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The developed method of analysis was intended to 
capture the most essential character is tics involved 
in the spiling reinforc ement system in soft-ground 
tunneling without resor t i ng to three-d ime nsional 
grids. However, the validity of the developed method 
of analysis remains to be tested. Furthe r res ear c h 
should be done in areas such as field instrumenta
tion a nd mon i t oring o~ prot otype s ystems o r large
scale c entrifuge model testing. I n th i s way the 
validity and effectiveness o f the developed analytic 
methods can be checked and extended. 
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Compactive Prestress Effects in Clays 

ALBERT OiBERNARDO AND C.W. LOVELL 

The load-deformation behavior of natural clays is strongly influenced by the 
geologic maximum past pressure. If such clays are excavated and manipulated 
before compaction, the geologic effect is largely lost. However, the compaction 
process establishes a new prestress value, and the ratio of this prestress to the 
effective normal stress in a compacted fill forms a new overconsolidation ratio 
(OCR). If the material and compactive prestress values are held constant in a 
moderately high embankment, the OCR values range from quite high at lesser 
depths to unity in lower embankment locations. Consequently , the nature of 
the shearing and compressibility responses varies considerably with position in 
the embankment. Laboratory studies have been conducted on both compacted 
shales and clays to demonstrate the empirical prediction of the prestress value 
and its relative effect on saturated compressibility and undrained shear be· 
havior. The prestress varies with the nominal compaction pressure and its rate 
of application, as well as with the material and its water content. This value is 
predicted from the conventional oedometer test on the as-compacted material. 
When the compacted materials are soaked at a variety of confining pressures, 
which si mulate differing embankment posi!lons, the volume changes are highly 
dependent o n the major compaction variables and the prestress. To achieve a 
homogeneous and predictable load-deformation response in major embank· 
ments, it is necessary to better understand and control the prestress effected by 
compaction. The research discussed here was conducted to examine the com· 
pressibility behavior of a laboratory-compacted soil in the as-compacted and 
soaked condition. A highly plastic residual clay and a kneading type of com-

paction were used . To determine the as-compacted compressibility characteris
t ics, the compacted samples were trimmed to appropriate size and incre
mentally loaded in the oedometer. Of particular interest was the value of 
compactive prestress. 

Early hypotheses concerning compaction of fine
g rained soils explained the compaction process in 
terms of a predominant infl uence of individual clay 
particles (or clusters) . Mo re recently, the role of 
agglomerations or peds of clay particles has been 
emphasized. 

BACKGROUND 

Compac t i o n Hypothe ses 

Barden and Sides <.!> attempted to relate the engi
neering behavior of compacted clay to its fabric. 
Photomicrographs of the fabric of two clays revealed 
that the main difference between samples compacted 
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at different moisture contents was at the larger 
size levels. Observations revealed an apparently 
homogeneous fabric wet of optimum and 3-mm to 6-mm 
diameter pelletlike macropeds dry of optimum. These 
findings led to the following general analysis of 
the compaction process. 

•At low compaction moisture contents the low dry 
density is caused by the presence of large air
f illed macropores• (,!, p. 1195). In addition, the 
macropeds, or clusters of clay particles, are able 
to resist the compaction pressure without much dis
tortion. As the water content is increased, the 
macropores become filled with soil (easy slippage) 1 
the result is an increase in density. As the water 
content is increased further, the water layers in
crease in thickness, and the aggregates, easily 
distorted, fuse together making them indistinguish
able. This, in turn, decreases compacted density (1). 

Hodek (2) explained the characteristics and engi
neering behavior of a compacted soil in terms of a 
deformable aggregate model. He concluded that this 
model is appropriate to use in interpreting swell 
and compaction characteristics of a laboratory 
static compacted kaolinite. His theory of the com
paction process is similar to that of Barden and 
Sides. 

