
ing the cylinder slightly and pouring small amounts 
of deaired water down the cylinder wall, which al
lowed the water to percolate through the soil. When 
the soil was completely immersed, larger amounts of 
deaired water were added until the cylinder was full. 

DISCUSSION OF RESULTS 

The results of the testing program are given in the 
order that the soils were tested beginning with the 
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banding sand. In the tables in which the results 
are tabulated the listing begins with the method 
that gives the highest value of void ratio and con
tinues in decreasing order. 

The data obtained from the Kolbuszewski 2W and 3W 
tests are not given because these methods gave un
realistically high values of void ratio due to arch
ing or tridimensional bridging of particles and 
entrapped air bubbles. Frequently, after final 
inversion of the cylinder, air bubbles became en
trapped and unable to escape the falling soil parti
cles. A second phenomenon noted by Kolbuszewski <il 
was arching in the soil, which caused the soil to 

Figure 2. Schematic of three funnel 
methods. 

Figure 3. Schematic of tube method. 
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form a local honeycomb structure (Figure 4). This 
structure may have been formed by the collapse of 
soil grain columns that were formed as the soil 
pluviated through the water medium. Although the 
entrapped air and arching phenomenon are similar in 
effect (both give inflated emax values) the gran
ular structures are quite different. In the case of 
entrapped air bubbles, the soil grains rested 
against the air-water interface and were supported 
by surface tension. In contrast, the granular 
structure of the arch was self-supporting. 

The soil grain columns whose collapse probably 
was responsible for the arching observed was caused 
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~ 
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Figure 4. Honeycomb structure developed when water is used as the medium 
in Kolbuszewski method. 

0 0 0 ° 0
o 0 0 0 o oO o o ~ o o io o 0 0oo 

0 0 0 0 0 
o l O o,O O 
I o+ o~ o o o a' o o 
t 0 o 0 I O 0 0 ! 0 
0 ° 0 + 0 0 

POURING IN WATER 

Transportation Research Record 897 

Figure 5. Soil structure from vertical channel currents when water is used as 
the medium in Kolbuszewski method. 
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by the effect of water flowing upward on the set
tling soil particles. The vertical water currents 
caused a disturbance of the soil particles during 
pluviation, which forced the grains upward and 
caused them to resettle in columns (Figure 5). 
Kolbuszewski noted that the number of water channels 
increased for a given soil as the cylinder diameter 
decreased in size. 

Air entrapment and soil arching result in wide 
scatter in the data obtained from tests that use 
these methods. This is shown in Figure 6. Because 
of the problems associated with the Kolbuszewski 2W 
and 3W methods, these procedures were not reported 
in the evaluation of methods for determining maximum 
void ratio. Results obtained from these methods are 
given by Walter (14). 

The results from the six other test procedures 
were analyzed statistically to determine if the dif
ferences among mean emax values obtained for each 
method were statistically significant. The statis
tical analysis examined the null hypothesis that 
there was no significant difference between the mean 
values of the maximum void ratio values obtained 
from any two test procedures. Rejection of the null 
hypothesis indicated that there existed a statisti
cally significant difference between the mean values 
at a given level of confidence (95 percent was 
used). If the null hypothesis could not be re
jected, then the analysis indicated there was no 
statistically significant difference between the 
mean values and, therefore, both methods gave the 
same mean emax· 

Banding Sand 

Test results for the banding sand (subangular 
grains) are given in Table 3 arranged by method from 
the highest to the lowest mean value of maximum void 
ratio. The tube method gave the highest mean value 
of emax and had the lowe st standard d e>.r i ation and 
coefficient of variat ion , which indicates that the 
method allowed the operator to reproduce result s 
very closely. All methods had coefficients of vari
ation of less than 2 percent. 

Table 3 gives mean emax values ranged from 
0.836 for the tube method to 0.763 for the Kol
buszewski 3A method. Figure 7 shows the results of 
the statistical analysis to test the null hypothesis 
that the me an emax from eac h me t hod is not signif
icantly d ifferent. The tube met hod gave a signifi
cantly higher mean emax value than did each of th e 
other methods (the null hypothesis that the means 
were the same was rejected) • 

Cl09 Sand 

The results of the tests for this sand with sub
rounded grains are tabulated in Table 4. Once again 
the tube method gave the highest value of maximum 
mean void ratio and had the lowest coefficient of 
variation. The Castro method gave the second high
est results for the Cl09 sand but had the largest 
coefficient of variation. Results for the statisti
cal test on the mean emax values for this sand are 
given in Figure B. The mean value of maximum void 
ratio obtained from the tube method was statisti
cally different (greater than) the mean values ob
tained from each of the other methods. 

Cl90 Sand 

A summary of the results of the six methods for the 
Cl90 sand that has rounded particles is given in 
Table 5 and Figure 6. The Kolbuszewski 2A method, 
which uses a 2-in diameter cylinder and pluviates 
the grains through air, gave the highest value of 
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maximum void ratio. It was followed by the tube 
method. Statistical tests on the null hypothesis 
were carried out for each pair of data and in all 
cases the null hypothesis that the means were not 
statistically significantly different was rejected. 
Data from the Kolbuszewski 2W and 3W methods are 
included in Figure 6, which illustrates the effects 
of soil arching and air entrapment on the mean and 
range of the emax values obtained in the 30 
trials. Visual observation of the soil structures 
in the laboratory indicated the high mean value of 
emax was mostly due to arching. The wide range of 
emax values obtained in the tests and the high 
coefficient of variation indicate that arching did 
not occur in all of the 30 trials. 

Mine Tailings 

The mean maximum void ratio for each method for mine 
tailings with angular particles is given in Table 
6. The mean emax values ranged from a low of 
0. 966 (Kolbuszewski 3A) to a high of 1. 044 (tube 
method). The coefficients of variation for all 
methods were less than 1.5 percent. The results of 
the statistical tests for significant differences 
between means are given in Figure 9. The mean of 
emax obta i ned fx om the tube me t hod is statisti
cally sign i ficantl y different from the mean of 
emax obt a i ned f r om the othe r five me thods. How
ever, the mea n values of emax obtaine d fr om the 
second a nd third rank ing met hods for t he mine tail
ings, Kolbuszewski 2A method, and Castro method, 
respectively, were not significantly different. 

Comments on the Test Methods 

The tube method required no special preparation and 
was easy to perform. Visual inspection of the soil 
after deposition indicated a homogeneous structure 
if the tube was raised steadily. Soil layering re
sulted if the tube was extracted with a jerky stop 
and go motion. The tube method gave highly con
sistent results. 

The Kolbuszewski method that used pluviation 
through air was easy to perform and gave consistent 
results. The soil structure was homogeneous. Spe
cial equipment was needed to measure the volume oc
cupied by the soil so that the void ratio could be 
calculated accurately. For each soil tested the 
emax obtai ned was higher for the 2-in diameter 
cylinder tha n for the 3 in and the means we re sta
tistically significantly different. This effect of 
cylinder diameter was also observed by Kolbuszewski 
(_!) • 

Objections with the Kolbuszewski method that used 
water as a pluviation median were discussed previ
ously. The soil structure obtained was hetero
geneous and coefficients of variation obtained from 
the data for the four soils ranged from 10.B to 13.9 
percent compared with a maximum of 2. 6 percent for 
any of the other methods (14). 

Of the t hree pluviation methods employed in this 
study that used a funnel, controlling the height of 
fall while maintaining a continuous spiral motion 
was easiest by using the modified ASTM D2049 
method. No special preparation was needed and the 
results were consistent. 

It was difficult to duplicate test results by 
using the Castro method. This was because the dis
persion plate, located j ust below the funnel, made 
it difficult to maintain the height of free fall 
(0.1 in) suggested by Castro (12). Even with spe
cial care, this invited operator-;rror. 

The 6-in pluviation height was difficult to main
tain by using the Mulilus, Chan, and Seed method. 
Comparatively low values of emax were obtained 
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Table 3. Results for F-70 banding sand. 

Method 

Tube 
Castro 
ASTM D2049~9 
Mulilus, Chan, and Seed 
Kolbuszewsk.i, 2A 
Kolbuszewsk.i , 3A 

Mean (X) 

0.836 
0.818 
0.810 
0.800 
0.799 
0.770 

Note : For eech method, 30 tests were run. 

SD" (S) 

0.003 12 
0.008 77 
0.010 21 
0.006 50 
0.005 18 
0.010 89 

a N - 2 
S = i~I (Xj - x) /(N - I). by = (S/x)(I 00%). 

Coefficient of 
Variationb [V (%)] 

0.37 
1.07 
1.26 
0.81 
0.65 
1.41 

Table 4 . Results for C109 sand. 

Method 

Tube 
Kolbuszewsk.i, 2A 
ASTM 02049-69 
Mulilus, Chan, and Seed 
Kolbuszewsk.i , 3A 
Castro 

Mean (x) 

0.737 
0.709 
0.696 
0.683 
0.681 
0.677 

Note: For each method, 30 tests were run. 

SD (S) 

0 .001 88 
0 .003 97 
0.006 20 
0.006 54 
0.006 12 
0 .017 76 

'Figure 7. Results of null hypothesis on mean values for F-70 banding sand, a • 0.05. 

Tube Method 

Castro Method 

ASTM 02049-69 Method 

Mul il us Chan and Seed 
Method 

Kolbuszewski (2A) 
Method 

Kolbuszewski (3A ) 
Method 

R-Rejection of the null hypothesis that the emax means are e~ual 

A-Acceptance of the null hypothesis that the emax means are equal 

Figure 8. Results of null hypothesis on mean values for C109 sand, a = 0.05. 

Tube Method 

Kolbuszewski (2A) 
Method 

ASTM 02049-69 Method 

Mulilus , Chan and 
Seed Method 

Kolbuszewski (3A) 
Method 

Castro Method 

R-Rejection of the null hypothesis that the "max means are equal 

A-Acceptance of the null hypothesis that the emax means are equal 

Coefficient of 
Variation IV(%)) 

0.26 
0.56 
0.89 
0.96 
0.90 
2.62 
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because of compaction of the material already in the 
mold by the impingement of particles that dropped 
through a relatively large (6 in) pluviation height. 

Operator Effect of Using the Tube Method 

All the test results reported to this point were 
obtained by a single operator. Because of the en
couraging results obtained with the tube method, the 
results of several operators were compared , After 
having 15 min of instruction that described the tube 
method and a demonstration, nine undergraduate stu
dents each ran 25 trials that used Cl09 sand. Each 
student was asked to compl ete the 25 trials without 
interruption within a 10-day period. Unreduced data 

Table 5. Results for C190 sand. 

Method 

Kolbuszewski, 2A 
Tube 
Kolbuszewski, 3A 
ASTM D2049-69 
Castro 
Mulilus, Chan, and Seed 

Mean (x) 

0.721 
0.710 
0.682 
0.662 
0.640 
0.610 

Note: For each method, 30 tests were run. 

SD (S) 

0.004 54 
0.013 87 
0.005 61 
0.006 66 
0.01322 
0.006 20 

Coefficient of 
Variation [V (%)) 

0.63 
1.95 
0.82 
1.01 
2.07 
1.02 

Figure 9. Results of null hypothesis on mean values for mine tailings a = 0.05. 

Tube Method 

Kolbus zewski (2A) 
Method 

Castro Method 
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were collected as soon as each student had finished 
2 5 trials. Data reduction was not performed until 
all results were in and the students were asked not 
to discuss their data with others during the 10-day 
period. 

The results of this study are given in Table 7. 
Students are differentiated by the order in which 
they completed their trials. Each student was able 
to reproduce his or her results extremely well. 
Coefficient of variation of all nine students was 
less than 0. 5 percent and, with two exceptions, the 
range in data for each of the 25 trials was less 
than 1 lb•f/ft'. 

Even though each student's mean of 25 trials was 
within 0.8 lb•f/ft' of one another's, because of 

Table 6. Results for mine tailings. 

Method 

Tube 
Kolbuszewski, 2A 
Castro 
ASTM D2049-69 
Mulilus, Chan, and Seed 
Kolbuszewski, 3A 

Mean (x) 

1.044 
1.013 
1.012 
0.995 
0.982 
0.968 

Note: For each method, 30 tests were run. 

SD (S) 

0.006 44 
0.005 71 
0.012 85 
0.010 66 
0.013 26 
0.003 60 

Coefficient of 
Variation [V (%) ] 

0.62 
0.56 
l.27 
1.07 
l.35 
0.37 

ASTM 02049-69 Method 

Table 7. Results for student operators using C109 sand_ 

Mul il us, Chan and Seed 
Method 

Kolbuszewski (3A) 
Method 

R-Rejection of the null hypothesis that the •max means are equal 

A- Acceptance of the null hypothesis that the •max means are equal 

Coefficient 
of 

Mean SD Variation Maximum 
Operator (lb·f/ft3

) (lb·f/ft3
) (%) (lb·f/ft3 ) 

Student SS 95.5 0.16 0.17 96 .0 
Student S7 95.4 0.16 0.17 95.9 
Student SI 95 .3 0.22 0.23 95 .5 
Student S8 95.3 0.13 0.14 95.5 
Student S6 95 . l 0.16 0.17 95.4 
Student S3 94.9 0.41 0.43 96 .I 
Student S9 94.7 0.14 0.15 95.l 
Student S4 94.7 0.13 0.14 95.0 
Student S2 94.7 0.10 0.11 94.9 
Overall8 95. l 0.36 0.38 96.I 

3 22S trial runs. 

