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One of the reasons for the good service record of soil- cement 
has been that standardized laboratory tests have been available 
for determining control factors for construction. These test 
methods have been used with consistent success for a wide 
range of soils, climatic and subgrade conditions. 

This opening paper of the symposium on soil-cement mix 
design reviews the philosophy of the standard tests, how they 
were developed and the refinements that have been made dur
ing their 27 years of use. 

Valuable tools that can be used to reduce laboratory test 
work to a minimum such as the Department of Agriculture 
pedological soil identification system and the short- cut test 
method for granular soils are also reviewed. 

The paper also describes recent basic research that will 
aid in defining more clearly the fundamental reactions that 
take place when soil, cement and water are mixed together 
and which may permit a more rationalapproach to mix design. 

•DURING the past 27 years the use of soil-cement has grown from the first 20, 000 
sq yd scientifically-controlled job built near Johnsonville, S. C., inl935, to an annual 
use in the United States of over 80, 000, 000 sq yd. It has also been used in over 30 
other countries. 

One of the reasons for the acceptance and the outstanding service record of soil
cement is that standardized laboratory tests have been available to determine the con
trol factors for construction. These tests have been used with consistent success for 
a wide range of soils, climatic and subgrade conditions. 

Soil-cement in the following discussion is defined as a tightly compacted mixture of 
pulverized soil, portland cement, and water which, as the cement hydrates, forms a 
hard, durable, structural material. The required cement content is determined by 
standard wet-dry and freeze-thaw tests with appropriate criteria or by methods corre
lated with the standard tests. 

This paper reviews the philosophy of the standard tests, how they were developed, 
and the refinements that have been made during their 27 years of use. The paper also 
describes other test methods that have been developed by correlation with the standard 
tests. Also included is a description of the research that is under way to further im
prove the standard test methods and to permit a more rational approach to laboratory 
methods of proportioning materials. 

STANDARD TESTS 

During the 1920's and early l930's (1, 2) several state highway departments experi
mented with mixtures of soil and cement for paving. Although results of these experi
ments were unpredictable they were encouraging and stimulated an extensive research 

Paper sponsored by Corumittee on Soil-Portland Cement Stabilization . 
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program by the Portland Cement Association in 1935. This research (3, 4, 5, 6) re
sulted in the development of dependable and predictable test methods tha t c an- be used 
to dete1·mine the factors needed for quality soil-cement. These tests1 (the moisture
density, wet-dry and freeze-thaw) have since been adopted as standard by the AASHO, 
ASTM and ASA. 

Development of Standard Tests 

One of the first significant findings of the 1935 research was that the moisture
density relationship for soils as discovered in 1929 by Proctor was also valid for mix
tures of cement and soil when compacted immediately after mixing and before cement 
hydration. IL was found that optimum moisture content as determined by the moisture 
density test not only produced the highest density for a particular compactive effort 
but also provided sufficient water for cement hydration and produced maximum strength. 
Thus the moisture-density test for soil-cement was developed at the same time the test 
was be ing developed for soil compaction. The soil-cement moisture-density test was 
adopted as a tentative standard by ASTM (D558) in 1940 and advanced to standard in 
1944. It was adopted as standard by AASHO (Tl34) in 1945. The procedure was re
fined by both organizations in 1957 to include the use of plus No. 4 material in the 
sample. 

The next step in the 1935 research program was to devise methods of measuring the 
effect that various cement contents , moisture contents and densities have on the physi
cal properties of compacted soil-cement mixtures. Since the rate and amount of cement 
hydration would influence final results materially, specimens were permitted to remain 
undisturbed for 7 days in an atmosphere of high humidity before being tested. This per
mitted hydration of a significant portion of the cement. 

In analyzing possible test methods that might be used for evaluating compacted and 
hydrated soil- cement mixtures, tests used in soil and concrete testing were analyzed. 
Consideration was given to various compression and tension tests that might be modi
fied to simulate the internal forces of expansion and contraction produced by moisture 
changes in soil. It was considered that these tests were not applicable since they do 
not simulate the nature and magnitude of the desired forces. However, it was found 
that repeated wetting and drying and repeated freezing and thawing could induce inter
nal forces similar to those induced by changes in moisture content. 