According to Garcia-Bengochea (j), pore-size 
dietribution mcasurement11 for compacted cl11yR have 
also provided strong evidence for a deformable ag
gregate model. Re cites Bhasin (4) who found that 
as tile compactive effort increaseS: the fraction of 
pores on the dry side of optimum decreases, whereas, 
on the wet side, the distribution remains the same. 
These findings are of interest because they directly 
affect compacted clay permeability, which, in turn, 
directly affects the rate of compressibility of· com
pacted clay. 

Hodek and Lovell (5) have proposed a model that 
explains the achievem--;;nt of compacted unit weight 
for the laboratory static compaction of kaolinite. 
They propose that the initial soil fabric of the 
as-molded soil (before compaction) is that of aggre
gations of different size and water content. The 
size and distribution of these aggregates play an 
important role in the compaction process; that is, 
densif ication is associated with the decrease in 
interaggregate void ratio due to translation and 
rotation, the deformation of aggregates into the 
shape of available voids, and the reduction of in
tra -agg.t'egate voids. Accordingly, the type of com
paot i.on and the aggregate-eize distribution eetab
lish the fluid and continuity condition within the 
mass, and, once the air voids are no longer inter
connected, little densification occure regardless of 
the input effort. Hodek and Lovell (5) aleo intro
duce the concept of net energy imparted to the soil 
during the compaction procese. It was found that 
the net energy required to obtain different condi
tions on the eame moisture-density curve is in
versely proportional to the aggregate size1 un
complicated mathematical models were developed to 
show this relationship. 

Compressibility Characterietics 

During the compaction process, the soil experiences 
the load for only a short time. The energy supplied 
in this short period is received by the soil skele
ton, as an intergranular etress, and the pore 
fluids, as a pressure in each of the phases. Upon 
completion of the process, there is an induced pre
stress in the soil; this prestress may or may not be 
equal to the compaction pressure. According to 
Abeyesekera ~). it is this value of compactive 
pres tress that is important with respect to com
pacted clay behavior. 
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Woodsum (]) defined compactive prestress as anal· 
ogous to the preconsolidation pressure of a natural 
soil; specifically, the apparent pressure effect 
caused by the compaction process. Lambe (8) sim
ilarly defined compactive prestress but i'ealized 
that its value was affected by other factors, 
namely, time and chemical changes. For the purposes 
of this study, the compactive prestress will be de
fined as the precompression pressure, in terms of 
total stress, that has been induced in the soil as a 
result of the compaction process and is determined 
on an as-compacted oedometer specimen directly after 
compaction. 

To determine compactive prestress Woodsum (7) 
statically compacted Fort Union clay and Mississippi 
loess directly in oedometer rings, allowed the soil 
to come to equilibrium with water under an applied 
load, and performed the conventional oedometer test: 
The data showed that as the confining pressure (P~) 
remained constant and, as the compaction pressure 
(Pel increased or the initial void ratio (e0 ) de
creased, the value of prestress increased. Moreover, 
the data suggest that although the value of pre
stress increased with increasing compaction pres
sure, the prestress ratio (Ps/Pcl, which is similar 
to the overconsolidation ratio for saturated soils, 
varied slightly not increasingly as might be ex
pected. This may mean that, for a given compaction 
p.rocess and type of soil, the efficiency of the pro
cess does not increase with increasing effort. 

Abeyesekera (_!) determined the prestress induced 
by the kneading compaction of a shale material. The 
material was compacted at pressures ranging from 345 
kN/m1 to 1380 kN/m1 (50 to 200 psi) and loaded 
in the as-compacted condition, either incrementally 
in the oedometer or at constant rate of strain. The 
elapsed time for each oedometer load increment was 
10 minutes--the same loading time used by Yoshimi 
and Osterbert (,2). The estimated prestress was 
determined in terms of total stress from the void 
ratio-log pressure curve using the Casagrande con
struction. 