Minimum Range 
(lb·f/ft 3

) (lb·f/ft3 ) 

95.2 0.8 
95.2 0.7 
94.4 l.l 
95. l 0.4 
94.8 0.6 
94.4 1.7 
94.5 0.6 
94.5 0.5 
94.5 0.4 
94.7 1.7 
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different operators cannot be rejected, a= 0.05. 

Student SS 

Student S7 

Student Sl 

Student SB 

Student S6 

Student S ~ 

Student S9 

Student S4 0.730.63 0.51 0.54 0. 33 0.06 0.0 

Student S2 0.740 . 64 0.52 0. 54 0.34 0.06 0.0 

each student's ability to reproduce his or her own 
results so closely, statistical analysis indicated 
that in most cases each student's mean value was 
statistically significantly different from others 
(at the 95 percent level of confidence). 

To get a clearer idea of the magnitude of the 
numbers involved, a statistical analysis was carried 
out to see how much smaller the difference in mean 
values of dry unit weight of two students need he so 
that the difference between them was not statisti
cally significant. The results of the analysis, for 
the 36 combinations of nine students, is given in 
Figure 10 . This figure shows, for example, that if 
students Sl and S9 had obtained means 0.51 lb•f/ft 3 

closer to one another the means would not have been 
statistically signf icantly different. 

The magnitude of the differences in means of the 
nine students is not believed to be of practical 
signific ance. The maximum difference that a change 

in Yamin of 0.8 lb•f/ft' makes in the density index 
(Equation 1) is about 8 percent. 

SUMMARY AND CONCLUSIONS 

The following observations and conclusions can be 
made as a result of this study, which used e igh t 
methods of determining the maximum void ratio of 
four soils. 

l. In a preliminary series of tests where soi l 
pluviation was used, larger values of maximum void 
ratio were obtained by decreasing the free fall 
height. An intermediate funnel diameter yielded the 
largest void ratios. Mold diameter was not found to 
be important. 

2. In a preliminary series of tests that used 
tube e x t r a c tion as a means of determining emax• 
the highest void ratios were achieved when the tube 
was extracted slowly and a tube-mold radius ratio 
equal to 0.44 was used. This was the smallest 
radius ratio used in this study. 

3. The Kolbuszewski method that used water as a 
pluviation medium resulted in a heterogeneous soil 
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not recommended for obtaining emax values. 
4. The Kolbuszewsk i method that used air as a 

pluviation median in a 2-in diameter cylinder gave 
high, consistent values of emax• The only draw
back of this procedure is the difficulty and care 
that must be taken to measure the volume of the 
soil. Special equipment is needed for this purpose. 

5. The method that gave the highest values of 
emax for three of the four soils tested and the 
second highest for the fourth soil is the tube 
method. A 2-in diameter tube extracted slowly from 
a 4.5-in diameter mold gave consistent values of 
emax in successive trials. Coefficients of vari
ation of less than 0.7 percent were calculated from 
data from three of four soils; a value of 1.95 per
cent was obtained from the fourth. 

6. The tube method of determining 
duces very similar results for different 
The range in Yd for nine operators 

emax pro
oper a tors. 

running 25 
trials we1s .i.. 1 lb•f/ft:; the overall coefficient 
of variation was less than 0.5 percent. 

7. For the soils tested in this study, the tube 
method is an excellent method of determining maximum 
void ratio of granular material. 
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Compressibility of Field-Compacted Clay 

P.S. LIN AND C.W. LOVELL 

This study investigates the compressibility of a plastic Indiana clay (St. Croixl 
compacted in the field. Correlation among compaction variables and com
pacted properties was a prime objective. The clay was compacted to three 
levels of effort and five levels of water content by two kinds of rollers. As
compacted compressibilities were assessed in the laboratory oedometer, and 
compaction prestress values were interpreted from the e-log p curves. These 
values were always less than the nominal roller pressures previously applied 
to the soil. A regression model was written in terms of the compaction pres
sure and an interaction between pressure and compaction water content. 
Other compacted samples were saturated under three levels of confinement, 
with the aid of vacuum and backpressure. The subsequent volume changes 
depended on the compaction variables as well as on the confinement during 
saturation. A correlation was developed among the volumetric strain, the 
initial void ratio, the compaction water content, and the confinement during 
saturation. Soaked compressibilities were also measured and compared with 
the as-compacted values. The variability of the field samples is large. Com
parable studies with samples of laboratory-compacted clay had been pre
viously made and reported. Coupling of the relations for field compaction 
with those previously established for laboratory compaction is also reported 
here. 

Compacted soils are used in large quantities in the 
construction of roadway embankments and other fills. 
The stability of these structures against a slope 
failure is always of major concern, and in most 
cases it is the only criterion taken into considera
tion in the design. However, as the construction of 
higher embankments becomes more common, specifica
tion of compaction procedures so that embankment 
settlement can be predicted and controlled for both 
the short- and long-term conditions is increasingly 
more important. 

During an embankment design, the geotechnical 
engineer quantitatively predicts and controls the 
overall performance of field-compacted soil. One 
method is to construct a special fill section by 
using a range of compaction processes and then test
ing samples from the soil mass after · each process. 
Such a test pad with the associated costs of field 
sampling, laboratory testing, and analysis is not 
economically feasible for most projects. Therefore, 
the design engineer must infer the compressibility 
behavior of field-compacted soils from relations 
developed in the laboratory. Because this inference 
process may not be the most desirable, this paper 
presents a rational method of predicting the field
compaction response from laboratory tests. 

This study investigates the compressibility be
havior of a field-compacted soil in the as-compacted 
and soaked conditions. The soil used was plastic 
residual clay, and field compaction was achieved by 
using a Caterpillar model 825 tamping roller and a 
RayGo Rascal model 420C vibratory roller. Three 
energy levels and five molding water contents were 
used for each roller type to study their effects on 
compressibility behavior. To examine the as-com-

pacted compressibility characteristics, the com
pacted samples were trimmed to appropriate size and 
loaded incrementally in the oedometer. Of particular 
interest was the value of compactive prestress. 
During the service life of an earthen embankment, 
environmental changes may affect an increase or 
decrease in the volume of the mass. 

In order to simulate the changes in the mass that 
may occur in service, compacted samples were satu
rated by a back-pressure technique in the oedometer 
under an equivalent embankment load. Of major in
terest was the percentage of volume change on wet
ting under loading. Saturated compressibility was 
also measured. 

A similar study of the compressibility charac
ter is tics of laboratory-compacted samples from the 
same area soil was made by DiBernardo <ll· Combined, 
the results of both studies will allow the engineer 
to predict the field response from laboratory-com
pacted samples. 

BACKGROUND 

The concept of compactive prestress is generally 
defined as analogous to the preconsolidation pres
sure, where the pressure effect is caused by the 
compaction process (2). Lambe (3) agreed with this 
definition, but added that the value of the compac
tive prestress was sensitive to chemical and physi
cal changes in the soil with time. 

The process of compaction of a soil involves 
transmittal of the external compaction energy to the 
soil skeleton and pore fluids. On completion of the 
process, an induced prestress in the soil that may 
or may not be equal to the compaction pressure is 
produced. Abeyesekera (_!) observed that this value 
of compactive prestress is important with respect to 
compacted shale behavior. 

In order to determine the compactive prestress, 
Woodsum (~) statically compacted soil directly in 
oedometer rings, allowed the soil to come to equi
librium with water under an applied load, and per
formed the consolidation test. He found that, as 
the confining pressure remained constant and as the 
compaction pressure (Pcpl increased or void ratio 
decreased, the value of prestr.ess (Ps) increased. 
Moreover, he found that, although the value of pre
s tress increased with increasing compaction pres
sure, the prestress ratio (Ps/Pcp), which was 
similar to the overconsolidat ion ratio for saturated 
soils, varied but slightly. This prestress ratio 
reflects the effective transmittal of external com
paction energy to the soil skeleton. On completion 
of the compaction process, the induced prestress in 
the soil may or may not be equal to the compaction 
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Figure 1_ Effect of water 
content on compaction 
of a clayey soil. 
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pressure. In practical applications, this may sug
gest that, for a given compaction process and type 
of soil, the efficiency of the process does not 
increase with increasing effort. 

The compressibility characteristics of compacted 
soils were reviewed by Wahls, Fisher, and Langfelder 
( 5) in great detail. A compacted soil was consid
e~ed to be a three-phase system composed of solids, 
air, and water. The volume decrease, which is 
caused by an applied load, is generally the result 
of (a) compression of the solids, (b) compression of 
the water, (c) compression of the air, and (d) es
cape of water or air from the pores. From a practi
cal standpoint the change in volume is principally 
the result of c and d. They also concluded that the 
factors that primarily influence compacted compres
sibility were soil type, degree of saturation, mold
ing water content, and method of compaction. 

DiBernardo and Lovell <.!> examined the effect of 
laboratory kneading compaction on the as-compacted 
and soaked compressibility behavior of St. Croix 
clay. They found that a large percentage of as-com
pacted compre:;ision occurred within the first minute 
of loading. The compression versus time relations 
indicated similar fluid continuity conditions (i.e., 
continuous air voids for dry and optimum condi
tions). They also summarized soaked compressibility 
behavior as follows: 

1. For a given initial compaction condition, the 
soaked compressibility is greater than the as-com
pacted compressibility for the corresponding pres
sure ranges; 

2. For a given compaction pressure and level of 
confinement on soaking, as the water content in
creases, the virgin compressibility (Ccl de
creases; and 

3. For a given degree of saturation and confine
ment level on soaking, as the compaction pressure 
increases, Cc decreases. 

Hodek (~) explained the behavior of kaolinite 
compacted in the laboratory by static pressures 
under conditions of no lateral strain in terms of a 
deformable aggregate model. According to Garcia
Bengochea (7), pore-size distribution measurements 
for compact;d clays have also provided strong evi ~ 
dence for a deformable aggregate model. Hodek and 
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T~nvPl 1 {_~o.2) a~ueloperl ~ model or mechanism tc 
explain the achievement of the compacted unit 
weight. The mechanism took into account the precom
paction soil preparation and conditioning as well as 
the soil interactions that occur during compaction. 

Figure 1 (~) illustrates the effect of moisture 
content on compaction of a clayey soil. The aggre
gation is a fabric unit within which individual clay 
particles of various sizes interact. On the dry 
side, the clay aggregates are shrunken, hard, and 
brittle. The compaction forces move these pieces 
around and perhaps even break some of them, but the 
result is a system that has a minimum volume of 
small pores and a maximum volume of large pores. In 
contrast, on the wet side, the clay aggregates are 
swollen and plastic. The compaction forces are able 
to not only move the pieces closer together but also 
to deform them to minimize the interaggregate space. 
The system now has few large pores and many small 
ones. 

EXPERIMENTAL APPARATUS AND PROCEDURE 

The soils used for both the field and laboratory 
compaction were obtained from the IN-37 realignment 
project in Perry County. The soil was St. Croix. 
The difference between the soils used for the field 
and laboratory compaction is given in the table be
low. It is apparently caused because the soil used 
for field compaction was taken from shallower depths 
( 0-5. 5 ft) ; the samples taken for laboratory compac
tion were from deeper depths (5.5-13.0 ft). Labora
tory variability is low due to the soil being taken 
from several locations and thoroughly mixed before 
compaction and testing. 

Field 
Item Mean ~ High Laborator:i: 
Atterberg Limits 

Liquid limit, 40.0 30.0 53.2 53.0 
Wl (%) 

Plastic limit, 18.4 16.7 21. 3 21. 0 
Wp (%) 

Plasticity index, 21.9 16.4 29.0 32.0 
I (%) 

Speci¥ic gravity 2.78 2.80 
(Gs) 

Soil classification 
Unified CL CH 
American Associ- A-6 A-7-6 

ation of State 
Highway and 
Transportation 
Officials 

Ten test pads were constructed of the test soils 
in the area of the relocation project of IN-37 in 
June 1978. The test pads were constructed in order 
to create field-compacted soil for subsequent inves
tigation of mechanical properties and fabric de
scriptors. Each pad was 4.3-m (14-ft) wide and 35.4-
m (116-ft) long. 

Five test pads were rolled by a Caterpiller model 
825 segmented pad tamping roller (C) and five pads 
were rolled with a RayGo Rascal model 420C segmented 
pad vibratory roller (R). Five different water con
tents were tested for each method of compaction. 
They had water contents on both the dry side and wet 
side of field optimum water contents. For identifi
cation these were designated 1-5, from the lowest to 
the highest moisture level. We hoped to maintain a 
uniform water content within each pad. Each test pad 
was sampled following the completion of 4, 8, and 16 
passes of the compaction equipment over the pad. 
These samples were labeled A, B, and C, respec
tively, for identification of energy levels (10). 
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A Karol-Warner fixed ring consolidation cylinder 
was used in this investigation. The oedometer ring 
is 63.5 mm (2.50 in) in inside diameter, 101.6 mm 
(4.0 in) in outside diameter, and 25.4 mm (1.0 in) 
in height. The loading system used to compress the 
sample is a lever armweight type. 

The first step in the trimming process for the 
field samples was to remove the wax and cheesecloth 
covering. This was accomplished by using a sharp 
knife to cut through the covering, and care was 
taken to prevent damage of the soil sample inside. 
The next step was to put the soil sample directly 
into the oedometer ring. The upper and lower faces 
of the sample were trimmed with a steel straightedge 
by using the top and bottom of the ring as guides. 

Following the seating load adjustment period 
(typically 10 min), the applied pressure was in
creased, by using a load increment ratio (LIR) of 
0.5 to 14.9, 22.3, 34.7, 49.5, and 76.B kPa before 
the prestress value for the particular sample was 
reached. The applied pressure was decreased and 
then increased again until the prestress value for 
the particular sample could be well defined. The 
duration of each load and unload was 10 min, during 
which dial readings were typically recorded at 0, 
0.1, 0.5, 1, 2, 4, B, and 10 min. 

