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soil-lime layers of normal thickness is considerably larger 
than the 40-kN (9000-lbf) wheel loading assumed in the 
development of the proposed desjgn procedure (see Figure 
7). Thus, the pavement does not fail in a catastrophic 
manner, even though a so-called flexural fatigue crack 
develops. 

SUMMARY 

A mechanistic thickness-design procedure for cured 
soil-lime structural paving layers is presented. Design input 
data are soil-lime strength and modulus, subgrade resilient 
modulus, and estimated traffic. The procedure assumes that 
the soil-lime mixture is capable of developing significant 
strength increase (relative to the strength of the natural 
soil) and that quality field construction and control are 
achieved. 

It is emphasized that careful consideration must be 
directed to the proper selection of design input data, 
particularly soil-lime properties and subgrade resilient 
modulus. Additional factors, particularly freeze-thaw 
durability, may also need to be considered in some 
applications. 

The procedure considers the thickness of the soil-lime 
layer only. Additional consideration of subgrade stress is 
required in a comprehensive approach to pavement design. 
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Use of Cement-Kiln Dust and Fly Ash in. 
Pozzolanic Concrete Base Courses 

C. T. MILLER, D. G. BENSCH, AND D. C. COLONY 

The results of a study to determine the usefulness, as stabilized base, of poz
zolanic concrete that contains cement-kiln dust (CKD) and fly ash are reported. 
Test strips of six different mixes of pozzolanlc concrete that contained CKD 
and fly ash as the cementitious ingredients and crushed limestone as the aggre
gate were constructed on a concrete plant drive at Silica, Ohio. Deflection mea
surements, monitoring of axle-load accumulations, and periodic compression 
tests of field samples were performed. Laboratory test cylinders were also pre
pared and tested. After 25 820 equivalent 80-kN (18 OO~bf) single-axle loads 
over six months, no cracking or surface damage was visible except in a localized 
area. Deflection was found to decrease as curing time for the test strips in· 
creased. A set of regression equations was developed for predicting laboratory 
compressive strengths as a function of CKD content, curing temperature, and 
curing time in weeks. Application of these equations to field conditions re
sulted in reasonable predicted, as compared with observed, field strengths In 
most cases. Pozzolanic concrete containing CKD and fly ash as cementitious 
ingredients was found to have the property of autogenous healing. Anomalies 
were found in mixes that contained admixtures of portland cement. More 
study of the behavior of such mixes is needed. It is concluded that pozzolanic 
concrete that c_ontains CKD and fly a1h is potentially useful as stabilized base 
and merits further devel·opment. 

Stabilized pavement bases are considered by many engineers 
to offer advantages with respect to load-carrying capacity 
and resistance to climate-induced deterioration. Various 
materials have been used as binders in stabilized bases, 
including asphalt, portland cement, and lime-fly ash 
mixtures. 

Lime-fly ash mixtures, which are well known in Illinois, 

Ohio; Pennsylvania, and other states, use a waste product as 
one of two dry ingredients that react in the presence of 
water to form a "pozzolanic cement". This waste product is 
fly ash collected from the stacks of coal-burning utilities. 
In addition to the structural advantages of a stabilized 
pavement base, use of a waste product as part of the 
cementitious binder of such a base can produce other 
beneficial results, including 

1. Lower construction cost because of the lower prices 
for ingredients developed from waste products, · 

2. Energy savings as a result of the elimination of the 
necessity for environmentally sound waste-disposal 
procedures, and 

3. Reduced energy consumption for the construction of 
pavements, since relatively little energy is required in the 
preparation of paving ingredients made from waste products. 

Potential energy-related benefits can be expected to 
become increasingly important if the cost of energy 
continues to rise or if petroleum shortages persist. Thus, 
from the standpoint of energy conservation, it would be 
useful if a pozzolanic concrete could be developed that 
would use some waste product in place of lime, a material 
that requires a rather energy-intensive manufacturing 
process. Such a pozzolanic material would thus be formed 
of two waste products. It is, of course, essential that the 
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properties of any new pozzolanic cement be comparable to 
those of well-established binding materials for stabilized 
bases. No reduction in the standards for pavement 
performance or durability can be contemplated in the name 
of energy conservation unless the energy problem becomes 
substantially more acute than it is at present. 