In the seven tests performed, Abeyesekera ~) 

found the prestress values and the prestress ratio 
to range from 345 kN/m2 to 865 kN/m1 (50 to 126 psi) 
and 0.49 to l.O, respectively. The ratio range is 
greater than Woodsum's (0.1 to 0.2). The difference 
in ratio range may be attributable to the differ
ences between kneading and static methods, shale and 
clay, unsoaked condition and soaked condition, 
either singly or in combination. However, some in
teresting correlations can be made with Abeye
sekera' s results. 

Table 1 summarizes the .results of other investi
gators who were concerned with the compressibility 
of compacted materials but not specifically with 
compactive prestress. If only the data related to 
soils are examined, it can be seen that static com
paction methods are the most efficient with respect 
to induced prestress. Seed, Mitchell, and Chan (10) 
examined the effect of the difference in compaction 
method on the undrained shear strength of compacted 
clay; they found that static compaction resulted in 
smailer shear strains, lower pore water pressures, 
and higher strength values ·at low strains and that 
kneading compaction resulted in larger shear 
strains, higher pore water pressures, and lower 
strength at low strains. This appears to be a rea
sonable explanation of differences in statically 
induced prestress and prestress induced by kneading 
methods. 

EXPERIMENTAL APPARATUS AND PROCEDURE 

The soil used in this study was obtained from Perry 
County, Indiana. It will hereafter be referred to 
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Table 1. Compaction pressure and prastress 1.!!l. 

Compaction Prestress Pres tress 
Pressure Dwell Time Values Ratio 

Investigator Material Compaction Mode [Pc (psi) ] (sec) [P, (psi)] (P,/Pc) 

Cambell (1952) Bituminous concrete Static 2,500 60 15(}-210 0.06-0.08 
Y osMmi and Osterberg (1963) .Silty clay Static (20 psi/min) 94 280 94 1.00 
Mishu (1963) Residual clay Kneading (30 blow/min) 95 I 36.1 0.38 

125 l 36.l 0.29 
170 I 55 .6 0.33 

Abeyesekera (1978) Shale aggregate Kneading (30 blow/min) 50 I 50 1.00 

as St. Croix clay. The St. Croix clay is medium 
gray-brown at its natural. moisture content. It is 
classified as a fat clay (CH) and falls within the 
AASHTO c lassification of an A-7-6 material. 

The kneading method of compaction was selected 
f or use in this study f or two reasons: (a) The com
paction characteristics obtained are comparable, fo~ 

the same soil, to those obtained by sbeepsfoot- and 
pneumatic-type rollers on actual earthen embank
ments, and (b) the degree of uniformity with respect 
to moisture content and de.nsity is greater than that 
of other methods. 

The soil was compacted in 5 approximately equal 
layers at a rate of 30 tamps per minute per layer. 
Between layers, the top surface \ifSS scarified to 
ensure compacted mass homogeneity. A constant com
paction pressure was maintained throughout the pro
cess1 the value was based on moisture-density rela
tions for the impact method. The results and 
implications of this procedure will be discussed 
lat.er. 

Typically, density and water content are the 
prescribed elements in an end-result approach and 
are based on results obtained by the laboratory 
impact method. It was therefore considered appro
priate to use the impact moisture-density relations 
as a base reference f or the kneading method . 

The moisture-density curves for t he three basic 
impact energy levels used are shown in Figure 1. 
Each energy level. is characterized as follows . 

1. Low-energy Proctor-304.B mm (12 in.) drop, 
24.SN (5.5 lb) rammer, 3 layers, 15 blows per layer. 

2 . Standard Proctor--304. 8 mm drop, 24 . SN ram
mer, 3 layers, 25 blows per layer. 

3. Modified Proctor--457.2 nun (18 in.) drop, 
44.SN (10 lb) rammer, 3 layers, 25 blows per layer . 

The compaction assembly and procedure were as speci
fied in AASHTO T990701 however, fresh samples were 
used for each point on the curve. 

A series of kneading compaction tests was per
f ormed on the St. Croix clay using different compac
tion pressures. For each pressure a moisture-density 
relation was obtained for a range of moisture con
tents between 4 percent wet and dry of optimum. 
These relations were correlated approximately t o the 
three impact levels to select a kneading compaction 
press11re that would produce the same densities at 
equivalent water contents. 