During the service life of an earthen embankment, 
environmental changes may cause an increase or de
crease in the volume of the mass. In order to simu
late the changes in the mass that may occur in ser
vice, the field-compacted sample was compressed by 
using LIR = 0. 5 and load duration of 10 min in the 
as-compacted condition until a vertical pressure of 
either 160, 320, or 480 kPa was applied. The sam
ples were then saturated by a deairing and back
pressure procedure. The consolidating loads--either 
160, 320, or 480 kPa--represent the pressure exerted 
by an equivalent embankment height of 7.B, 15.6, or 
23.5 m (25, 50, or 75 ft), respectively. 

DISCUSSION OF RESULTS 

As-Compacted Compressibility 

An as-compacted compressibility sample designated by 
R5B2 would indicate that the sample was compacted by 
the Rascal equipment (R) at the fifth water content 
level (5) and was the second sample (2) collected 
after the equipment made eight passes (B) • 

The relative compression (compression at time = t 
divided by the total compression at time = 10 min) 
versus time curves for dry, wet, and at optimum sam
ples are shown in Figure 2. For the dry-side and 
optimum samples (ClA2, C2A3), the magnitudes of 
relative compression are virtually the same at each 
successive time plotted. The compression of both 
samples was dominated by the outflow of pore air; 
specifically, the air voids were interconnected 
(Yoshimi, 11). The magnitude of relative compres
sion with ~time for an initially wet-of-optimum 
sample (C4A3) is also shown in Figure 2. In compari
son the wet-side sample exhibits the least amount 
of relative compression within the 10-min period. 

The effects of increasing water content and 
degree of saturation on compressibility behavior of 
samples compacted to energy level A ( 4 passes) are 
shown in Figure 3. This figure shows a marked dif
ference in the compressibility behavior for dry- and 
wet-side samples, depending on the range of consoli
dation pressure considered. That is, in the low
pressure range (20-300 kPa), the wet-side sample is 
more compressible than the dry-side sample. However, 
in the high-pressure range (> 300 kPa) , the dry
side s-ampl~ is more compressible than the wet-side 
sample. 

The effect of increasing the compactive effort on 
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the compressibility behavior of initially dry of 
optimum samples is shown in Figure 4. This figure 
shows that the slope of the curves within the re
spective high-pressure ranges becomes steeper (i.e., 
increasingly more negative) with decreasing 
compactive effort. 

The value of compactive prestress can be useful 
in design, because the compressibility behavior of 
the mass will be different at embankment-confining 
pressures above and below this value. Prestress 
ratio versus degree of saturation is plotted in 
Figure 5. This figure shows that the prestress ratio 
decreases with increasing saturation. For the par
tial range of saturation considered in this study, 
the prestress ratio is always less than one, which 
may indicate that not all of the energy delivered 
achieves densification. Figure 5 also shows that 
the prestress ratio of the Rascal vibratory roller 
is higher than that of the Caterpillar tamping 
roller at the same degree of saturation. The compac
tive efforts reported here are only nominal pres
sures [i.e., they are the pressures applied by the 
compactor during the compaction process (Ql I. 
Therefore, the actual prestress ratios (i.e., 
compactive prestress-nominal compactive pressure) 
are more than likely greater than the values shown 
on Figure 5. 

Soaked Compressibility 

A soaked compressibility sample designated by C2A2a 
would indicate that the sample was compacted by the 
Caterpillar equipment (C) at the second water con
tent level (2) was the second sample (2) collected 
after the equipment made four passes (A) , and was 
incrementally loaded and soaked at an applied pres
sure that corresponds to an embankment height of 7.8 
m (a). 

DiBernardo and Lovell (_!) showed typical soaked 
compression versus log time curves as in Figure 6. 
Each curve has a characteristics type 1 shape, as 
proposed by Leonards and Girault (_!l). The division 
of consolidation into primary and secondary compo
nents was illustrated by two techniques--the usual 
Casagrande approximation and pore water pressure 
measurements. As shown, the amount of compression at 
the end of primary consolidation (R100>, as deter
mined by the two methods, is nearly identical. In 
addition, the time for full dissipation of pore 
pressure to occur (t100 value at tiu = 0) corre
sponds well with the Casagrande t 1oo value; how
ever, typically the former time was 20 percent less. 
Because the Casagrande construction provides a very 
good approximation for the end of primary consolida
tion, doubly drained oedometer tests were performed 
without measuring pore water pressure for routine 
testing. Such a procedure will reduce the duration 
of each test considerably; however, a certain amount 
of time is still needed before each R100 can be 
determined by the Casagrande construction. 

Testing of the compacted material in the as-com
pacted condition gives an indication of the expected 
compressibility behavior of that soil prior to modi
fication by the environment. In order to get some 
measure of the effects of a change in the service 
environment, as-compacted samples were loaded to 
simulate different levels of embankment confining 
stresses and saturated by first soaking the samples 
and then applying back-pressure saturation. The one
dimensional percentage of volume changes (tiV/V0 ) 

that occurred on incremental loading and wetting 
will be examined, 

(!) 

where tie is the change in void ratio on satura-
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Figure 2. Comparison of relative compression for dry, wet, and at-optimum 
w.·.-.µl.:::1. 
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Figure 3. Effect of moisture content on compressibility 
for four passes. 
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tion, and e 0 is the initial void ratio. 
The relation among percentage of volume change on 

wetting (flV/V0 ), initial void ratio (e0 ), and 
the sustained load on saturation (P0 ) is shown in 
Figure 7. This figure shows that, for a given sus
tained load, the percentage of increase in volume 
increases as initial void ratio decreases, and the 
percentage decrease in volume increases as the ini
tial void ratio increases. Abeyesekera (!l and 
DiBernardo and Lovell (]) obtained similar results 
for a compacted shale and a compacted highly plastic 
clay, respectively. 

The percentage of volume change on saturation 
versus confining stress is shown in Figure 8. This 
figure shows that most samples increase in volume 
when saturated under a confining stress of 161 kPa • 
This stress is approximately equivalent to a depth 
of cover of 7.6 m in a compacted earthen embankment. 
The higher confining stresses of 322 and 483 kPa 
corresponded to depths of cover 15. 2 and 22. 9 m, 
respectively. At these stresses most samples dis
played a tendency for slight volume reduction, ex
cept for the near-optimum samples compacted with 

So"l>le Wal.,. Ory 
No. a Cootent Density Pressure Sottmi 

S mbol (%1 !k9/m3) [kPol (%) 

CIA2-0 12. 64 1654.5 797 51.12 

C4Al·8 17 36 1723.3 797 77.80 

Wei of Optimum 

a o.5001---+~~~~~~~-1--~~~~~~~ 
a: 

figure 4. Effect of compar.tive effort nn r.nmprnssilJility 
for dry of optimum. 
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energy level C (16 passes). These showed a signifi
cant decreas e i n volume, which mi ght be termed a 
collapse . Such large decreases occ urred quic kly on 
exposure to water. The volume changes for all the 
samples were essentially completed while the samples 
were soaking. There was little additional volume 
change (0.05 to 0.10 percent) during back-pressure 
saturation. 

The introduction of water to an as-compacted 
sample affects the clay on both the microscale and 
macroscale. On the microscale, water that comes 
into contact with the clay minerals can result in 
significant swelling of the clay. The amount of 
swell depends on the degree of hydration of the clay 
minerals present and the initial moisture condition 
of the clay. At the macroscale, the expanding clay 

Figure 5. Prestress ratio versus degree of saturation. 
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minerals result in a softening of the intact clay 
aggregates, which may result in greater deformations 
and consequently an increased compressibility under 
load. The addition of water to a partly saturated 
clay will decrease the negative pore water pressure, 
and the subsequent decrease in effective stress 
should permit swelling. The change in volume that 
results from any addition of water to a compacted 
clay can be seen to be the combination of several 
processes. Whether or not the net volume increases 
or decreases depends on the initial moisture con
tent, the dry density, and the applied confining 
stresses. 

At the low confining pressure of 161 kPa most 
samples compacted near optimum or dry of optimum 
swelled when saturated (Figure 8) • Apparently, the 
swelling pressure from the hydrating clay minerals, 
in conjunction with the reduced effective stress due 
to saturation, exceeded the confining pressure and 
resulted in an increase in volume. The confining 
pressures of 322 and 482 kPa were sufficient to 
overcome the swelling tendency for all samples. 

The sample compacted with energy level C (16 
passes) to near-optimum condition collapsed when 
saturated under a confining stress of 483 kPa. As 
previously discussed, near the optimum the compacted 
structure is open, with large pores between the 
intact clay aggregates. The introduction of water 
to the compacted samples reduces the effective 
stress and softens the clay aggregates. The shear 
resistance at an aggregate contact will be reduced 
as the aggregate softens. If the confining stress 
is low, the samples may swell, as was observed for 
most dry-of-optimum samples that have a confining 
stress of 161 kPa. The tendency for swell is coun
teracted as the confining stress is increased. A 
critical confining stress, at which no volume change 
occurs during saturation, exists for each initial 
sample condition. At confining stresses greater 
than the critical stress, volume reduction occurred 
on saturation. 

The collapse behavior may be related to the com
pactive prestress induced in a sample. The induced 
prestress is the level of stress below which a sam
ple compresses little when loaded. The introduction 
of water will soften aggregate contacts and reduce 
resistance. Consequently, clay aggregates tend to 
rearrange, which results in a reduction in volume. 
When the confining stress is near the prestress, the 
soil skeleton will not have compressed much. How
ever, any additional stress will exceed the pre
stress level and result in a large volume reduction. 

11 
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Figure 7. Percentage of volume change on saturation 
versus initial void ratio. 
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The effect of confinement on soaked compressi
bility behavior for dry-of-optimum samples is shown 
in Figure 9. l'.t the low confining pressure of 161 
kPa, sample R3C3a swelled on wetting. l'.t the high 
confining pressures of 3n and 483, samples R4C3b 
and R2C6c compressed on wetting. This is consistent 
with the previous discussion (i.e., at low confine
ment the swell pressure from the hydrating clay 
minerals, in conjunction with the reduced effective 
stress due to saturation, exceeded the confinement 
and resulted in a volume increase). l'.t high confine
ments the confining pressures were sufficient to 
overcome the swelling tendency and produced a volume 
decrease. 

"' 

Statistical Correlations 

Multiple regression is a useful technique for study
ing the relation between a dependent variable and a 
set of independent variables. It is used to develop 
a linear model of independent variables that can 
predict, control, or describe a dependent response. 
By using the data collected from the experimental 
tests, regression models were developed that could 
describe the response of either the as-compacted 
prestress or the percentage of volume change on 
saturation. 

Each of the independent variables was first plot
ted against the appropriate dependent variable. This 
was done by using the Statistical Package for the 
Social Sciences (SPSS) procedure SCl'.TTERGRl'.M. If the 
scatter plots showed a linear trend, the independent 
variable was considered to be correlated with the 
dependent variable and was selected for further 
investigation. Most of the computer procedures used 
for the regression analysis are included in SPSS 
procedural programs at Purdue University (_!!) • 

The next step was to isolate a subset of the 
independent variables that were found to be corre
lated with the dependent variable, so that an opti
mal expression that used as few variables as possi
ble could be obtained. STEPWISE is an SPSS search 
procPnnr<> th11t progressively adds independent vari
ables to the model and may delete variables already 
in the model after each step if they no longer add 
significantly to the model's descriptive capabili~ 
ties. The program is also capable of testing for 
high correlation among the independent variables. 
Such correlated variables can then be prevented from 
entering the model. This option was suppressed 
during this analysis because the set of independent 
variables was derived from combinations of the ini
tial sample conditions. 

After the subset of variables had been isolated 
by the STEPWISE procedure a number of regression 
equations were obtained by using those variables 
singly and in combination. Criteria were set by 
which the models could be compared and the best 
model could be selected. Requirements for the over
all multiple regression equation include the follow
ing: 

1. I'. high coefficient of multiple determination 
(R 2 ), which indicates the amount of variation 
explained by the variables included in the model; 

2. l'.n increase in the adjusted coefficient of 
multiple determination (R~) with each addi-
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Figure 9. Effect of confinement on soaked compressibility• 
behavior for dry of optimum. 
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tional independent variable entered into the model; 
and 

3. The overall F-test at the a = a.as signifi
cance level must be met. 

If all of the above criteria were suitably met by 
more than one model, the final selection was based 
on the value of R~ and the simplicity of the 
regression equation. 

Two dependent variables were used in regression 
analysis--compactive prestress (Psi and one-dimen
sional percent volume change on saturation 
(6V/V0 J. All independent variables based on the 
i nitial sample conditions were considered in the 
selection procedure. A number of regression equa
tions met the criteria previously discussed for the 
compactive prestress. Before selecting one of these 
regression equations, the variables chosen by 
DiBernardo and Lovell ( 11 to predict the pres tress 
for the laboratory-compacted St. Croix clay were 
forced into a regression equation for the field-com
pacted St. Cr oix clay. The ad just ed coefficient of 
multiple dete rmi nation (R~) was a.86. 

The variables used by DiBernardo and Lovell !.!I 
for predicting percentage of volume change on satu
ration (water content and compaction pressure) were 
forced into a regression equation for the field-com
pacted St. Croix clay, with very poor results. The 
equivalent embankment pressure on wetting had to be 
included in any regression relation in order to 
obtain an acceptable value of R~. This is also 
rational for the laboratory-compacted data, and this 
prediction equation was rewritten to include the 
effect of confinement. The final regression models 
selected for the field-compacted soil, as well as 
prediction models for laboratory-compacted soil 
based on t he o rn·ernardo (1) data, are given below. 