Thus , the wet-dry and the freeze-thaw tests were evolved to reproduce in the labora
tory the phenomenon of moisture changes in soils. The wet-dry test was designed pri
marily to simulate shrinkage forces. It was recognized that temperatures occurring 
in service would be below the drying temperature used in the test and that this r elatively 
high temperature would accelerate cement hydration. 

The freeze-thaw test was designed to simulate internal expansive forces produced by 
moisture change in the fine- grained soils. Also, this test avoided the accelerated ce
ment hydration present in the wet- dry test. 

Since moisture plays a predominant role in the strength of soils and road bases it 
was essential that water be permitted to play a pr edominant part in both the wet-dry 
and freeze-thaw tests. In the wet-dry test this is accomplished by submerging the 
specimens in water during the wetting portion of each cycle. In the freeze-thaw test , 
specimens are permitted to absorb water by capillarity during the thawing portion of 
each cycle. 

The number of cycles of testing and their duration was evolved by exploratory tests 
on freezing temperatures , freezing time, drying temperatures , drying time , and soak
ing time. Twelve cycles for each test produced interpretable data and also met the re
quirements of a practical time limit. 

Early in the development of the tests, volume, moisture, and weight measurements 
were made on the specimens at each test cycle to judge their condition. The weight 

1 Methods of Test for Moisture-Density Relations of Soil-Cement Mixtures, ASTM D558, 
AASHO Tl34, ASA 37.50. Methods of Wetting and Drying Test of Compacted Soil-Cement 
M;ixtures, ASTM D559, AASHO Tl35, ASA 37 .51. Methods of Freezing and Thawing Test of 
Compacted Soil-Cement Mixtures, AST14 D560, AASHO Tl36, ASA 37.52. 
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losses during the tests were erratic, particularly for specimens containing low cement 
contents. This problem was solved by developing a brushing procedure which removes 
the loosened material. This resulted in more consistent and reproducible results. 

As part of the research program, data on soil gradation, surface area, physical 
test constants, compressive strength, organic content, pH, density, and cement-void 
ratio were correlated with cement requirement in a search for relationships that could 
be used to determine cement contents for construction (7). These studies, which gave 
erratic results' showed that physical test data alone do not reveal the factors governing 
the reaction of soil and cement and that surface chemistry of the soil plays a predomi
nant role. The studies also showed the value of the wet-dry and freeze-thaw tests in 
evaluating the surface chemistry effects. 

Thus the wet-dry and freeze-thaw tests were developed to determine the minimum 
cement content required to produce a structural material that will resist volume 
changes produced by changes in moisture. Although the primary intention was to meas
ure the effects of moisture change, the tests also measure the effects of temperature 
change. Since moisture and temperature changes occur in varying degrees in all cli
mates and geographic areas, use of both the wet-dry and freeze-thaw tests assure that 
a hardened, structural material is produced for any area. The durability of soil
cement mixtures designed using the standard tests and appropriate criteria for deter
mining a minimum cement content to produce a structural material has been proved by 
the field service record. 

The wet-dry and freeze-thaw tests were 'adopted as tentative standards by ASTM 
(D559 and D560) in 1940 and advanced to standard in 1944. The tests were adopted as 
standards by AASHO (Tl35 and T136) in 1945. Some refinements in the procedures 
were made in 19 57 . 

Development of Test Criteria 

Investigations were then undertaken to determine criteria that could be used with the 
wet-dry and freeze-thaw tests to determine cement contents required to produce a pav
ing material that would have adequate durability and long life. Studies of laboratory 
test data, outdoor exposure of laboratory specimens, and studies of field performance 
were used in selecting the criteria. 