A fixed-ring consolidation cell was used l n this 
study; it wil l be referred to as a n •oedometer• in 
subsequent discussions. The oedometer ring was 63.5 
mm (2.50 in.) in diameter, 2. 54 mm (1 in.) in 
height, and 19 .1 mm (0. 75 in.) in wall thickness. 
Following a seating load adjustment period (typi
cally 10 min), the applied pressure on the compacted 
sample was increased , using a load increment rat io 
(LIR) of o.s to 15.2 , 22.6, 34.0, 49. 5, 76 . 5 kN/m 2 , 

and so on until the prestress value for the partic-

100 I 68-74 0.68-0.74 
200 I 98-126 0.49-0.63 

Figura 1. Moisture-density·energy relations for impact method (11). 
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ular sample could be well defined. The duration of 
each l oad was 10 minutes 1 dial readings were typi
cally recorded at O, 0.1, 0.5, 1, 2, 4, 8, and 10 
minutes. 

The 10-minute load duration criterion was based 
principally on the fi ndings of Yoshimi <W. To 
determine what load i ncrement ratio to use for the 
as-compacted compressi on test , it was dec i ded that 
the following requirements should be met. 

1. A large portion of the compression must take 
place within 10 minutes. 

2. As few loads as possible should be used, to 
limit moisture loss by evapora tion. 

3. The prestress val.ue should be accurately 
defined using the Casagrande cons truction. 

If an LIR = 1 were used, the f irst a nd second re
quirements would be satisfied; however, the third 
requ irement might no t be , based on the results .of 
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Leonards and Girault (13 ) for determining the pre
consolidation value for-Saturated soils. If an LIR = 
O.l or 0.2 were used, the third requirement would be 
satisfied , but the first and second requirements 
would not be (!£). Ideally , a load increment ratio 
equal to actual field loading conditions should be 
used1 however, this ratio is dependent on a ylven 
application and may be difficult to determine. An 
LIR 0.5 was chosen because it most suitably 
matched the requirements. 

RESULTS 

As-Compacted Compressibility 

The compaction variables used to characterize each 
as-compacted compressibility test sample are defined 
as follows. 

1. Water content (w,%)--the avei:age of the as
compacted moisture determinations. 

2. Dry density (Yd• kN/m')--the dry density of 
the oedometer sample computed from its unit weight, 
water content (w), and volume. 

3. Compaction pressure (Pc, kN/m2 )--the maximum 
dynamic kneading foot pressure applied during com
paction, expressed nominally. 

The other computed variables were initial degree or 
saturation (Sr 1 %) and initial void ratio (e 0 ). 

Both were calculated from the firs t and second vari
ables just defined. 

The compaction water contents ranged between 4 
percent wet and dry of optimum and were based on the 
results of the impact method. Thirty-two as-com
pacted compressibility tests were performedr the 
values of the previously defined compaction var i
ab1es are listed in Table 2. I.n this table and in 
subsequent discussions the sample number characters 
are defined as follows : L, S, M represent the com-

Table 2. Initial compaction variables for as·compacted compressibility 
samples (:!j }. 

Sample 
No. 

LO! 
LD2 
LD3 
LO! 
L02 
L03 
LW2 
LW3 
SD4 
sos 
SD9 
SDlO 
$03 
SOB 
S09 
SOll 
S012 
S013 
S016 
SW2 
SW3 
SW4 
SW6 
SW7 
SW8 
MDI 
MD2 
MO! 
M02 
MW! 
MW3 
MW5 

Water 
Content 
(%) 

20.60 
20.60 
20.51 
23.26 
23.85 
24.27 
27.94 
26.98 
18.95 
19.38 
19.59 
19.37 
12.37 
21.71 
21.21 
21.65 
22.32 
22.67 
22.68 
25.38 
25.71 
25.05 
24.72 
24.87 
24.71 
14.67 
13.96 
16.20 
15.71 
19.59 
19.74 
19.57 