For compactive prestress, (P5 ) , in the labora
tory, 

1\ = -343 .52 -0.002 00 w2 Pcp + 48.91 Pc/ ' (2) 

In the field, 

P, = -160.99 - 0.000 63 w2 Pcp + 27.04 Pep~ (3) 

where 

P5 estimated value of compactive prestress 
(kPa), 

w water content (%), 

Somplo 
No. a 
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14.811 18411.11 111211 711.110 

14.111 18811.1 11125 111.07 
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Loc;i Consolidation Pressure ( k Pa I 

compaction pressure (kPa), 
interaction term between water 
content (%) squared and compaction pres
sure (kPa), and 
square root of compaction pressure 
(kPa) i/2. 

For 1-D percentage of volume change on saturation 
(6V/V0 ), in the laboratory, 

ISV/V0 = -6.50 + 1.102 e0 P0 ~ -0.001 02 wP0 (4) 

In the field, 

/Slf/V0 = -2.26 + 0.400 e0 P0 ~ - 0 .000 26 wP0 (5) 

where 

estimated value of 1-D percentage of 
volume change on wetting (%) , 
interaction term between ini-
tial void ratio and the square root of 
equivalent embankment pressure on 
wetting (kPa), and 
interaction term between initial water 
content (%) and equivalent embankment 
pressure on wetting (kPa) • 

The prediction model to estimate the compactive 
prestre ss (Psi induced by t he c ompa c t ion process 
is descr i bed in terms of compac tion water content 
and compaction pressure. Figure la shows the com
pactive prestress r eg r e ssion models o f the labo r a
tory as- co mpacted soil and the f ield as-compac t ed 
soil , s uperimposed. This fig ure shows t hat , f o r a 
given wate r content, the estimated compac tive pre
stress i nc r eases as the compaction pr essure in
creases. Similar results had been obtained by Wood
sum (2), Abeyesekera <i>• and OiBernardo and Lovell 
( 1) . - If the compaction pressure is held constant, 
a-;:; increase in the water content will result in a 
lower value of compactive prestress. 

The percentage of volume change on the wetting 
model is described in terms of the initial void 
ratio (e0 ) and the water content (w), each in 
combination with the equivalent embankment pressure 
(P0 ) • In these models a positive value of per
centage of volume c hange indicates settlement and a 
negative value indicates swell when water is intro
duced under load. Because of the negative value of 
the constant term, any sample would swell if there 
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Figure 10. Compactive prestress models. 

1400 

1300 

1200 

1100 
0 
a. .... 1000 

<o:!° 

::: 900 
~ 
~ .. 
n. .. 
~ 700 
0 

~ 
0 

t.) 

600 

ii 500 
0 
E 

~ 400 

300 

200 

100 

SI. Croix Clay 

---- ~borator)' R11ulh 
2 112 

P1 =- 343 .~2 - 0 .0020 w Pep+ 48.91 Pep 

-- Fleld R1111ltt 
• 2 1/2 
P. =-160.99-0.00063w P0p+27.04Pc:p 

Water Content I%) 
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stant water content. 
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Figul'e 12. Effect of water content an percentage of volume change model for 
constant void ratio. 
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is no embankment pressure (P0 = 0). The reduction 
in effective stress on saturation and the volume 
increase of the clay minerals during hydration are 
the cause s fo r the tendency to swell . 

The effect of void ratio on the estimated per
centage of volume change with constant water content 
is shown in Figure 11. The va riable term in the 
model that involves the initial void ratio (e0 ) 

and thP. Rq11 ,. rP rnnt nf the P.<JL1ivalent embankment 
press ure (P0 1/ 21 is preceded by a positive 
sign. This indicates that t his term overcomes the 
tendency to swell. Figure 11 shows that an increase 
in the initial void ratio reduces the tendency to 
swell. As the equivalent embankment pressure in
creases, the percentage of volume change eventually 
becomes positive • 

The variable term in the model that involves the 
water content (w) partly offsets the effect of the 
positive term. Figure 12 shows that an increase in 
water content reduces the expected volume decrease 
on saturation. The coefficients of the variables in 
the models are such that the negative term never 
exceeds the positive term within the range of values 
investigated. This ensures that under no conditions 
can sample swell exceed that of the free swell case . 

Although the shapes of the field and laboratory 
compactive prestress and percentage volume change on 
wetting curves are similar, they are not identical. 
However, the simple procedure of superimposing equa
tional models, as has been done in Figures 10-12r 
may prove to be a useful practical technique for 
predicting f iela response from laboratory tests. 

An important ob j ective of this study was to show 
how the laboratory-field correlation can be devel-
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Figure 13. Prediction of field compactive prestress from laboratory-compacted 
samples. 
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oped and used. These same procedures can be em
ployed to cover additional typical soils and compac
tion rollers. Where the correlation between the 
laboratory- and field-compacted soils has been ac
complished, the engineer can simply take bag samples 
from the excavation, run laboratory compaction and 
compressibility tests, and make good predictions of 
embankment compressibility. Thus, an alternate to 
the present procedures is (a) simply assume that the 
field-compacted values are the same as the labora
tory-compacted ones or (b) generate the field-com
pacted parameters from test pad samples. 

Behavior for soils similar to the St. Croix clay 
can be predicted by comparison of compaction curves 
and plasticity. A statistical prediction procedure 
was developed and is illustrated in Figures 13 and 
14. 

CONCLUSIONS 

This paper has examined the effect of field compac
tion on the as-compacted compressibility, volume 
change on soaking, and soaked compressibility be
havior of a plastic compacted clay (St. Croix) • 

The experimental and statistical results of the 
field-compaction study lead to the following conclu
sions: 

1. The compression versus time relations show 
that a large percentage of the as-compacted compres
s ion occurs within the first minute of loading. 

2. Samples compacted on the dry side of the line 

Figure 14. Prediction of field percentage of volume change on wetting from 
laboratory-eompacted samples. 
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of moisture optimums for any compactive effort are 
less compressible than those compacted on the wet 
side of the line of optimums for loads less than the 
prestress level. However, the dry-side samples are 
more compressible than the wet-side samples when the 
applied load is greater than the prestress level. 

3. The value of compactive prestress induced in a 
sample increases with increasing compaction pressure 
and decreases with increasing moisture content at a 
given compaction pressure. 

4. For the saturated condition, at low confining 
stresses the swell pressure from the hydrating clay 
minerals, in conjunction with the reduced effective 
stress due to saturation, exceeded the effect of 
confinement and resulted in an increase in volume. 
At high confinements the confining pressures were 
sufficient to overcome the swelling tendency and 
resulted in a decrease in volume. 

s. The field-compacted relations are similar to 
those developed by DiBernardo and Lovell (.!,) , which 
involve the same variables, exponents, and signs. 
Regression constants are different. 

6. The similarity of laboratoryand field-com
pacted relations allows the two predictions to be 
simply related in graphical form (Figures 10-12) • 

7. Predictions of field-compacted relations from 
laboratory tests can be accomplished for soils that 
are somewhat different by using IR Ip 
(field)/! (laboratory) . Ip is the Atterberg 

.. p . d plasticity in ex . 
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Compaction Practice for Dam Cores at Hydro-Quebec 

0. DASCAL 

Glacial till is used mainly as an impervious materiel in earth and rockfill dams 
built in Quebec. It is, in general, a well-graded mixture of sand, silt, and gravel, 
with 25-80 percent passing the no. 200 sieve and a natural water content at or 
above optimum (Proctor standard I. Its natural water content, together with its 
very high sensitivity to atmospheric humidity, strongly influence the choice of 
compaction equipment, compaction procedure, and time schedule. This paper 
presents Hydro-Quebec's experience with this tYP8 of material, including choice 
of the compaction equipment, establishment of the compaction procedure, 
pretreatment of the borrow pit material, as well as the results and performances 
obtained at various sites. In addition, the paper describes the particular com· 
paction problems and results of a manufactured materiel (sand and sensitive 
day mixture I used as core material in certain water-retaining dikes. 

One of the main economical advantages of an earth or 
rockfill dam is the possibility of using relatively 
cheap local soil deposits as construction materi
als. In this context, glacial till deposits that 
cover large areas of the continental shelf of Canada 
are used extensively as material for the impervious 
zone of earth and rockfill dams. ~he use of natural 
clay deposits as impervious material is rather lim
ited (a) because of its localized presence along the 
lowlands of the St. Lawrence valley and the eastern 
shore line of the James Bay, and (b) because its 
geotechnical characteristics (high sensitivity) re
quire special placement and compaction procedures. 

The till, an abrasion product of the glaciers, is 
frequently used in construction specifications as 
indicative of an unsorted unstratified heterogeneous 
mixture of clay, silt, sand, gravel, cobbles, and 

boulders. It also denotes a very dense and stiff 
material of low compressibility. These character
istics, when complimented with a proper amount of 
fine particles (<0.074 mm) and a well-graded grain 
size composition, represent those of an ideal mate
rial for dam cores, 

However, the compaction characteristics of this 
material are substantially influenced by its water 
content. As a matter or ract, the soil is difficult 
to handle (compact) when the natural water content 
reaches 2 percent above optimum and becomes rapidly 
soupy when it reaches +3 percent or more. This is a 
severe limitation because it is often found in situ 
at a water content above optimum. The problem be
comes more acute when one considers the adverse 
climatic conditions encountered in the northern 
regions of Quebec, where the construction season is 
short and rainy. 

The importance of proper compaction should be 
emphasized in view of the close relation among den
sity, shear strength, permeability, and compressi
bility. All these parameters are of particular 
importance in the safety and behavior of the dam. 

This paper presents Hydro-Quebec's experience and 
practices in handling this type of material as il
lustrated by three case histories. The first proj
ect involved uses till that had a natural water con
tent at or slightly above its optimum and hence 
presented no problem of placement or compaction •. In 
the second proiect, the use of a till that had a 
natural water content substantially higher than 
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optimum created a set of difficult problems and 
necessitated the adoption of new solutions. A third 
example illustrates the use of a highly sensitive 
marine clay as core material, its placement, and 
compaction problems experienced during the construc
tion of an earth-fill dike located in the St. Law
rence valley. 

PROJECT A, DAMS 1 AND 2--0UTARDES 4 

Project A includes two-zoned rock-fill dams with 
slightly inclined till cores 400 and 350 ft (122 and 
106 ml high, respectively. Dam 1, with a crest 
length of 2100 ft (640 m), has a total volume of 
9 900 000 yd' (7 569 097 m'), the core volume 
being 885 000 yd' (676 631 m'). Dam 2, with a 
total volume of 6 145 000 yd• ( 4 698 192 m '> , 
has a core of 601 500 yd' ( 459 880 m') of till 
and a crest length of 2380 ft (725 m) . 

The maximum horizontal width of the core at the 
base is about 120-130 ft (36-40 m). The crest width 
is reduced to about 20 ft (6 m). Thus, for both 
dams the working area at any elevation represents an 
average of about 40 000-45 000 ft• (3750-4000 m2 ). 

Geotechnical Characteristics of the Till 

The borrow area situated a few miles upstream of dam 
1 consists of a relativelv well-graded till that has 
a maximum gravel content of 10 percent grain size 
larger than 6 in (150 mm). The percentage of fines 
(passing sieve no. 200) varies between 10 and 40 
percent, with an average of 23 percent, and has a 
liquid limit between 11.5 and 14.2 percent. The 
plastic limit varies between 9 and 11 percent. 

Laboratory compaction tests indicate a maximum 
dry density [standard Proctor (ASTM D698 method A) l 
of 126-13~ lb•f/ft' (2000-2175 kg/m'), with an 
optimum water content that varies between 7 and 10 
percent; the in situ natural water content ranges 
from 6 to 12 percent. 

Laboratory permeability tests, carried out on the 
fraction that passes sieve no. 4 (U.S. Bureau of 
Public Roads standard E-12) indicate a coefficient 
K = 10"' to 10" 7 cm/s. 

Borrow Pit Operations 

The borrow pit consists of two areas. The eastern 
part is more sandy with a relatively low fine con
tent and in the western area the percentage that 
passes sieve no. 200 varies between 35 and 45 per
cent. Consequently, it is necessary to mix the 
material from both areas (in equal parts) at the 
pit. The excavation of the material is carried out 
by bulldozers, which push the till over a Koleman 
vibratory screen to eliminate cobbles larger than 6 
in (150 mm). The material is lr:>aned directly in 
trucks pa~sing under the screen. 

The quality of the mix is continuouslv checked by 
a rapid sieve analysis that establishes the per
centage of fines (passing sieve no. 200) • 

Placement and Compaction Operations 

The prevailing climatic conditions limit the place
ment of the till to a maximum of 70 days/year. 

The till hauled to the dam's site by trucks is 
spread by bulldozers in lifts 10- to 12-in (250- to 
300-mm) thick parallel to the dam's axis and subse
quently compacted by six passes of 50-ton pneumatic 
tired rollers. To obtain a uniform moisture distri
bution before compaction, the spread material is 
mixed with 30-in (750-mm) diameter disc harrows. 
After the compaction and immediately before place
ment of the new lift the compacted material .is scar-
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ified to a depth of about 3 in (75 mm) to avoid the 
formation of compaction joints. The scarifying also 
facilitates the water distribution, when the sun- or 
wind-dried material must be sprinkled. The compac
tion is carried out on strips parallel to the dam 
axis, as the equipment moves from one abutment 
toward the other. 