The selected criteria2 included requirements of volume change, maximum moisture 
content, soil-cement loss, and trend of compressive strength. The criterion of maxi
mum volume increase of the specimens (not more than 2 percent) was chosen as an 
indication that the cement is holding the mass intact and preventing volume increases 
that would otherwise take place. The criterion of maximum moisture content (not 
more than that required to fill the voids) was selected as a further indication of resist
ance to disruptive volume changes. The criterion of maximum soil- cement loss from 
brushing was used as an indication that the forces of expansion and shrinkage resulting 
from the wetting and drying and freezing and thawing, that will disrupt and disinte
grate soil specimens, had been resisted. The compressive strength criterion was used 
because increases in strength due to increases in time and cement content are evidence 
that the cement is functioning normally and that the soil is not interfering with hydra
tion of the cement. 

The validity of these criteria has been verified by the quarter- century of successful 
field performance of soil-cement projects in service. 

2
1. Soil-cement losses during 12 cycles of either the wet-dry or freeze-thaw test shall 
conform to the following limits: Soil groups A-1, A-2-4, A-2-5 and A-3, not over 14 per
cent. Soil groups A-2-6, A-2-7, A-4 and A-5 not over 10 percent. Soil groups A-6 and 
A-7 not over 7 percent. 
2. Maximum volume at any time during either test shall not exceed the volume at time · 
of molding by more than 2 percent. 
3. Maximum moisture content at any time during either test shall not exceed that quan
tity which will completely fill the voids of the specimen at time of molding. 
4. Compressive strengths of soil-cement specimens soaked in water 1 to 4 hours prior 
to test shall increase both with age and with cement content at and above the cement 
content which produced results meeting requirements 1, 2 and 3. 
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As previously mentioned, the test 
methods were adopted as tentative stand
ards in 1940 and advanced to standard in 
1944 and 1945. As would be expected, 
some refinements in laboratory equip
ment and techniques were made through 
the years by various agencies engaged in 
soil-cement testing. When

0
changes in the 

test methods were made by ASTM and 
AASHO in 1957, these refinements were 
included. This resulted in test methods 
which required less time, manpower and 
materials to perform. 

Refinements of the Standard Tests 

One of the refinements made in 1957 
was the method of analyzing the plus No. 
4 material. In previous practice the opti
mum moisture and maximum density of the 
total mixture was computed from data ob
tained on the minus No. 4 fraction by tak
ing into account the amount, specific 
gravity, and absorption of the plus No. 4 
material. The computations were made 
on the assumption that the addition of the 
plus No. 4 material increases the density 
of the mixture by displacing the minus No. 
4 soil in equal volume. No allowance was 
made for possible increase in void space. 
As a result, the densities obtained in pre
paring laboratory test specimens that 
contain the plus No. 4 material were often 
considerably less than the theoretical cal
culated maximum density (8). The differ
ence between the theoretical calculated 
density and the actual density obtained 
when using total material increases as the 
amount of plus No. 4 increases (Figs. 1 
and 2). 

The changes made in 1957, which speci
fied the inclusion of the plus No. 4 materi
al in the sample used for the moisture
density test, resulted in a procedure that 
gives maximum densities more readily 
reproduced in laboratory test specimens 
and in a mixture more representative of 
the total materials used in construction. 

Changes in 1957 of the wet-dry and freeze-thaw tests permitted a reduction in the 
number of test specimens required and in the amount of data collected for each cycle 
of test when routine testing is involved. The more detailed procedures are used only 
for research investigations. 

Thus the 1957 procedures incorporated for routine use the information and experi
ence gained during 13 years of successful use of the tests. They reduced the time, 
manpower, and material required to perform the tests. The basic methods and philos
ophies of the tests, however, remained the same. 
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CORRELATED SHORT-CUT TEST METHODS 

It is a natural desire of the testing engineer to reduce his work load of routine test
ing as much as possible. As a result, studies have been made of various methods of 
reducing this work. These studies have produced helpful tools for the testing engineer. 
The two methods described here have been correlated with the standard wet-dry and 
freeze-thaw tests. Both make use of optimum moisture and maximum density as deter
mined by the standard moisture-density test. 