Dry 
Density 
'Yd (kN/m3

) 

13.97 
14.85 
14.27 
15.74 
15.77 
14.91 
14.88 
14.82 
15.26 
14.62 
15.06 
15.65 
15.76 
15.78 
15.99 
15.72 
16.15 
16.25 
15.97 
15.24 
15.13 
15.42 
15.64 
15.38 
15.68 
18.31 
17.65 
l 7.97 
18.10 
16.99 
16.87 
16.86 

Compaction 
Prcssu.re 
Pc (kN/m2

) 

460 
525 
426 
426 
558 
683 
525 
657 
788 
788 
788 
788 
657 
657 
657 
814 
788 
762 
762 
722 
722 
722 
722 
722 
722 

3191 
3071 
2905 
2735 
2466 
2439 
2466 

Degree of 
Saturation 
S,(%) 

59.77 
65.26 
62.15 
80.14 
89.62 
80.68 
92.47 
88.42 
66.40 
61.82 
66.58 
71.87 
80.61 
82.02 
82.70 
81.12 
89.20 
92.92 
88.18 
88 .67 
88.27 
89.80 
91.49 
88.66 
92.08 
82.10 
70.23 
85.90 
85 .10 
87.85 
88.05 
87.18 

Initial 
Void Ratio 

0.9649 
0.8838 
0.9240 
0.8126 
0.7451 
0.8423 
0.8460 
0.8544 
0.7990 
0.8770 
0.8238 
0.7545 
0.7423 
0.7411 
0.7180 
0.7473 
0.7066 
0.6905 
0.7202 
0.8014 
0.8155 
0.7810 
0.7565 
0.7854 
0.7514 
0.5003 
0.5565 
0.5281 
0.5168 
0.6243 
0.6277 
0.6285 
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paction condition corresponding to the equivalent 
low-energy, standard Proctor, and modified Proctor 
impact leve1s, respectively. o, o, or W represent 
dry, at, or wet-of-optimum conditions, respectively1 
and l, 2, ••• , and so forth represent the sample 
number for that condition. For example, the sample 
designated MDl is the fir"~ sample compacted to a 
dry of optimum condition using an equivalent modi
fied Proctor kneading compaction pressure. 

Figure 2 shows the ef.fects of incr·easing water 
content and degree of saturation on compressibility 
behavior for samples compacted to equiva1ent stan
dard Proctor conditions. As may be inferred , there 
is a marked difference in the compressibility be
havior for wet- and dry-side samples depending on 
the range of consolidation pressure considered. 
That is, in the low-pressure range, the wet-side 
sample is more compressible than the dry-side sam
ple, whereas in the high range the opposite is true. 

Lambe (..!!_,.!!> explained this behavior in terms of 
compacted c.lay structure, colloidal chemistry , and 
soil-particle rearrangement. Rowever, more recently, 
Hodek and Lovell ( 15) examined this behavior in 
terms of pore-size distribution, pore-size magni
tude, and deformable aggregate theory. Based on 
supporting evidence <.~.11. •!fil, their explanation can 
be stated as follows. 

.1. Dry-side compressiblllly--the poroo ore typi
cal1y large and numerous: the clay aggregates are 
shrunken, hard, and brittle: compressibility is 
governed by the collapse of large pores under 
straining. 

2 . Wet-side compressibility--the pores are small 
and numerous: the clay aggregates are swollen and 
plastic; compressibility is governed by the fusing 
of aggregates under load. 

I.n view of this explanation, a dry-side sample 
would compress less in the low-pressure range due to 
the large intergranular fo.rces resulting from the 
many well-developed menisci. However, on loading, 
these forces are overcome, and the brittle aggre
gates displace into adjacent pores. Consequently, a 
large amount of compression occurs because of the 
large amount of available interaggregate pore s.pace. 
On the other hand, a wet-side sample compresses more 
in the low-pressure range because of the smaller 
number of developed menisc i (high degre·e of satura
tion) and less in the higher range because of the 
re1atively sma11 number of large interaggregate 
pores. 