Experiments have shown that the dust collected from the 
stack of cement kilns can react with fly ash in the presence 
of water to form a cementitious material that has physical 
properties comparable to those of lime-fly ash. 
Cement-kiln dust (CKD) is available in large quantities 
because all cement plants must collect their emissions to 
satisfy air pollution regulations. Although CKD is not 
without some potential usefulness for purposes other than 
paving, the quantities of CK,D that are generated are 
sufficient to present the cement industry with serious 
disposal or storage problems. 

If, therefore, CKD can be used for pavement 
construction, it should be possible to achieve some 
environmental enhancement through reduction of waste 
stockpiles and some economic advantage to the cement 
industry through the transformation of significant quantities 
of CKD from liabilities to assets. Such achievements would 
be in addition to the energy conservation benefits that 
would accrue to the general public. It is the purpose of this 
paper to describe field and laboratory tests of pozzolanic 
concrete in which CKD and fly ash were used as 
cementitious ingredients. 

COMPOSITION OF CEMENT-KILN DUST 

Since it is a waste product, cement-kiln dust is by nature 
somewhat variable in its chemical composition and in the 
properties associated with that composition. Data in the 
table below, which were developed from analyses of CKD 
from nine separate sources, describe in general terms the 
chemical analysis of CKD: 

Ingredient or Percentage 
Property Low Mean High 

Si02 6.0 16.5 28.5 
Al2 0 3 3.2 4.4 9.6 
Fe20:i_ 0.8 2.7 5.9 
CaO 

From 9 sources 16.0 47.6 65.0 
From 13 sources 8.3 12.6 20.2 

MgO 0.8 2.3 4.8 
503 0.7 7.1 26.3 
Na2 0 0.08 0.8 3.2 
K20 1.08 5.5 26.2 
Loss on ignition 2.50 16.0 32.0 

Some CKD has cementitious properties in and of itself. 
But the data given in Table 1 illustrate the greater 
compressive strength attainable from a pozzolanic 
combination of CKD and fly ash. The cubes described in 
Table 1 were made from batches that contained 1.36 kg (3 
lb) of sand and various quantities of other ingredients, as 
indicated in the table. An attempt was made to achieve a 
uniform consistency by determining the penetration of a 
Vicat needle. Water was added in sufficient quantity to 
yield a mixture capable of easy compaction in the cube 
molds. The cubes were all 5.08x5.08x5.08 cm (2x2x2 in) in 
size. In each case given in Table 1, it can be seen that the 
strength of the cubes that contained both CKD and fly ash 
was about 1.9 times the strength of the cubes that contained 
CKD alone. 

DESCRIPTION OF THE STUDY 

Several experimental sections of pozzolanic concrete 
containing fly ash and CKD have been placed in the vicinty 
of Toledo, Ohio, and elsewhere. All of these pavements are 
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being observed. Detailed tests and field observations have 
been performed at a concrete batching plant located in 
Silica, Ohio, that belongs to Nicholson Industries of Toledo. 
The subject of this paper is the program that was carried 
out at that site between November 1977 and December 1978. 

The site at Silica provided an opportunity to observe the 
performance of test sections under heavy but controlled 
traffic. The test sections were placed in the driveway 
leading away from the concrete mixer so that the numbers 
of 80-kN (18 000-lbf) equivalent single-axle loads could be 
closely estimated by analyzing the concrete-truck "trip 
tickets" and a knowledge of the axle configurations of the 
various trucks in service. 

Six test strips were placed at Silica, each about 30.5 m 
(100 ft) long. Compositions of the six different mixes used 
are given below: 

Percentage by Weight of Dry Ingredients 

Test Fly Portland 
Strip Ash CKD Cement Aggregate 

1 6 6 0 88 
2 8 8 0 84 
3 10 10 0 80 
4 12 12 0 76 
5 8 8 0.5 83.5 
6 8 8 1 83 

The fly ash used came from the Detroit Edison Company 
power plant in Trenton, Michigan; the CKD came from the 
Medusa Cement Company at Silica, Ohio; and the aggregate 
was Ohio specification 301 crushed limestone. 