The compacted till surface is always provided 
with a small slope toward its upstream and down
stream edges (toward the filter zones) to facilitate 
the rainwater runoff. In areas where the access of 
heavy rollers is hindered or next to rock abutments, 
the till material is spread in lifts 4- to 6-in 
( 100- to 150-mm) thick and compacted with a manual 
Vibro-Tamper 2-1, which has a weight of about 925 lb 
(420 kg), and which develops a dynamic force of 
20 000 lb (9000 kg) at around 2100 cycles/min. 

Placement and Compaction Control 

The technical specifications call for a minimum 
degree of compaction (relative compaction) of 97 
percent of the standard Proctor maximum density 
(ASTM D698 method A) at a water content ±2 percent 
r:>f the optimum. A maximum of 15 percent of the re
sults could be less than the specified minimum if 
they are not concentrated in the same section. 

The same specifications ask for a grain size com
position within the limits shown in Figure 1. To 
reach this goal, the technical specifications also 
demand a set of parameters to be respected during 
construction (e.g., lift thickness and number of 
passes of the compactor) and the type and frequency 
of the tests to be carried out. Thus, the control 
operations are carried out to cover the following 
two aspects: 

1. Qualitative control of the construction pro
cedures (i.e., lift thickness, scarification, 
sprinkling, and number of passes) and 

2. Quantitative control of the materials charac
teristics by in situ and laboratory tests (i.e., 
water content, grain size composition, in situ den
sity, Atterberg limits, and permeability). 

Control Tests Results 

The placement and compaction operations were per
formed during four summers. The number and the fre
quency of the tests carried out are given in Table 
1. Statistical analysis of the control test results 
indicates that 80 percent of the results sbow a de
gree of compaction higher than 98 percent, and only 
5 percent of the results were less than 97 percent. 
A degree of compaction higher than 100 percent was 
measured in more than 70 percent of the tests 
(Figure 2) • 

The average dry density of the 
141 lb/ft' (2250 kg/m'). All 
indicate a density higher than 
kg/m' l (Figure 3). Notice that 

compacted till is 
of the results 

125 lb/ft. (2000 
the distribution 

of the results shows a larger deviation from a 
Gaussian distribution. 

The average compaction water content of 8. 9 per
cent is slightly higher than the optimum 8. 0 per
cent. At the same time only 20 percent of the sam
ples indicated a water content higher than 2 percent 
of the optimum. Less than 5 percent of the tests 
revealed a water content 2 percent below the optimum 
(Figure 4). 

PROJECT B, MAIN DAM--MANICOUAGAN 3 

The second project includes a 350-ft (106-m) high 
earth-fill dam resting on a 420-ft (128-m) deep 
sediment-filled canyon. The dam, which has a total 
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Figure 1. Grain size composition of till for 
project A. 
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Table 1. Frequency of control tests for project A. 

Volume of 
Material 

Test Site (OOOs yd3) 

In situ density water content Dam I 885.0 
Dam 2 601.5 

Grain size analysis Dams! 1723.0 
and 2 

Standard Proctor 1723.0 
Specific gravity 1723.0 
Permeability 1723 .0 

I 

ClOOI ClOI 

CLAY SIL 1 

Yards3 

No. of Between 
Tests Tests 

748 I 183 
833 722 
465 3 705 

382 4 510 
25 68 918 
32 53 843 

volume of about 11 035 000 yd' (B 436 867 m'J, 
comprises a fairly thick symmetrical central core, 
that consists of till. An upstream blanket of about 
30-ft (9-m) thickness links the central core with 
the upstream cofferdam and was provided to lengthen 
the seepage path under the embankment. It is con
structed also from the till material. The total 
till volume for both the core and blanket is about 
2 552 ooo yd' (1 951 144 m'). 

The maximum width of the core at the dam's base 
is about 300 ft (90 ~; at the same elevation the 
valley is about 500 ft ( 150 m) • At the crest the 
core's width is reduced to about 20 ft (6 m), with a 
crest length of about 1280 ft ( 390 m). Thus / the 
working area for the till varies from about 150 000 
ft 2 ( 13 500 m2 ) at base elevation to 25 500 
ft 2 (2350 m2 ) at the crest. The working plat
form area for the blanket construction (at the base 
elevation) is about 350 000 ft 2 (31 500 m2 ). 

Geotechnical Properties of Till 

The borrow area is situated some 1.5 miles (2.5 km) 
downstream of the dam. It contains a till deposit 
that includes numerous thin layers or lenses of 
sand, which confer a somewhat stratified appearance. 

The grain size analysis indicates a well-graded 
material that contains, on the average, 5 percent 
gravels and 50 percent silt-clay particles (Figure 
5). The mineral composition of the particles be
tween sieves no. 40 and no. 200 is mainly quartz 

t 
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(85-90 percent), feldspar, biotite, hornblende, 
garnet, and magnetite. The grains are in general 
equidimensional and angular. The same mineral com
position prevails for the fraction that passes sieve 
no. 200, the presence of real clay minerals being 
very limited in spite of a clay size particle con
tent (< 2µ) of 4-15 percent. In general, the 
material (fraction passing sieve no. 40) is nonplas
tic. However some samples indicated liquin limit 
around 17-18 percent and plastic limit of 12-13 
percent. 

The in situ material is relatively cold, even 
during the summer. 'l'emper'lt:nres of n•-<;•r. were re
corded in the freshly stripped material. The mate
rial is dryed with difficulty by natural evaporation 
and it is rapidly covered by a film of condensed 
water when the air humidity rises. On the other 
hand, the in ,.;1-11 w;ot-er l'.'i:>nt:ent ts substantially 
higher than its optimum (standard Proctor) • The 
dagraa of &aturation reaohes 95 percent. 

The laboratory compaction tests indicate high 
sensitivity of this material to the compaction water 
content. The dry density decreases rapidly with the 
increase of the moisture content (Figure 6). The 
end points of the compaction curves shown in Figure 
6 indicate the water content at which the samples 
became too wet and too soft to be handled (com
pacted). 

The maximum dry density (standard Proctor) varies 
between 125 and 137.5 lb•f/ft' (2000-2200 kg/m') with 
an optimum water content at 7.4-11.0 percent. The 
in situ water content of the till is 0.9-3.5 percent 
higher than the optimum. The permeability of the 
material measured in laboratory triaxial tests 
varies between 0. 4 and 6xl0 · • cm/s (material with 
fines passing sieve no. 200 around 45 percent). 

Operation of the Borrow Area 

The high natural water content of the material cre
ated numerous difficulties during placement and com
paction operations. Consequently, special att~ntion 

was given to the borrow pit operation to obtain some 
r~d1Jction of the moisture content. The cxcilviltion 
of the till was started by backhoes cutting 20- to 
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Figure 2. Compaction 
degree of till for project A. 

Figure 3. In situ dry 
density of till for project A. 

Figure 4. After compac· 
tion water content devia· 
tion from the optimum 
W/C for project A. 
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~!g!.!!'! 5. Gra!r! !:!!! ~m~!!t!{:I~ ~f th! fi!! 
for project B. 

.. 
z 
;; ., .. .. 
~ 

100 

llO 

., 
10 

10 

50 

40 

'° 
ZD 

10 

O.OOOI 

Figure 6. Dry density versus water content I 3 3 
(standard Proctorl for various temperatures 
of the material for project B. 
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Figure 7. Compaction degree obtained with different compactors. 
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25-ft (6.1- to 7.6-m) high vertical faces. This 
method allows a good mixing of the material. How
ever, the freshly cut face is too small to permit 
drying by sun or wind action. At the same time, 
this method does not permit a selective exploitation 
of the deposit (i.e., elimination of more wet or 
more sandy layers or lenses). Consequently, the 
method was abandoned and replaced by an excavation 
with bulldozer along subhorizontal surfaces. The 
working pad was at first scarified to a depth of 
0.5-1.0 ft (0.15-0.30 m) and exposed to drying. 
Depending on the climatic conditions after a while 
(average 1 h), the material was sufficiently dry to 
be placed directly in the dam. The dried material 
is scarped in thin layers and pushed by bulldozers 
in piles and loaded in trucks with pneumatic load
ers. This method produces a material that can be 
placed readily in the dam; however, the productivity 
is too low, which jeopardizes the construction 
schedule. 

The installation of two Keleman vibrating screens 
to reject the oversize [>6 in (150 mm)] and belt 
conveyors increased the productivity somewhat. The 
material is pushed by bulldozers into a hopper, 
lifted by the convey0rs on the screens, and the 
passing material falls directly in the trucks. The 
operation is frequently stopped, sometimes for a few 
days following rainy periods. Subsequently, to en
sure that the construction schedule is respected, 
the artificial drying of the material, using an oil
heated rotary kiln, was adopted. 

Placement and Compaction of t he Til.l 

First Stage Operations 

Previous experiences with till and some preliminary 
compaction tests carried out before construction 
indicated that the pneumatic-tired roller would be 
adequate compaction equipment. Thus, the compaction 
of the till for the impervious blanket was started 
with 50-ton tired rollers pulled by bulldozers. 
Areas that have limited access to the tired rollers 
or were next to rock abutments were compacted with 
self-propelled 5.5-ton vibratory rollers and with 
manual vibration plates. 

90 

100 

110 115 

The high natural water content of the material, 
even at the beginning, created a lot of difficul
ties. The traffic of the loaded trucks and the 
heavy compaction equipment induced large deformation 
in the fill [ruts up to 8-in (200-mm) deep], which 
resulted in its decompaction and fissuration. A 
reduction in the layer thickness before compaction 
from 9 in (22.5 cm) to 6 in (15.0 cm) did not im
prove significantly the productivity and the quality 
of the operations. During the first year the major
ity of the in situ density tests indicated a degree 
of compaction below 97 percent. The large working 
area (350 000 ft 2 (31 500 m2 ) l exposed to 
weather inclemencies also contributed to low pro
ductivity. As a matter of fact, cleaning operation 
after a rainy period, which in many instances neces
sitated the removal and the rejection of the satu
rated (too wet) material, was very time consuming 
and expensive. Even . when the removal of the wet 
material was not required, a deep scarifying was 
carried out to facilitate drying, which increased 
significantly the depth of the loose material to be 
compacted. Consequently, the efficiency of the com
paction is reduced and that explains the low degree 
of compaction obtained during the first campaign. 

Tests carried out with different types of com
paction equipment, varying layer of thickness, and 
number of passes did not succeed in improving sig
nificantly the degree of ccimpaction. Figure 7 pre
sents, as an example, the degree of compaction ob
tained with 40-ton pneumatic tired rollers and 9-ton 
vibratory rollers on material at its natural water 
content (bulk material). As can be seen for both 
equipments, close to 50 percent of the results show 
a degree of compaction less than 97 percent (the 
technical specifications required a minimum degree 
of compaction of 97 percent standard Proctor, allow
ing a maximum of 15 percent below this limit) • 

To eliminate or at least to reduce some of the 
difficulties mentioned above, research was carried 
out 

1. To reduce the water content of the till in 
the borrow pit, 

2. To select an adequate protection system of 
the compacted material, 
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3. To select a compactor for the given soil ~on

ditions, 
4. To reduce the water content of the till by 

artificial drying, and 
5. To change the borrow area that contains a 

drier material. 
The inefficiency of the drainage trenches in

stalled in the borrow area and some negative results 
of laboratory tests on electro-osmosis, vacuum pump
ing led to abandonment of the first objective. At 
the same time, the idea to cover the compacted mate
rial with plastic sheets to avoid supplementary wet
ting by rain or condensation was also eliminated. 
~he large surface involved and the high wind veloci
ties that prevailed at the dam's site would have 
made the installation and the recovery of the sheets 
difficult. Another drawback of the system is that, 
during favorable climatic conditions, if the s heets 
are not removed the evaporation is hindered and con
densation takes place at the fill's surface. A 
wrong dec ision conc e r ning the time of insta llation 
or removal could damage the material or produce use
less work stoppages. It was also concluded that 
this method would not change the high compaction 
water content of the till. 

Concerning the compaction equipment, as mentioned 
above, tests carried out with various types of com
pactors did not improve the compaction of these wet 
materials. 

Artificial drying of the material was contem
plated by two means : 

1. In situ drying in the borrow pit and 
2. Drying the excavated material in special de

v i ces 

In situ drying was experimented with by using 
propane-heated, infrared ray plates [4x9 ft (l.3Sx 
2. 70 m)] pulled by bulldozers. The plate produced 
an effective heat radiation of about 4000 cal/ cm 2/h 
(as compared with 65 cal/cm 2 /h radiated by the sun 
at the dam's site) and dried only the upper 2-4 in 
(5-10 cm) of the material, which necessitated a sub-
~~qua nt hurrcwing and a second pass of arying. ml..

.J.llC 

application of this procedure would have implied the 
use of a large number of plates and bulldozers, con
sequently its economy would have been questionable. 

Tests with infrared heaters installed above a 
belt conveyor wer e a bandoned becnua e too much t ime 
was needed to build and put in operation such a de
vice . The 11econd oplion, Lhe u 1y l11y u[ tile exca
vated material by using a rotary kiln, was finally 
d.Cl.:ep teU . 

Consequently, a readily built rotary kiln, which 
had a diameter of 14 ft (4.25 m), a length of 80 ft 
(24.4 m), and delivering about 28xl0 9 cal/h, was 
installed. The kiln capacity is about 455 ton/ h 
(200 yd' / h) , the temperature of the material leav
ing the oven varies between 60 ° and 70° C. Fuel co n
sumption is 7.4 l / m' and reaches 11.3 l / m3 for 
the most humid material. 