Figure 3 shows the effect, of increasing compac
tion pressure on the compressibility behavior of 
samples compacted near optimum. The slope of the 
curves within the respective high-pressure ranges 
becomes steeper (i.e., increasingly more negative) 
with decreasing compaction pressure. With respect 
to the structural models previously discussed, this 
suggests that for dry-side samples the magnitude and 
frequency of the large pore mode decreases with 
increasing compaction pressure. 

Compactive Prestress 

The results presented in the previous section illus
trate compressibility behavior within specific 
ranges of applied pressure. However, an important 
characteristic not considered is the value of com
pactive prestress. Clearly, its value could be 
useful in design, because the compressibility be
havior of the mass may be different at embankment 
confining pressures above and below this value. 
That is, each specific value of compactive pre
stress, as determined in the manner presented in 
this section, is the approximate pressure value 
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Figure 2. Effect of moisture content on compressibility (standard Proctorl (!!I. 

Sompl• 
Waror o.-r No. .....loll 

6 Conl•nl Otn1ltr Pl'ftllft 
Symbol {•/.) (kNtm'J (kN/mlJ rv.1 

0.750 
5010 - 0 19.37 15.65 788 71.87 
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0 .100 

:! 
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"' ... 
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0.600 

IO 100 1000 10000 

IOI,! Consol;dorion PrtHurt (kN/m11Clk9/cm 1 • 98.07kN/m1 ) 

Figure 3. Effect of compactive effort on compressibility (near optimuml (1!). 

Sompl• Wal•• Ory c_.,,.,. °"lfM Of No. Content Otn1il{ PrHIUrt s.irurorion 
<;y~bol (%) (kN/m) (kNl m2 1 (%) 

-
L03 • 0 24.27 14.91 683 80.68 ~ - ~ 

o.aoo SOB- o 2 1.7 1 15.78 657 82 .02 

I MOl·A 14.67 18 . 31 3191 82 . 10 

- ~ -
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.! 
.!! : 

0.100 

J 0.600 ~ 
·~ .__ • • .. .. • • 

. I 0.400 
IO IOO 1000 10000 

Ill Consolido!Mln ,.,_ lkNtm• I llkgtcm1 •91.07 kN/m1 l 

below and above which low-range compressibility 
behavior and high-range compressibility behavior, 
respectively, occur. 

The val ue o f c ompactive prestress (Psl and the 
pres t r ess ra tio (Ps/Pcl for each of the thirty
two a s - compacted compressibility test samples are 
listed in Table 3. Each value of compactive pre
s tress was determined from its corresponding e-log p 
curve using the Casagrande approximation commonly 
employed for determining the most probable precon
solidation pressure for saturated soils. In the 
strictest sense, its use may be unjustified. How
ever, the current state of the art is such that 
little is known of the fundamental relationships 
governing unsaturated compression. 

Figure 4 shows the values of compactive prestress 
plotted a t t he i r respec t i ve values of water content , 
dry de nsi'ty , and equ i val e nt i mpact effort level. 
The 87 per cent satura tion curve was arbitrarily 

selected and plotted in this figure and, for the 
purpose of this discussion, will be referred to as a 
means of separating wet and dry compaction con
ditions. 

From Figure 4, the following general conclusions 
may be drawn with respect to prestressing capacity. 

1. For dry of optimum cond i tions (Sr < 87%): 
(a) At a given equivalent impac t effort level, as 
the water content increases, the value of compactive 
prestress decreases. (b) As the equivalent impact 
effort increases, the value of compactive prestress 
also increases. 

2. For wet of optimum condit ions (Sr > 87%): 
(a) At a given equiva·lent impact e f fort level, the 
capacity for prestressingr is small and remains vir
tually unchanged with increasing water content. (b) 
As the equivalent impact effort level increases, the 
capacity for prestressing is virtually unchanged. 



fable 3. Values of compactive prestress and pre stress ratio ID). 