Moisture contents were designed to be optimum for the 
mixes in question. Field moisture contents and densities, 
obtained by using a nuclear meter, are given below. Mix 
identification numbers refer, respectively, to percentage fly 
ash, percentage CKD, and percentage portland cement by 
dry weight (1 kg/m• = 0.062 lb/ft'~ 

Dry Unit Weight 
(kg/m3 ) Moisture (%) 

Mix Layer 1 Layer 2 Layer 1 Layer 2 

6-6-0 1913 1904 12.2 11.0 
8-8-0 1992 1982 14.1 14.0 
10-10-0 1890 1949 11.0 9.7 
12-12-0 1898 1914 11.0 9.5 
8-8-0.5 1929 2006 9.9 9.8 
8-8-1 1925 1958 9.8 9.6 

The test strips were all placed at a total thickness of 
25.4 cm (10 in) in two layers of 12. 7. cm (5 in) each. The 
test-strip surfaces were given a double "tar-and-chip" seal 
coat after placement. All base material was placed on 
November 5, 1977, quite late in the season for northern 
Ohio. 

Soil borings and mechanical analyses of the subgrade 
were made the following spring, on May 6, 1978. The 
subgrade material was found to consist largely of brown 
sandy silt, classified for the most part as A-4a in the Ohio 
Department of Transportation system and possessing a group 
index of about 8. 

Planned research work on the test strips included the 
following: 

1. Field observations-(a) deflection measurements by 
Benkelman beam, (b) monitoring of cracks, rutting, or other 
surface anomalies, (c) monitoring of axle-load 
accumulations, and (d) recording of air temperatures at the 
nearest meteorological station (Toledo Express Airport); 

2. Laboratory work-(a) compression tests and density 
observations of samples collected from the field and (b) 
preparation of laboratory specimens for curing at various 
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Table 1. Results of cube compression tests of CKD
fly ash mixtures. 

Batch Quantity (kg) 
Location of 
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Vlcat 28-Day Com-
Penetra- presslve 

MIX CKD Source' CKD Fly Ash Water tion (mm) strength (kPa.) 

1 Tennessse 1.36 0 0.48 6.5 7 410 
2 Tennessse 0.91 0.45 0.45 7 14 020 
3 Florida 1.36 0 0.46 10 4 895 
4 Florida 0.91 0.45 0.43 10 9 295 

Note: .1 kg= 2.2 lb; 1 mm• 0.039 in; 1 kPa = 0.145 lbf/ln2
• 

•General Portland, Inc. 

Table 2. Results of Benkelman beam observations. 5/16/78 Measurement 6/17/78 Measurement 9/16/78 Measurement 
(mm) (mm) (mm) 

Avg Standard Avg Standard Avg Standard 
Mix Deflection Error Deflection Error Deflection Error 

6-6-0 0.44 
8-8-0 0.52 
10-10-0 0.79 
12-12-0 0.29 
8-8-0.5 0.61 
8-8-1 0.86 

Note: 1 mm= 0.039 in. 

Table 3. Results of laboratory tests of compressive strength. 

Compressive strength (kPa) 
Time Curing 
Cured Tempera- Mix Mix Mix Mix Mix 
(weeks) ture ("C) 6-6-0 8-8-0 10-10-0 8-8-0 .5 8-8-1 

37.8 1938 3848 4007 6669 7676 
10.0 0 986 1600 

2 37.8 3690 5745 6386 6372 8469 
10.0 910 1421 2138 

4 37.8 4538 6441 8048 4786 9159 
10.0 1366 2793 4055 

12 37.8 5862 7910 8276 8441 8248 
10.0 6821 6476 7628 

Note: r'C • (r' F - 32)/1.B; 1 kPa = 0.145 lbf/in' . 

temperatures, to study compatibility of field and laboratory 
results (curing and testing of laboratory specimens in 
accordance with ASTM C593-76a except for variable 
temperature). 

In April 1978, a careful and detailed topographic survey 
was carried out to serve as a basis for studying ruts or other 
surface problems. 