The material leaving the kiln is stored in cone
shaped stockpiles. The slopes o f the pile, the 
accumula ted heat (the temperature in the pile is 
maintained at about 3 2°-50°CJ, and the compactness 
of the material c onstitute an adequate protection 
against water penetration (rain), without necessity 
for any protective shelter (Figure 8) . 

The e f f iuiency uf the kiln i s illustrated in Fig
ure 9; the average water content of the material be
fore drying of 11.9 percent is reduced to about 10.3 
percent or by about 1.6 percent . At the same time, 
the deviation between the op timum water content and 
the wa ter of the material before and after dry ing is 
also nar cuwed. Ai:i t,; d11 Ue tieen, mur e than o.:> percent: 
of the dried material has a water content lower than 
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opt.imnm +?. :re:rcent. "1hich allows much easier hand
ling (compaction) • 

Also note that, due to the accumulated heat in 
the stockpile, the material obtains a more homogene
ous water content while an additional reduction 
takes place in the stockpile. 

Second Stage Operation 

The 8- to 9-ton vibration roller was adopted follow
ing the positive results obtained with it. This 
equipment gives a satisfactory compaction by 3-4 
passes in lifts of 4-in (100-mm) material, even when 
the water content is as much as 2 percent over the 
optimum. A light scarifying of the compacted sur
face before spreading the new layer allows an inti
mate connection between the two lifts. Control 
trenches excavated in the material did not reveal 
the presence of any compaction joints. However, the 
till compacted at a water content over its optimum 
continued to deform under the truck loads. 

These deformations are associated with the open
ing of fissures in the compacted material, which 
cannot be tolerated in the dam's core. Conse
quently, a major modification of the placement and 
compaction procedure was introduced. The traffic of 
the trucks hauling the till was limited to the tran
sition zones only. The material dumped on the up
stream and downstream edges of the - core was spread 
by bulldozers in layers of 4-6 in (100-150 mm) along 
the upstream-downstream axis and followed by the 
compaction along the same direction (Figure 10). 
This direction of compaction is a major deviation 
from the general practice adopted by the profes
sion. Performance to date indicates that homogene
ous material obtained did not have any weakness 
zones along compaction joints in the direction of 
flow through the core. 

During midsummer periods the compacted surface 
can became too dry, in which case the scarified ma
terial is sprinkled to get a water content slightly 
above the optimum. However, when the drying of the 
material is deeper [3-6 in (75-150 mm)], following 
an extended ~.,ork stoppage ( 1-3 days} , removal of th~ 

entire dried material is more economical. Some re
wetting tests c arried out indicated that the results 
are acceptable; however, the wetting operation needs 
many hours without getting assurance that a homogene
ouo material will be obtained. The removal o f the 
same materials following a rain also seems more eco
nomic al Lhi111 lls 111 sllu <h .yl11y. This allows a much 
more rapid resumption of the compaction ope rations. 

Placement and Compaction Inspection 

The qualitative inspection involving operation pro
cedures (number of passes, lift thickness, compac
tion overlapping, movement speed of a compactors, 
scarification, and harrowing) is carried out by 
field inspectors. Technician crews attached to the 
field laboratory execute quantitative analyses (in 
situ dry density, laboratory grain size analysis, 
water content, and standard Proctor). 

The inspection also is extended to the borrow pit 
and the kiln operation. At the borrow pit, the in
spector supervises the excavation operation and, 
following a visual inspection and a rapid test of 
material passing sieve no. 200 and water content 
(speedy moistui:e), approves the r1iaLerial to be 
shipped to the dam. Once the kiln operation has 
started, the inspection in the borrow pit is re
duced, but at the kiln it is extended. The material 
is tested at the feeder and at the outlet of the 
kiln to allow the adjustment of the burner and the 

--L~ -L ---~--, -
W'H.Ll....ll \,,...\Jlll...l...V.L.:::> 

and the water content of the dried material. The 
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Figure 8. Rotary kiln drying plant. 

Figure 9. Water content of the till 
before and after kiln drying for 
project B. 

Figure 10. Placing operations of the 
impervious core. 

... 
0 

:.l! 0 

15 

10 

5 

6 7 8 9 10 II 12 13 

WATER CONTENT (°lo) 

----DISTRIBUTION OF 
'0,23 RESULTS 

,,---- DISTRIBUTION OF 
'0, 14 RE SUL TS 

14 15 16 17 18 19 

10 

20 

30 

40 

50 

60 

70 

80 

90 

"" > 
0 m 
C( 

VI 
t-
...J 
::> 
VI 

"" 0:: 

... 
0 

:.l! 0 

67 



68 Transportation Research Record 897 

Fig~re ! ! . ~ms:sct!ar: degree fc!' the tatal ti!! '!Oh.!me p!aced !!'! the tore 9ruf blanket fa!' project e. 
3 0 

25 

20 
UI 

~ 
::> 
UI 

"' a:: 15 
IL 
0 

~ 0 
10 

5 

0 

85 

REQUIRED PERCENTAGE 97 "/o STANDARD PROCTOR 

ALLOWED DEVIATION 1!1% OF RESULTS < 97"/o· 

AVERAGE OF COMPACTION DEGREE : 98,6 °lo 

°lo BELOW TO 97 °lo: 1!1,6 °lo 

0 2,1 

k •0,07 

90 95 100 

COMPACTION DEGREE % 

0 

10 

20 "' ~ 
30 

m 
c 
UI 

40 ~ 
ii! 

50 "' a:: 
IL 

60 
0 

~ 0 
DISTRIBUTION OF RESULTS 70 

BO 

90 

100 

105 11 0 

Figure 12. In situ dry density obtained with different compactors before and after drying the till for project B. 
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frequency of the rapid tests (passing sieve no. 200 
and water content) is about 5-8/10-h shift. 

One of the main objectives of the quality inspec
tion was the lift thickness. This parameter has a 
particular influence on the compaction results. The 
lift thickness was checked by topographical survey, 
along a quadrilateral mesh covering the working 
area. The survey was carried out before and after 
compaction covering the working area. 

The frequency of the principal routine tests is 
shown in the table below (note 1 yd' = 0.765 m'): 

Volume of Yards' 
Material Between 
1nnn •• .:1 l \ m .... -.a.. ... 

.L'CiOL \UVV xu I .Ll;;;0\,,.0 

Grain size 2550 5000 
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Volume of Yards' 
Material Between 

Test (000 yd ' J Tests 
In situ density 2550 1350 

and water content 
Standard Proctor 2550 5000 

Summary of Quantitative Test Results 

The average degree of compaction is 98.6 percent 
with a standard deviation of 2.1 and with 15.6 per
cent of the results below 97 percent (Figure 11). 
Note that, after the kiln started to function, the 
average degree of compaction was maintained around 
100 percen~ • 
value of 132 

The average dry Ciem1ity 
lb/ft' (2110 kg/m'). 

cecu..::h~U a 
Figure 12 
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shows the dry density obtained by the tired rollers 
after drying. 

The water content after compaction is an average 
of 0.9 percent over the optimum with a standard 
deviation of about 0.9 percent. The degree of satu
ration of the compacted material varies between 70 
and 100 percent. 

Economy of Drying Operation 

Based on 1974 prices, the drying operations in
creased the material cost by about 72 percent (1_) , 
considering that the drying installation is entirely 
depreciated. However, considering that only about 
700 000 yd' ( 510 595 m') of material is dried, 
the increase is 51 percent of the total cost of the 
till, and only 10.5 percent of the total cost of the 
dam's fill. 

The increase costs can be distributed as follows: 

~ 
Investment--purchase and installation of 

the kiln and conveyor 
Operation--fuel, parts, and main power 
Supplementary co~t for transportation and 

loading 

Percent 
32 

53 
15 

Notice that the main costs are those of opera
tions, particularly maintenance and repairs costs. 
In 1974-1975, the fuel cost represented only about 
13 percent. In spite of the increase of the till 
cost, the drying operation on the whole was more 
than economical, considering the implied expenses if 
the completion of the project would have needed an 
extra year. 

Project c, East-West Dikes--Outardes 2 

The water-retaining structures of project C include 
a concrete-faced rock-fill dam and two earth-fill 
dikes. The sand and gravel dikes are provided with 
a relatively large impervious central core consist
ing of a mix of sand-gravel and clay. Dike 1 (east), 
with a maximum height of 110 ft (33.5 m), has a 
crest length of 8700 ft (2650 m), and dike 2 (west) 
has a maximum height of 95 ft ( 29 m) and a crest 
length of 3800 ft (1160 m). 'l'he total volume of 
material involved is 1 822 700 yd' (1 393 555 
m') for dike 2; the core material represents 
262 000 and 185 000 yd' (200 314 and 141 443 
m') , respectively. The dikes, being founded on a 
relatively soft clay and silt foundation, were built 
with gentle slopes (up to 1V:6H) and this explains 
the relatively low ratio between the core volume and 
the total volume of the structure (2). 

Geological and geotechnical in~estigations car
ried out for the project area [within an economical 
radius of about 20-25 miles (30-40 km)] did not dis
close the presence of any deposit of natural imper
vious material that could have been used for core 
construction. However, the same investigation lo
calized large deposits of sand and gravel and ex
tended clay formations. Because of the high sensi
tivity of the clay (in its remolded stage the clay 
became fluid), it does not lend itself to being used 
as construction material. Thus, following the re
sults obtained at Mirobo Dam in Japan <llr where the 
core was built from a mix of clay and weathered 
granite, a similar solution was adapted for these 
dikes. The mix was obtained at Mirobo by excavating 
a vertical face in a pile consisting of alternative 
layers of clay and weathered granite. In our case 
the sensitive clay liquifies by remolding and so it 
cannot be spread in layers. Subsequently, different 
m1x1ng procedures were developed. Initially, the 
clay placed inside a U-shaped enclosure consisting 
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of dumped sand-gravel piles is liquefied by moving 
bulldozers that also push the surrounding sand
g ravel and mix together the two materials. When the 
mix became sufficiently homogeneous it is spread in 
thin layers on a stockpile. In a later stage, the 
mixing operation was realized in a mixing drum pro
vided with rotary blades. 

Geotechnical Characteristics of Core Material 

Clay Material 

The clay deposit contains about 37 percent clay and 
58 percent silt particles and is of low plasticity 
(plasticity index about 7) due to the lack of real 
clay minerals. Even the particles smaller than 
2 µ consist of inert minerals like quartz or feld
spars and only about 4 percent represent clay miner
als (e.g., illite or clorite). The average natural 
water content is 33 percent compared with an average 
of 25 percent liquid limit and 18 percent plastic 
limit. The high liquidity index (LL = 2) is a 
good indicator of its high sensitivity, which is 
situated around S = 1000 (measured by Swedish cone 
tests). The laboratory permeability of the clay 
measured following Bowles method is around lo-• 
cm/s. 

Sand and Gravel 

The grain size composition of the material used in 
the mix varies from a medium-fine sand to a sand and 
gravel. The average that passes sieve no. 4 is 75 
percent and about 1.4 percent passes sieve no. 200. 
The average natural water content of the sand is 7 
percent. 

Manufacturing of the Sand-Gravel and Clay Mix 

The excavation of the clay in the borrow pit is car
ried out with a backhoe of 1.5 yd' (1.15 m') 
capacity that cuts vertical faces of 16 ft (5 m) in 
height. The sand-gravel is also excavated along 
vertical faces with pneumatic loaders. Trucks of 
22-ton and 35-ton capacities transport the material 
to the mixing area. 

At the initial stage, two bulldozers carried out 
the m1x1ng. One mix (batch) contains about 250 
yd' (190 m'), with a ratio of 30 percent clay to 
70 percent sand (in volume). The mixing operation 
of a batch takes about 2 h. The mixed material is 
spread in a stockpile in layers of about 12-in 
(30-cm) thick. 

In the second stage the mixing was realized in a 
2-yd' (4.6-m') rotary drum fed by a belt con
veyor. Two hoppers, one for the sand and one for 
the clay, proportion the materials on the conveyor. 
The proportioning of the sand is controlled by a 
timing mechanism. An endless screw, which also 
partly liquefies the clay, controls the clay con
tent. The average production of the plant is about 
150 yd'/h (115 m'/h). 

The water content of the mix in both procedures 
is too high to be placed directly in the dike and 
requires a drainage period in the stockpile. To 
eliminate this drawback, a rotary kiln of 150 yd'/h 
(115 m'/h) capacity was installed to dry the 
sand. It provided a mix at a water content close to 
its optimum. 

Placement and Compaction of Material 

The compaction operations were carried out by 6-ton 
vibratory rollers with four passes. The materials 
were brought to the site in trucks of 22-ton to 
30-ton capacities and were spread by bulldozers in 
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sand11ravel and clay mixture for project C. 
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Figure 14. In situ dry density of the sand-gravel and clay mixture for project C. 
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lifts 12-in (30-cm} thick. The compactors moved 
along the longitudinal axis of the dike with a maxi
mum speed of 3 miles/h (5 km/h). Before placing the 
next lift the material is scarified to a depth of 3 
in (8 cm) with a disc harrow. 

The grain size composition of the mix placed in 
the dikes is illustrated in Figure 13. This shows 
that more than 83 percent of the results are within 
the limits laid down by the technical specif ica
tions. The average fine content (<0.074 mm} is 
23.5 percent with a standard deviation o f 3 . 7 per
cent. 

The average water content after compaction is 7.4 
percent (standard deviation of 0. 8 percent) as com
pared with the average optimum water content (stan
dard Proctor) of 7.7 percent (standard deviation of 
0.4 percent). 