Compactive Compaction Prest ress Degree of 
Sample Pre stress Pressure Ratio Saturation 
No. [P, (kN/m2)] [Pc (kN/m2)] (P,/Pc) [Sr(%)]" 

LOI 290 460 0.63 59.8 
LD2 315 525 0.60 65.3 
LD3 220 426 0.52 62.2 
LOI 185 426 0.43 80.1 
L02 155 588 0.26 89.6 
L03 85 683 0.12 80.7 
LW2 76 525 0.14 92.5 
LW3 72 657 0.11 88.4 
SD4 505 788 0.64 66.4 
SD8 470 788 0.60 61.8 
SD9 490 788 0.62 66.6 
SDIO 500 788 0.63 71.9 
S03 410 657 0.62 80.6 
SOB 340 657 0.52 82.0 
S09 235 657 0.36 82 .7 
SOll 105 814 0.13 81.1 
S012 95 788 0.12 89.2 
S013 105 762 0.14 92.9 
S016 125 762 0.16 88.2 
SW2 95 722 0.13 88.7 
SW3 135 722 0.19 88.3 
SW4 80 722 0. 11 89.8 
SW6 160 722 0.22 91.5 
SW? 90 722 0. 12 88.7 
SW8 55 722 0.08 92.1 
MOl 830 3191 0.26 82.1 
MD2 1120 3071 0.36 ·10.2 
MO! 1030 2905 0.35 85.9 
M02 1100 2753 0.40 85.1 
MW! 85 2466 0,03 87.9 
MW3 86 2439 0.04 88.l 
MW5 150 2466 0.01 87.2 

3 The degrees of saturation were rounded to the nearest tenth. 

This suggests that at dry-side water contents, 
prestressing capacity is largely affected by compac
tion water content and compaction pressure. In 
addition, compactive prestress is little affected by 
water content and compaction pressure for initially 
wet samples. Finally, for the range of saturation 
considered in this study, the pres tress ratio is 
always less than one, which may indicate that not 
all of the energy delivered is achieving densifi-
cation. 

In this connection, it is important to realize 
that the compaction pressures reported here are only 
nominal pressures 1 that is, they are the pressures 
expended by the kneading compactor during thP. com
paction process. Therefore, the actual prestress 
ratios (i.e., compactive prestress/effective com
paction pressure) are more than likely greater than 
the values presented here. 

statistical Correlations 

The predictive models presented here were developed 
using the Statistical Package for the Social Sci
ences (SPSS) procedural programs on Purdue Univer
sity software. It should be mentioned that any best 
model isolated by these programs is highly dependent 
on the procedure used, and an equivalent model may 
not be established given another set of procedures. 

The first phase of the isolation process involved 
plotting the independent variables against the de
pendent variable. This was facilitated using the 
SPSS procedure SCATTERGRAM. If the scatter plots 
showed a linear relationship, the independent vari
able was considered highly correlated with the de
pendent variable. If a linear trend was not found, 
the independent variable was considered statisti
cally insignificant. 

The next step was to isolate a subset of the 
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Figure 4. Prestress values (kN/m21 for as·compacted compressibility tests (1!). 
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independent va r iabl es considered highly correlate(! 
wi th the dependent variable, so that an optimal 
expression with as few variables as pos sible could 
be e s tablis hed. This wa s achieved using t he auto
matic SPSS search procedure STEPWISE. This proce
dure combines a forward inclusion of independent 
variables already in the model at each successive 
step. In addition, it conducts a sta tistical test 
to screen out any independent variable that is too 
highly correlated with the independent variables 
already in the model. 

The final step of the isolation process was to 
obtain the best estimated prediction model from the 
subset of independent variables isolated by the 
STEPWISE procedure. This was done using the SPSS 
procedure REGRESSION [developed by Nie, et al. 
(17} J. Various regression equations were obtai ned 
using different combinations. From these, the pro
c edure for selecti ng the best model was based on the 
following statistical criteria. 