STUDY RESULTS 

A total of 25 820 equivalent 80-kN (18 000-lbf) single-axle 
loads were recorded over the test areas during the first six 
months of their existence. Many visual observations during 
the first year revealed no visible cracking, rutting, or other 
degradation of the surface except for a small area near the 
loading station for concrete trucks, where water is 
frequently sprayed from a hose and the pavement is wet 
most of the time. The test strips were placed very late in 
the year, and the winter of 1977-1978 proved to be a 
particularly severe one in northwest Ohio. On only 23 days 
between November 5, 1977, and May 13, 1978 (when the 
first samples were collected for strength tests), did the 
temperature average at least 10°C (50°F). During the same 
period, there were only 53 days on which the temperature 
averaged at least 4.4°C (40°F). The pozzolanic reaction 
proceeds slowly at 10°C and probably stops at temperatures 
below 4.4°C. Clearly, therefore, the test strips at the Silica 
site were subjected to a severe test during their first winter. 

Results of the Benkelman beam deflection tests are 
given in Table 2. Clearly defined trends and uniform 
conditions were not encountered in the course of these 
deflection measurements. Probable causes of the 

0.20 0.32 0.08 0.23 0.03 
0.24 0.55 0.08 0.70 0.11 
0.22 0.79 0.26 0.53 0.13 
0.13 0.42 0.20 0.27 0.20 
0.04 0.52 0.06 0.27 0.10 
0.05 0.16 0.10 0.16 0.08 

comparatively wide range in results are high bedrock 
elevations and lack of uniformity of the subgrade. Bedrock 
lies within several feet of the surface throughout the test 
area, and local outcrops are visible at some points. With the 
exception of the 8-8-0 section, it can be observed that 
deflection generally decreases with time. Test loads for 
deflection measurements were obtained by filling a concrete 
truck with crushed stone and weighing the test axle. The 
test axle in every case was a single axle with dual wheels, at 
approximately 80 k N. 

Compression test results (for an average of three 
samples) from samples collected in the field are summarized 
below (1 kPa = 0.145 lbf/in2 ): 

Compressive Strength (kPa) 

Mix 5/10/78 5/17/78 10/16/78 10/17/78 

6-6-0 8 122 
8-8-0 4220 10 618 
10-10-0 4213 9915 
8-8-0.5 1731 8487 
8-8-1 5592 2448 

The 12-12-0 mix was not tested because it was concluded 
that such a mix would not be feasible to construct under 
ordinary job conditions. Samples were obtained in the field 
by sawing blocks from the pavement and extracting them 
with picks or bars. These pieces were then sawed in the 
laboratory to blocks of more convenient size and regular 
dimensions. Coherent field samples of mixes not containing 
some portland cement could not be obtained as early as May 
10, 1978. The typical specimen size was 10 cm (4 in) in 
height by cross section about 9 cm (3.5 in) square. No 
corrections were made for the 1/d ratio, which averaged 
1.1 ± 0.2. 

Laboratory compression test results are presented in 
Table 3. The effects of curing time and curing temperature 
can be observed from these results. 

DISCUSSION OF RESULTS 

9uring Time and Compressive Strength 

It was found that the compressive strengths of cylinders 
made in the laboratory could be predicted quite accurately 
in terms of curing time and temperature, expressed as 
degree-weeks. A degree-week is defined for this purpose as 
a curing temperature maintained 1° above some ref~rence 
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temperature for a period of seven days (168 h}. As 
previously mentioned, the chemical reaction between CKD 
and fly ash (the pozzolanic reaction) proceeds slowly at 
temperatures below 10°C (50°F) and probably not at all at 
temperatures below 4.4°C (40°F). It was found by trial that 
the selection of a reference temperature of 7 .2°C (45°F) 
yielded the best fit to the data. 

Statistical analysis showed that the relation between the 
compressive strength of laboratory specimens and 
degree-weeks could be depicted by an equation of the 

. following form: 

Y = b log10 X + a 

where 

Y = compressive strength (kPa), 
X = accumulated degree-weeks, and 
a and b = numerical coefficients. 

(!) 

Regression coefficients for an expression having the 
form of Equation l are given below for each of the mixes 
investigated in the laboratory (l kPa = 0.145 lbf/in2 }. 