The in situ dry density, measured with a Troxler 

Figure 15. Compaction degree of the sand11ravel and clay mixture for project C. 
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DEGRE OF COMPACTION % 

nuclear apparatus gave an average value of 135.9 
lb/ft 3 (2175 kg/m3 ) with a standard deviation of 
2 lb/ft' (32 kg/m 1 ) (Figure 14). The degree of 
compaction reached an average of 99.5 percent (stan
dard deviation of 1. 5 percent) (Figure 15) • Less 
than 5 percent of the results indicate a degree of 
compaction less than 97 percent. 

Placement and Compaction Inspection 

The inspection operations were simulated to that of 
the other structures presented previously. The 
qualitative inspection was realized by inspectors in 
the field (i.e. , lift thickness, number of passes, 
and traveling speed of the compactors). The quanti
tative inspection at the mixing plant, field, and 
laboratory was executed by technicians, all under 
the supervision of the resident soil engineer. 
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Lateral Pressure Developed During Compaction 

ZVIOFER 

The relation between the horizontal and vertical components of stress at a 
point within a soil mass depends on the physical and ·mechanical properties of 
the soil and its stress and strain histories. A series of compression tests and 
repeated loading tests were performed on sand and clay by using the lateral 
soil pressure ring Mkll. This newty developed apparatus allows the laboratory 
determinatililn of the lateral soil pressure response to vertical loading at rest 
condition or, alternatively, when limited controlled lateral strain develops. 
Correlations between the horizontal to vertical stress ratio (Kl and the vertical 
load .are presented. After placement of a cohesion less sample, when the mate
rial is loose, K is high and it decreases to an ultimate value. Unsaturated clay 
specimens exhibit somewhat different behavior-K decreases to a minimum 
value and then it increases with an increase in the load. During the unloading 
process K increases with an increase in the overconsolidation ratio, and a gen
eral relation between Kand ·the ·overconsolidation ratio is suggested. However, 
repeated loading results in a decrease in K with an increase in the vertical load. 
It was also found that the grain size and distribution of grain size affect K. The 
present testing system does not have facilities for pore vvater pressure and 
dynamic loading measurements, which would enable more comprehensive test
ing and determination of soil parameters in terms of effective stress. 

The relation between the horizontal and vertical 
components of stress at a point within a soil mass 
depends to a great extent on the stress and strain 
histories of the soil mass and the degree to which 
it is remembered. Other basic soil properties such 
as grain size and shape, grain size distribut.ion, 
moisture conditions, and Atterberg's limits also 
affect the stress ratio. The elastic parameters of 
the soil [e.g., Po'isson's ratio (µ) J and the modu
lus of elasticity (E) depend on the stress-strain 
characteristic of the soil as well. These parameters 
are major engineering considerations in many facets 
of road design and are used extensively in the de
sign of layer thickness, earth-retaining structures, 
culverts, and slope-stability ·analysis. 

The horizontal-to-vertical stress ratio at a 
point within a soil mass is defined as the coeffi
cient of lateral earth pressure. This coefficient 
varies between a lower limit, when a soil element is 
allowed to expand laterally subsequent to vertical 
loading, and an upper limit, when a soil element 
mobilizes as a result of lateral thrust. These two 
extremes are defined as the coefficient of active 
lateral pressure IKal and the coefficient of pas
sive lateral pressure (KP)' respectively. When 
lateral yielding is prevented, the ratio of the 
horizontal to vertical stress is known as the coef
ficient of lateral pressure at rest (K 0 ). These 
coefficients are correlated to the angle of internal 
friction of the soil (~). However, this correla
tion is invalid in the case of highly overconsoli
dated materials. During a process of compaction or 

while clay soil swells as a result of an increase in 
its moisture content, the coefficient of lateral 
pressure at rest (K0 ) may exceed unity value that 
results from combined effect of soil dilation and 
locked-in stress and, therefore, it cannot be corre
lated to ~· 

The objective of this study was to examine the 
development of lateral stress in a remoulded soil 
mass during the compression process and to correlate 
it to several basic elastic and mechanical soil 
parameters that are of interest to the road engi
neer. This paper describes an instrument that al
lows laboratory determination of the lateral soil 
pressure response to vertical loading without lat
eral yielding and with limited controlled lateral 
yielding. A series of repetitive loading tests 
performed on river sand and remoulded norite clay is 
described and test results are presented and dis
cussed. 

LABORATORY K0 COMPRESSION TESTING 

A laboratory K0 compression te.sting method must 
satisfy two requirements: 

L The soil must deform freely in the vertical 
direction and 

2. The lateral yielding must be either zero or of 
negligible magnitude. 

If either of these · requirements is not satisfied 
(e.g., either the vertical yielding is restrained or 
lateral yielding occurs) the tested specimen is 
mobilized toward an active or passive failure condi
tion. At rest condition is simulated in the labora
tory by using either a modified triaxial testing or 
a modified oedometer compression testing technique. 

A simple sensing device that consists of a metal 
band clamping a tr.iaxial soil specimen was developed 
by Murdock ( 1). The metal band has an adjustable 
screw and a i-;;.mp connected to a power source. Before 
a vertical load increment is applied, the electrical 
circuit is closed by adjusting the screw until the 
lamp lights up. The radial deformation that results 
from an increase in the vertical load cuts the elec
trical circuit. A subsequent increase in the cell 
pressure recovers the radial deformation until the 
electrical circuit is closed and the lamp lights up 
again. At this stage no lateral strain occurred and 
the horizontal-to-vertical stress ratio at rest 
(K0 ) is determined. 

A visual lateral strain indicator was introduced 
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by Bi:;hcp and Ucnkal {2}. It consists vf two .:::;uLvt:d 
metal strips joined to9ether by a low friction hinge 
on one end and a mercury reservoir with a diaphragm 
and a capillary tube outlet on the other end. The 
indicator clamps a soil sample placed in a triaxial 
test apparatus. The lateral deformation of the 
specimen is indicated by the level of the mercury in 
the outlet tube and it is possible to maintain the 
soil sample at rest condition by changing the verti
cal load and the cell pressure simultaneously. A 
similar concept of monitoring the radial yielding of 
a triaxial soil specimen has been used by many re
searchers and various visual and electrical indi
cators were developed and used (3-8). The radial 
deflection of a diameter is measured and at rest 
condition is reinstated by means of adjusting the 
triaxial cell pressure until the lateral yielding is 
zero. 

The horizontal-to-vertical stress ratio during a 
loading test can also be determined by means of a 
modified oedometer test. The concept behind this 
testing method is that the lateral stress developed 
in a soil specimen placed in the modified oedometer 
ring during a loading test results in a small but 
measurable yielding of the oedometer ring wall. The 
resultant strain is recorded by means of strain 
gauges cemented to the oedometer ring wall and 
connected to a strain recorder, or alternatively, by 

- ._ ._ - -L - ~ 

Cl\:.~Cll,;ll~U 

oedometer or test chamber wall (9-11). A section of 
the oedometer ring wall is trimmed~o a thickness of 
less than 1 mm and the sensor is attached to this 
section. Note that some strain develops during the 
test that, in return, may affect the recorded lat
eral stress (12-,!!). True K0 conditions can be 
achieved only when the oedometer thin wall section 
is a part of an annular chamber filled with fluid. 
The strain of the thin section is registered elec
trically and it is maintained constantly at zero by 
continuous adjustment of the annular chamber pres
sure to compensate for the change that results from 
the variation in the vertical load (15,16). This 
concept is implemented in the instrument -Used for 
this study. The instrument is a null-type apparatus 
that allows the laboratory determination of the 
lateral soil pressure response to vertical loading 
during either at rest conditions or when lateral 
strain develops. 

LATERAL SOIL PRESSURE RING MkII 

A section through the lateral soil pressure ring 
MkII (LSP MkII) is shown in Figure 1. The apparatus 
is a modified oedometer ring that consists of a main 
ring (A) and a tightly fitted casing (b). The main 
ring has an inside diameter of 70 mm, outside diam
eter of 103.4 mm, and height of 42 mm. The middle 
section of the ring is trimmed to a wall thickness 
of 0.8 mm and a long strain gauge (C) is cemented to 
the thin section along its center line. Electric 
wires (D) connect the strain gauge to a digital 
strain indicator, and air pressure is supplied 
through a vent (E) drilled in the main ring. When 
the casing is placed on the main ring, an air-tight 
annular chamber is formed. A photograph of the 
components of the calibration and testing system is 
shown in Figure 2. The LSP MkII (A) and a tempera
ture compensator (B) are connected to a digital 
strain indicator (C). The ring and a piston (D), 
which simulates a soil specimen, are connected 
independently to an air pressure supply system that 
consists of a main air pressure supply line (F.), 
pressure regulators (F) , and pressure gauges (G) . 

For the calibration of the ring the piston is 
placed inside the ring. Two calibration tests are 
performed. First, air pressure is introduced into 
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the ~u;i;;on ana <ene resuJ.<ean<e noop strain or t:ne ring 
wall that corresponds to each pressure increment is 
recorded. The relation between the air pressure in 
the piston and the corresponding hoop strain gives a 
calibration chart that represents the relation 
between the lateral soil pressure developed during 
an actual test and the ring wall hoop strain that 
results from the soil pressure when a small lateral 
strain is allowed to develop. Another calibration 
test is performed by using a null method--air pres
sure is introduced into the piston in small incre
ments. Simultaneously, the pressure in the annular 
chamber is increased so that the ring wall hoop 
strain maintains a null condition. This test corre
lates the lateral pressure developed in a soil 
specimen with the annular pressure for an actual 
test. 

Both calibration tests render consistent results 
and linear pressure-strain and pressure-annular 
pressure relations. The coefficient of linear 
correlation for any of the test recordings of 500 
random readings within a simulated soil sample 
lateral pressure range of 0-600 kPa was better than 
0.999. 

MATERIALS 

Two materials were used in this study: 

1. Honeydew sand and 
2. Rustenburg black clay. 

Honeydew sand is river sand of weathered granite 
origin obtained from a sand quarry located al;>c;>.ut . . 25 
km northwest of Johannesburg. The dominant minerals 
are quartz and felspar with some mica. The specific 
gravity of the particles is Gs 2.65 and the 
particles' shape is angular and subangular. Nine 
different gradings were tested. Their physical 
properties are listed in Table 1. 

Rustenburg black clay is a highly expansive clay 
obtained from the Rustenburg platinum mine about 100 
km west of Pretoria. X-ray diffraction analysis of 
the clay shows that the dominant mineral is smectite 
with some traces of kaolinite. The clay is residual 
of norite origin, and it is listed among the most 
highly expansive soils in South Africa (17). The 
particle size distribution of the clay is shown in 
Figure 3 and its physical properties are listed in 
the table below. 

Item 
Liquid limit 
Plastic limit 
Plasticity index 
Linear shrinkage 
Clay fraction, D <0.002 mm 
Activity 
Potential expansiveness (18) 
Unified soil classification 
Specific gravity of particles (Gs> 
Maximum standard AASHO dry unit 

weight (ya) 
Optimum standard AASHO moisture 

content 

TEST PROCEDURES 

Amount 
00 percent 
28 percent 
52 percent 
18 percent 
52 percent 
1. 00 
Very high 
CH 
2. 71 
14.22 kN/m' 

26 percent 

All sand specimens were molded and tested in an 
air-dried condition (moisture content, w ±2 
percent). The sand was placed in the LSP MkII ring 
in a very loose condition (Dr < 15 percent) and 
the desired density was achieved by vibrating the 
specimen lightly under a vertical load of 12. 7 kPa. 
The specimen was then statically loaded up to a 
vertical pressure of 634. 5 kPa and unloaded back to 
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12. 7 kPa. During the loading and unloading cycles, 
the vertical deflection and the lateral pressure 
that correspond to each vertical load increment were 
recorded. Each specimen was subjected tchfour load
ing and unloading cycles. Some specimens were 
tested when lateral deflection was allowed, and some 
comparative triaxial compression tests were carried 
out by using Bishop and Henkel's K0 belt <1>· 

The clay was air dried before the test to a mois
ture content of 6 percent. Samples at four differ
ent moisture contents ( 20, 24, 27, and 30 percent) 
were prepared and stored at a constant temperature 
of 26°C for two weeks. Each specimen was placed in 
the LSP MkII ring in three layers, 10.8-mm thick 
(0.425 in), and the desired initial density was 
achieved by means of static vertical load. Samples 
at initial dry unit weight of 10.8 kN/m', 12.3 
kN/m' , and 13. 7 kN/m ' were prepared. At the end 
of the initial compression process the vertical load 
was removed and the ring was placed in a consolida
tion loading frame under a vertical load of 12. 7 
kPa. The clay specimen was allowed to relax for 15 
min and then the vertical deflection and lateral 

Figure 1. Section through LSP Mkll. 

A= Main ring 
B= Casing 
C = Strain gauge 
D = Electric wires 
E = Air pressure vent 
F = Air-tight chamber 

Table 1. Physical properties of Rustenburg black clay. 

Uniform Sand 

Item 2 3 4 

Maximum grain diameter (mm) 2.360 1.200 0.600 0.300 
Minimum grain diameter (mm) 1.200 0.600 0.300 O.Q75 
Effective size (D10 ) 1.420 0.750 0.360 0 .108 
30 percent fractile diameter 1.570 0.085 0.390 0 .147 

(D30) 
60 percent fractile diameter 1.720 0 .885 0.440 0 .182 

(D6o) 
Coefficient of uniformity (C.,) 1.21 1.18 1.22 1.69 
Coefficient of curvature (Cc) 1.01 0.98 0.96 1.10 
Unified soil classification SP SP SP SP 

Figure 3. Partide size distribution of Rustenburg black clay. 100 

80 

~ 
<{ 
:E 
> 60 

"' "' w 
z 

~ ,0 
z 
w 
u 

"' ~ 20 

-

0 
0.001 

~f.-" 

-

73 

pressure were recorded. The specimen was then 
loaded in increments of 126. 9 kPa up to a load of 
761.4 kPa and then unloaded in double increments 
back to a vertical load of 12. 7 kPa. The load in
crements were applied at a frequency of one incre
ment per minute and at the end of each period the 
vertical deflection and the lateral pressure were 
recorded. Four loading and unloading cycles were 
performed and the clay specimen was allowed to relax 
for 15 min between the loading cycles. Some samples 

Figure 2. LSP Mkll calibration and testing system. 