1. For the overall mult~ple regression equation, 
(a) The coefficient of multiple determination (R2 ) 

is greater than 0.65; that is, at least 65 percent 
of the variation must be explained by the variables 
included in the model. (b) The adjusted coefficient 
of multiple determination (R' a> must increase 
with each additional independent variable entered in 
the model. (c) The overall F-test at the ci .. 0.05 
s ignificance level must be met. (This tests for 
mult iple linear ity of the model.) 

2. For the partial regression coefficients, (a) 
'l'he F-test for each partial regression coefficient 
at the a .. 0.05 significance level must be met. 
(This tests whether an independent variable should 
be dropped from the model.) (b) The coefficients of 
partial de termination (ri.jk) are signific.ant. 
(c) The 95 percent confidence limit f o r each bi is 
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small and does not cross zero. [This restriction is 
similar to (a) .J 

3. For the computed residuals, (a) 'l'he scatte·r 
plots of the residuals versus the ind.ependent vari
able (s) show normal constancy of variance ti:ends. 
(b) The residuals are normally distributed random 
var !ables; that i s, the va.lues of ek/MSE (residuals 
divided by the error root mean square) must cange 
between ±3 . 

When all criteria were suitably met by more tban 
one model, the model, with the fewest variables was 
selected, provided there was no appreciable diff er
ence (Le., less than· 5 percent) in either of the 
R' or R'a values. 

Based on the foregoing, the following prediction 
model was selected for compactive pres tres s (P 8 ) • 

P, =-343.13- 0.0020w2·Pc+48.91 Pc1i 2 

where 

P8 ~ estimated value of compactive pre
stress in kN/m2 , 

interaction term between water content 
(\) squared and compaction pressure 

pl/2 
c 

( kN/m'J , and 
the square r oot of compaction pres
sure (kN/m 2 ) 112• 

The Rt value was 88 perce nt. I n addition, all of 
the other statistical criteria were suitably met. A 
graphic representation of th is relationship is pre
sented in Figure s. 

As shown in this figure, for a given water con
tent the estimated compactive prestress i ncreases 
with increasing compaction pressure. Woodsum <.2> 

Figure 5. Prediction of compactive prestress (!1). 
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and Abeyesekera (6) obtained similar results. Also, 
for a given compaction pressure an increase in water 
content is accompanied by a decrease in compactive 
prestress . More clearly, at a given effort level, 
an increase in water content reduces prestressin9 
capacity . 

The relations shown ln Figure 5 are not entirely 
applicable for the values of water content and com
paction pressure plotted. Rather, they are applica
ble only for a joint region of observations1 that 
i s, the region covered by both independent variables 
(18). Neither model can be used with confidence in 
design until the results presented here are corre
lated with results for field-compacted samples of 
the same soil. Such research is currently in proq
ress at Purdue University. 

CONCLUSIONS 

The experimental and statistical results of this 
study lead to the following conclusions. 

1 . For an increasing water content and equiva
lent impact level, the as-compacted compressibility 
behavior was in agreement with the results presented 
by Wilson (19), Lambe (..!!_), and Wahls et al. 1.W • It 
is believed that this behavior can be explained in 
view of more recent evidence <111?. 1 15) concerning 
compacted clay macrostructure. 

2 . Dry of optimum, the value of compactive pre
stress decreased with increasing water content and 
increased with increasing equivalent impact effort 
level. Wet of optimum, the value o f compactive 
prestress was not influenced appreciably by varying 
the i nitial compaction variables. 

3. For the range of partial saturation con
s idered , the ratio of compactive prestress to 
nominal compaction pressure was less than unity. 
This ratio tended to decrease with increasing 
initial degree of saturation. 

4. The best predictive model for compactive 
prestress was isolated using the SPSS procedures 
SCAT'l'ERGRAM, STEPWISE, and REGRESSION . The proposed 
model was statistically valid and accurate. 
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