Standard 
Error of 

Correlation Estimate 
Mix a b Coefficient (kPa) - -
6-6-0 -2930 3500 0.981 ±526 
8-8-0 -1794 4054 0.936 ±998 
10-1().0 -987 3868 0.904 ±731 
8-8-0.5 -657 3937 0.944 ±899 
8-8-1 409 3909 0.903 ±1221 

Correlation coefficients are also given above, and it can be 
seen that these coefficients are quite high. Figure l shows 
an example plot of compressive strength as a function of 
degree-weeks. Figure 2 depicts all five regression lines and 
their relations to one another and demonstrates that the 
rate of strength gain is about the same for all mixes. It is 
also apparent from Figure 2 that the regression lines fall in 
the order to be expected if strength is an increasing 
function of CKD content and if an admixture of portland 
cement contributes further to compressive strength. 

Prediction of Field Compressive Strength from Laboratory 
Data 

The regression equations given in the preceding text table 
'were applied to observed air temperatures and strength data 
from test-strip samples in an attempt to test the predictive 

Figure 1. Example regression line for compressive strength versus 
degree-weeks for 8-8·1 mix . .. 
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value of such equations under field conditions. Figure 3 
shows the accumulated degree-weeks at the Silica site, 
based on a reference temperature of 7 .2°C (45°F) and mean 
daily temperatures as recorded at Toledo Express Airport. 
Since the test strips were covered only by a double seal 
coat, the upper portions of the test strips were probably 
close to ambient air temperature. Lower portions of the 
pavement may have been warmer, but samples for testing 
were taken only from the upper layers. But the fact that 
most observed strengths were higher than predicted may be 
the result of higher temperatures within _the pavement 
layers, in comparison with the ambient air temperature. 

The results of applying the regression equations to the 
data from the field are given below (1 kPa = 0.145 lbf/in2 }. 

Cumulative Compressive Strength Observed/ 
(kPa) Degree- Predicted 

Mix Weeks Predicted Observed (%) 

6-6-0 292 5 702 8 122 142 
8-8-0 24.3 3 827 4 220 110 

292 8 205 10 618 129 
1 ().1 ().0 24.3 4 371 4 213 96 

292 8 549 9 915 116 
8-8-0.5 24.3 4488 1 731 39 

292 9 039 8 487 94 
8-8-1 17.0 5 219 5 592 107 

292 10046 2 448 24 

It can be seen that consistent results were obtained, with 
the exceptions of the early data for the 8-8-0.5 mix and 

Figure 2. Regression lines for the five mixes studied in the 
laboratory. 
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Table 4. Data on autogenous healing of Original Test Ccndition Retest Cmdition 
laboratory samples. 

Curing Cure Compressive Healing Compressive 
Tempera- Duration Strength Time strength Retest Condition/ 

Mix ture ("C) (weeks) (k!>4) (weeks) (kP4) Original Condition 

6-6-0 37.8 12 5860 7.3 6 564 1.12 
4 4537 10.9 5 764 1.27 
1 1937 6.3 3 089 1.60 

8-8-0 37.8 12 7908 7.3 7 936 1.00 
10.0 12 6819 3.9 10 390 1.52 
37.8 4 6440 10.9 7 701 1.20 

1 3847 9.9 5 137 1.34 
10-10-0 37.8 12 8274 7.3 8 363 1.01 

4 6046 10.9 9 694 1.20 
1 4006 5.3 5 019 1.25 

8-8-0.5 37.8 12 8439 5.7 10 225 1.21 
10.0 12 6474 3.9 8 667 1.34 
37.8 1 6667 12.6 6 467 1.27 
10.0 1 1034 12.6 6 943• 6.71 

8-8-1 37.8 12 8246 5.7 10 501 1.27 
10.0 12 7626 3.9 11 831 1.55 
37.8 1 7674 12.6 10 170 1.33 
10.0 1 1600 12.6 8 942 5.59 

Note: t°C = (t° F - 32)/1.8; 1 kPa = 0. 145 lbf/in2
• 

'Average of twll cylinders. 

later for the 8-9-1 mix. It can be seem from the third text 
table on page 37 that all mixes placed in the field were of 
about the same dry unit weight. 

Autogenous Healing 

Cementitious compounds that are formed by chemical 
reactions proceeding at relatively slow rates may possess 
the property of autogenous healing. That is, cracks that 
may be formed in such compounds and that are not too wide 
may "heal" as a result of continued chemical activity. 
Laboratory cylinders made for the project were stored in a 
room at 21.1°C (70°F) and 50 percent humidity for varying 
periods after having been broken for the first time. Nothing 
was done to these cracked cylinders during the period of 
storage after their first compression test and, when they 
were retested, they were not given the 4-h soak required by 
ASTM C593. The original caps were left on the specimens 
for use at retesting. 