A = Lateral soil pressure ring 
B = Temperature compensator 
C = Digital strain indicator 
D = Calibration piston 
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were tested when the period hetween the lna~in9 

cycles was longer, and two specimens were subjected 
to normal consolidation tests to study the effect of 
time on the development of lateral pressure. 

TEST RESULTS AND DISCUSSION 

Tests on Sand 

Some results of sand compression tests are presented 
in Figures 4-7. Typical relations between the lat
eral-to-vertical stress ratio and the vertical pres
sure are shown in Figure 4. At a very loose condi-
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t.ion and under a low 11ertical prei;snre thf> l_Rter"'l
to-vertical stress ratio is high and it decreases to 
an ultimate value with an increase in the vertical 
pressure and the subsequent densification of the 
sand. The stress ratio is also affected by grain 
size--grading 1 is a uniform coarse sand and grading 
4 is a uniform fine sand. The stress ntio of the 
uniform coarse sand is considerably lower than that 
of the fine sand. Grading 9 is poorly graded sand, 
50 percent of its mass is fine sand (grading 4) and 
12. 5 percent of its mass is coarse sand (grading 
1) • The stress ratios during a compression test of 
grading 9 are somewhat lower than those of grading 4. 

Figure 4. Lateral-to-vertical stress ratio-vertical 
pressure relations for tests on sand. 
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Figure 5. Modulus of elasticity-vertical pressure 
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The elastic properties of the sand were deter
mined by using the stress-strain characteristic of 
the sand, and the following relations. For iso
tropic elastic materials, the value of Poisson's 
ratio (µ) may be expressed as 

µ ~ K.,/(1 + Ko) (I) 

The constrained tangent modulus of deformation 
(D), which is the ratio of vertical stress differ
ence (davl with respect to vertical strain dif
ference (dEvl under zero radial strain may be 
expressed by definition as 

(2) 

The modulus of elasticity of an elastic material 

Figur~ 6. At test stress ratio-overconsolidation ratio 
relation for tests on sand. 

LOG 1101<0 1 
1 10 
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(E) may be expressed in terms of Poisson's ratio and 
the constrained modulus as 

E = D(J +µ)(I - 2µ)/(1 -µ) (3) 

or, alternatively, in terms of the constrained modu
lus and the lateral-to-vertical stress ratio at 
rest, as follows, 

E = D(J + 2K.,)(1 - !(,,)/(! + !(,,) (4) 

Equations 3 and 4 do not apply for overconsolidated 
materials where K0 is equal to or greater than 1. 

The relation between the modulus of elasticity 
(E) and the vertical pressure (av> during com
pression tests of gradings 1, 4, and 9 are shown in 
Figure 5. E increases with an increase in the ver-

LOG(10K0i= 0. 5706 • 0 3593 LOG(OCRI 

Figure 7. Vertical pressure-at rest stress ratio relations 
for repeated loading tests on sand. 
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t.ir.al pressure and the subsequent densification of 
the sand. However, note that the mass of coarse 
sand developed a much higher modulus of elasticity 
than the mass of fine sand, although the initial 
test conditions were similar. The characteristic of 
the modulus of elasticity of the poorly graded sand 
(grading 9) was similar to that of the uniform 
coarse sand, although only 12.5 percent of its mass 
was coarse sand (2. 360 mm > particle size > 
1.200 mm). 

The correlation between the lateral-to-vertical 
stress ratio at rest and the overconsolidation ratio 
during the unloading stage of a compression test is 
shown in Figure 6. The correlation is linear if 
presented in double logarithmic scale. During the 
unloading stage the Honeydew sand may be charac
terized by the expression 

Log(IOK.,) = 0.5786 + 0.3593 log (OCR) (5) 

where K0 is the lateral-to-vertical stress ratio 
at rest and OCR is the overconsolidation ratio. 

Different linear double log correlations were 
obtained for other materials, and it may be ex
pressed generally as 

Log(IOK.,) = R1 + R2 log(OCR) (6) 

where R1 and R? are the load release parameters 
that cha~acteriz; the soil behavior. 

The effect of repeated loading is shown in Figure 
7. Only the first and fourth loading cycles are 
shown for gradings 1 and 9. Two distinct features 
are noticed: 

l. The stress ratio decreases with an increase in 
the number of loading cycles and the subsequent 
compaction of the soil and 

2. When the overconsolidation ratio is greater 
than five, the stress ratio decreases sharply with 
an increase in the vertical pressure. 

These phenomena were common to the uniform and 
poorly graded sand specimens. 

Some comparative triaxial K0 loading tests were 
carried out by using Bishop and Henkel's K0 belt 
(l_) and the results were similar. However, this 
technique yielded somewhat higher lateral-to-verti
cal t<0 values. Another series of comparative 
tests was carried out to evaluate the effect of 
rad·ra:r st-rain-·1511 tire- st:r·e-s-s ratio·. we-- found - that,
for uniform sand, irrespective of grain size, the 
stres!'I r<1t:io decreased by about 5 percent. when the 
radial strain was 0.000 06. In poorly graded sand 
radial strain of 0.000 06 resulted in an 11 percent 
decrease in the stress ratio, and a radial strain of 
O. 000 13 resulted in a 17 percent decrease in the 
stress ratio. This decrease is attributed to the 
dissipation of vertical stress in the sand specimen 
due to the development of shear stress within the 
soil mass. 

Tests on Clay 

Results of compression t e sts on clay sampl es are 
shown i n Figures 8-11. During the compaction opera
tion, which was simulated in the laboratory by rapid 
loading, pore fluid pressure developed during the 
compression process only dissipates par tly. Since 
the LSP MkII is not equipped with facilities for 
measuring pore pressure, only an analysis in total 
stress terms could be carried out. However, total 
stress analysis represents the actual condition in a 
clay mass during, and shortly after, a compaction 
opera1:1on, bec auHe t he dissipation ui. excess poLe 
pressure is a time-consuming process. 
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/\ tvpical re l ation between t he lateral-to-verti
cal pressul."e ntio and the vertical pressure during 
a loading and unloading cycle is shown in Figures 8 
and 9. After the 'nitial placement operation is 
completed and under a small vertical load , the clay 
specimen is in an overconsolidated condition and the 
stress ratio is high. The stress ratio decreases 
with an increase in the vertical pressure and the 
subsequent decrease in the overconsolidation ratio. 
A further i ncr ease i n the vertical load results in 
an increase in the stl."ess ratio. During the unload
i ng operation the stress l."atio i ncreases with a 
decrease in the vertical load and the subsequent 
incr:ease in the overconsolidation .catio. On rei n
statement of the vel."tical l oad to its initial magni
tude, the stress ratio is higher than the stress 
r:atio recorded at the beginning of the loading 
cycle. However, under a small vertical load in a 
partly saturated condition, the la teral pressure 
developed in t he clay specimen decreases with time. 
If evaporation takes place , the clay sample shdn~s 
and full dissipation of the laterai stl."ess may occur. 

Results of statistical regression analysis of all 
the loading tests performed on clay are shown in 
Figure 10. Test res ults were analysed inespective 
of the placement density, and it is apparent that 
the moisture content affects the stress path dudng 
the loading test. During placement of a dry clay 
specimen, a high vertical pressure is required to 
achieve the desired initial dry density. However, 
the initia l vertical pressure required in order to 
ach ieve identical placement dry density decreases 'f 
the moisture content of the clay is increased in t he 
dry of optimum range. The lateral-to-vertical pres
sure ratio at the beginning of a loading cvcle is 
high for a dry clay specimen, and it decreases with 
an increase in the moisture content (Figure 9). An 
increase in the vertical Pl."essul."e results in a de
crease in the stress ratio, and this characteristic 
is similar to that found in sand. 

Bea.c i n mind that all the observations wece made 
on clay samples that have an initial dry density 
lower than maximum standal."d American Association of 
State Highway Officials (AJl.SHO) dry density and 
moistuce contents in the cange of 0.20- 0.30. The 
samples are partly saturated and consequently the 
pore pressul."e response to loading is only parti al. 
This condition is shown in Figure 10, wh ich demon
strates the lateral pressure J."esponse to an increase 
i n the vert i cal pressure. When a clay sample is 
fully saturated-, an increase in the ver-tical pz;es
sure is reflected by an i dentical increase in the 
later~l pressu:e. Th.is cnnrlitio:i he.s ne\'e-t be~n 

encounteced in this series of tests (the maKimum 
degree of saturation achieved in any of the tests 
was 0.92). 

The relation between the lateral-to~vertical 

pressure ratio and overconsolidation ratio when the 
clay specimens were unloaded is shown in Figure 11. 
~he general relation suggested in Equation 6 is 
valid for the clay1 e.g., 

Log(IOK) = R1 + R2 log(OCR) (7) 

However, not e that in t erms of t o t a l stress R1 
decreases and R2 increases simultaneously with a 
decrease in the moisture content, and this relation 
is valid for the range of clay pl."operties tested. 

Two more important observations were made during 
this series of tests. First, repeated loading up to 
five cycles did not affect the lateral pressure 
response to loading, which was a l most identical 
during any loading and unloading cycle. The other 
observation relates to the effect of time on the 
lateral pressure de".'elcped during compression. The 
time interval between the application of load incre-



Transportation Research Record 897 

ments was l min, which is insufficient for full 
dissipation of pore pressure in the clay tested . In 
another series of slow consolidation tests performed 
on the same clay, during loading the immediate lat
eral pressure developed in the clay specimens was 
high and it decreased if a period of 24 h was al
lowed between loading increments. This trend is 
reversed during the unloading process. When a load 
was removed, the lateral pressure decreased in
stantly and subsequently increased with time. If 
the clay sample is not kept under constant con
trolled moisture condition, evaporation takes place, 

Figure 8. Typical total stress ratio-vertical pressure 
relation for test on clay specimen. 
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which results in shrinkage and a subsequent decrease 
in the lateral pressure. 

A comparison between the test results for sand 
and clay demonstrates the similarities and differ
ences in the characteristics of the lateral pressure 
developed in the soil samples during compaction. 
The general stress-strain and vertical pressure-lat
eral pressure relations are similar in nature. 
However, in sand these relations are independent of 
time, whereas in clay time and moisture content 
affect the behavior of the tested specimen and its 
physical parameters. Quantitat i vely, the values of 
vertical deflection and lateral pressure response to 
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Figure 9. Effect of moisture content on the pressure 
ratio-vertical pressure relation for tests on clay 
samples. 
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axial loading increase with a decrease in the effec
tive grain size. Therefore, we expected t .hat the 
magnitude of the parameters determined from test 
results of clay specimens would follow this trend. 
Determination of the effect of pore pressure and 
swelling characteristics on the measured parameters 
was beyond the scope of this study. 

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

A series of static compaction tests on sand and clay 
was performed by using LSP MkII. The apparatus is a 
modified oedometer ring that measures the lateral 
pressure developed in a soil specimen during com
pression in a null method (at rest condition), or 
alternatively, when some lateral strain is allowea 
to develop. The following characteristics were 
found. 

1. After placement and under a low vertical pres
sure, the lateral~to-vertica l pressure ratio (K0 ) 

of the soi l specimen is high, and it decrea s e s with 
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an increase in the vertical pressure. In sand the 
pressure ratio decreases to an ultimate value. In 
clay, the pressure ratio decreases to a minimum 
value and then it may increase again to a value less 
than unity foe unsaturated clay. 

2. When a sand or clay specimen is unloaded, the 
lateral-to-vertical pressure ratio increases with an 
increase in the overconsolidation ratio, and a gen
eral relation between the pressure ratio (K) and the 
overconsolidation rat.io (OCR) is suggested 

(8) 

This relation is insensitive to moisture, particle 
size, particle size distribution, moisture content, 
and time for the sand tested. However, it is sensi
tive to moisture content and time for clay. Hence, 
the stress ratio is a function of the stress history 
of the soil. 

3. Small lateral strain results in a decrease in 
the lat era l -to-axial pressure ratio in sand, but it 
does not affect the tota l stress ratio during qu i ck 

Figure 10. Pressure increment ratio-vertical pressure rela
tions and loading of clay samples for initial dry unit 
weight = 13.7 kN/m3. 
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loading and un'load ing of clay samples. 
4. Repeated loading results in a decrease of the 

pressure ratio in sand. The pressure ratio followen 
a similar path during repeated loading of the clay 
specimen. 

5. Tests that use the LSP MkII provide reliable 
and consistent results. It was convenient and easv 
to use for compression tests of at rest condition. 
Bishop and Henkel's K0 belt (~) 

slightly higher K values in sand; 
for clay testing is inconvenient. 

tended to give 
however, its use 

The results of this research should be developed 
further by means of incorporating pore pressure 
measuring facilities to the LSP MkII. The recording 
facilities of the LSP MkII should be improved for 
quicker and dynamic loading tests. Finally, a study 
should be conducted that will investigate the time 
and pore pressure parameters on several nonfree 
draining soils. 
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