Table 4 presents the results of autogenous-healing tests. 
The typical retest strength can be seen in that table to be 
about 1.3 times the original compressive strength. This 
ratio (retest strength/original strength) appears not to vary 
with the duration of healing prior to retest. The two cases 
in which the ratio was substantially higher than 1.3 are both 
associated with initial curing temperatures of 10°C (50°F) in 
which initial compressive strength was exceptionally low. 
With the one exception noted in the table, the data 
presented in Table 4 are all derived from the means of three 
cylinders for each test. 

ADDITIONAL RESEARCH REQUIRED 

Some anomalies were observed in the results of tests on 
field samples that contained portland cement. The results 
of the compression tests were much lower than had been 
anticipated. It will be noted that the strength of the 8-8-1 
mix actually decreased over a five-month period. The same 
phenomenon was observed in the laboratory in the case of 
8-8-1 specimens cured at 47.8°C (l00°F) for longer than four 
weeks. Although the addition of portland cement clearly 
contributes to the early strength of the material, more 
study is needed to identify the effect of that cement on the 
pozzolanic reaction between the CKD and the fly ash. 

Detailed examination revealed many small cracks in a 
layer of material at the surface of each block sawed and 
extracted from the test strips. In addition, the aggregate 
was found to have become degraded in this layer, the 
thickness of which varied from 2.5 to 5.1 cm (l-2 in). The 
same aggregate was used for the laboratory studies, in 
which some degradation under the compaction hammer was 

also observed. It is postulated that the tar-and-chip double 
seal coat was an insufficient wearing surface under the 
heavy traffic on the test strip and that traction forces 
caused the degradation of the limestone aggregate. But 
more study is needed to gain an adequate understanding of 
the behavior of CKD pozzolanic concrete under tractive 
forces. 

More data are required on the deflection· properties of 
CKD pozzolanic concrete, and its stress-strain 
characteristics must be established. Further verification of 
the regression models for strenth prediction, as well as 
investigation of the behavior of fly ash and CKD from a 
variety of sources, would be desirable. 

CONCLUSIONS 

The results of the field and laboratory work described in this 
paper are considered to demonstrate the potential 
usefulness, as a stabilized base, of pozzolanic concrete that 
contains cement-kiln dust and fly ash as the cementitious 
ingredients. Other conclusions are as follows: 

l. Compressive strengths of laboratory cylinders can be 
predicted satisfactorily by means of regression equations 
relating to s trength of CKD content, curing temperature, 
and curing time. 

2. The results of the work indicate that the regression 
equations mentioned above can also predict safe estimates 
of field compressive strength by using ambient air 
temperature. But more study of the effect of environment 
and mix design on field strengths is needed. Data on the 
thermal properties of CKD mixes are needed to estimate 
pavement temperatures with sufficient reliability to use 
such temperatures in field strength prediction. 

3. Pozzolanic concrete that contains CKD and fly ash as 
the cementitious ingredients has been shown to possess the 
property of autogenous healing. 

4. More study is required to establish the role of 
portland cement as an admixture in CKD pozzolanic 
concrete. 

5. Further research and development, and especially 
further study of field performance in experimental 
pavements, are justified by the results of the work reported 
here. 

6. The results apply to the materials used in the study. 
Use of any particular combination of CKD and fly ash 
requires that chemical analyses and compression tests be 
performed to establish the properties of the specific 
materials in order to develop suitable mix designs. 
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Dependence of Compacted-Clay Compressibility on 
Compaction Variables 
ALBERT DiBERNARDO AND C. W. LOVELL 

Conventional oedometer tests were performed on a kneading:compacted, 
highly plastic residual clay to determine the effects of water content, dry den
sity, and compaction pressure on the as-compacted and soaked compressibility 
behavior of the clay. Environmental changes caused by increased saturation 
were simulated by using a back-pressuring technique. Of interest was the one
dimensional percentage change in volume on wetting under load. Statistical 
analyses were performed to establish the best predictive model for one-dimen
sional percentage change in volume on saturation in terms of the important 
compaction variables. The statistical model shows that initial water content 
and nominal compaction pressure are the principal variables that affect this 
response. Such equations allow prediction and control of the compressibility 
of high, cohesive embankments. 

Compacted soils are used primarily for the construction of 
earth embankments. During design, the engineer must 
establish suitable placement variables, such as water 
content, dry density, and compaction effort, to ensure 
adequate short- and long-term performance of the 
completed structure. Typically, the shear strength of the 
compacted mass is of major concern, and recent studies 
(l-.~) have provided the capability of predicting its 
laboratory and field response value in terms of the 
important compaction variables. But the demand for high 
embankments is increasing, and it is becoming increasingly 
more important to specify compaction procedures so that 
embankment compressibility can be adequately predicted 
and controlled in both the as-compacted and long-term 
conditions. 

A compacted soil is a three-phase system that consists 
of soil grains or aggregations, wa te r, and air. During the 
compaction process, densification is achieved by a reduction 
in air voids at consta nt wa ter content. The influence of this 
procedure on compressibility behavior depends considerably 
on (a) the compaction water content, (b) the amount of 
compaction, and (c) the compaction mode. All of these 
factors affect the fabric of the compacted clay. In service, 
this fabric may be altered over time because of 
environmental changes, which, in turn, may effect a change 
in compressibility behavior. 

The research reported here was conducted to examine 
the compressibility behavior of a laboratory-compacted soil 
in t he as-compacted and saturated condition. The type of 
soil used was a highly plastic residual clay, and the mode of 
com paction was of t he kneading type. 

To determine the as-compacted compressibility 
characteristics, the compacted samples were trimmed to 
the appropriate size and incrementally loaded in an 
oedometer. To simulate the changes in mass that may occur 
in service, compacted specimens were saturated in the 
oedometer under an equivalent embankment load. A 
back-pressuring technique was used to achieve full 
satura tion of the oedometer specimens. Of major interest 
was the percentage of volume change that occurred during 

· sat uration under loading. 
The ultimate purpose of this research was to establish 

models that can be used to accurately predict laboratory 
compressibility characteristics in terms of the important 
compaction variables. The models proposed will provide the 
engineer with a tool for controlling as-compacted and 
long-term compressibility. 

A similar study on the compressibility characteristics of 
field-compacted samples of the same soil is in progress. 
The combined results of both studies will allow the engineer 
to establish suitable compaction specifications for 
controlling such behavior. 

BACKGROUND INFORMATION 

Yoshimi (4) studied the physical and mechanical mechanisms 
that control the consolidation of unsaturated soil. He 
divided the total compression process into three 
stages-initial compression, consolidation, and creep-and 
assumed that all three stages occur singly and in the stated 
order. These stages are defined as follows: 

1. Initial compression-the immediate response caused 
by the compression of soil fabric and gas as soon as the 
incremental load is applied, 

2. Consolidation-that part of compression that 
involves the outflow of pore fluids, and 

3. Creep-that part of compression that involves the 
redistribution of shearing stresses in the absorbed water and 
the local rearrangement of the soil particles. 

In 1974, Barden (5) explained the volume-change 
behavior of compacted clays as follows. In the 
dry-of-optimum condition (continuous air voids), 

Assuming that the initial value of pore air pressure (u.) is atmo
spheric the initial suction will cause the value of pore water pressure 
(uwl to be negative .... On applying a load to the soil there will be 
an initial or immediate compression, and because of the relative 
stiffness of the soil skeleton and the highly compressible pore-fluid, 
the values of t.u. and t.uw will be small. Thus there will be an in
crease in u. and uw, but in general uw will remain below atmo
spheric pressure and hence only air can drain from the soil. Even 
in cases where Uw does rise above atmospheric pressure, the value of 
air permeability (k 0 ) is so much greater than the water permeability 
(kwl that the flow must be completely dominated by the air . ... 

In the wet-of-optimum condition (occluded air bubbles), 

The material develops pore water pressure, increasing with water con· 
tent. Since this is also associated with a low value of kw. consolida
tion in the classical sense is a real engineering problem involved in 
the stability analysis of embankments, etc. It has been shown that 
despite the expansion of air bubbles, the variation of permeability 
during a consolidation stage is no more marked than in many eatu· 
rated clays. It is also shown that the compressibility of the pore 
fluid should not be a particularly important factor, provided the 