Tests on Soils Identified by Soil Series 

A most helpful tool for reducing soil-cement test work is the Department of Agri
culture Soil Identification System (9, 10). In this system, soils are subdivided into 
groups called soil series. Soils ofthesame series have similar characteristics of sub
soil (B horizon), parent material (C horizon), climate, age, vegetation, and relief. 
The importance of the use of soil series in soil-cement work is that soils of the same 
series, horizon , and texture require the same amount of cement for adequate hardening 
(11, 12 , 13). Once the cement requirement of a given soil series and horizon has been 
determined by laboratory tests, only the identification of the particular soil series and 
horizon and a minimum of exploratory check tests are required. Thus, the need for 
conducting complete soil-cement tests can be sharply reduced or eliminated in those 
areas where detail soil survey maps are available. 

Soil surveys have been made over a large portion of the United States and maps have 
been prepared by the Department of Agriculture. The Highway Research Board reports 
periodically on the status of this and other mapping through publications sponsored by 
the Committee on Surveying, Mapping and Classification (14). An increasing number of 
engineers are making use of this soil identification systemto reduce their soil-cement 
testing work. 

Short- Cut Test Method for Granular Soils 

Another helpful tool for the testing engineer is the short- cut test method developed in 
1952 for use with granular soils (8, ,15, 16). The short-cut procedure is based on cor
relations of data obtained using the standard wet-dry and freeze-thaw tests. No new 
tests or laboratory equipment are required. Instead, data and charts developed from 
previous tests of similar soils are used. The only laboratory tests required are a 
grain size analysis, a moisture-density test, and compressive strength tests. Relative
ly small soil samples are needed and all tests can be completed in one day, except for 
results of 7-day compressive strength tests. 

Although the short-cut test method does not always indicate the minimum cement 
factor that can be used, it provides a safe cement factor generally close to that indi
cated by standard ASTM-AASHO wet-dry and freeze-thaw tests. This procedure is 
finding wide application by engineers and builders. 

OTHER TEST METHODS 

As would be expected, a few agencies have modified the standard soil-cement test 
methods or have developed other procedures for routine testing. These modifications 
have been based on experience with soil-cement for particular local soil materials and 
climatic conditions. Some modifications have attempted to consider climatic area. 
For example, in some southern areas the freeze-thaw test is omitted and only the wet
dry test is run. It is recognized that the use of the wet-dry test only is less severe for 
most soils than using both the wet-dry and freeze-thaw tests. The drying temperature 
in the wet- dry test accelerates cement hydration and is above the temperatures that 
prevail in the field. Also, for the lower clay content soils the expansion caused by the 
temperature used for drying may actually cancel or reduce the shrinkage due to drying 
(17). Although these features of the wet-dry test oppose the objectives of a climatic 
simulation test for non-frost areas, the test has been used on a local basis with satis
factory results. Again, this modification is based on experience with local materials 
and local climatic conditions . 
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Figure 3. Seven-day compressive strengths at the cement content shown adequate by wet
dry and freeze-thaw tests. 

Some other test methods involve the use of a strength test only. This approach re
quires the assignment for all soil types of a laboratory compressive strength that 
represents a durable base material which will maintain its strength properties during 
many years of field service. The compressive strength that will produce this durable 
base material varies with the physical and chemical properties of the soil (15). For 
example, Figure 3 gives 7-day compressive strengths at the cement contenfProducing 
durable soil-cement as determined by the wet-dry and freeze-thaw tests with appropri
ate criteria plotted against percent of combined silt and clay. It is apparent that a com
pressive strength that would be adequate for all soils would of necessity be a value 
higher than needed for many of the soils. 

The determination of a suitable compressive strength is simplified when materials 
meeting a rather narrow range of gradations and/or soil types are used. As a result 
some agencies have determined and used successfully a compressive strength require
ment , generally based on results of wet-dry and freeze-thaw tests for a particular type 
of material. 

The value of the standard wet-dry and freeze-thaw tests is that they determine for 
any type of soil material the amount of cement needed to hold the mass together and 
maintain stability under shrinkage and expansive forces which occur in the field. Any 
strength requirement then becomes of secondary importance and becomes more a 
matter of thickness design considering traffic loads and volumes. 

To insure satisfactory results , test methods for determining cement requirements 
other than the standard methods should be correlated with results obtained from the 
standard tests which have a satisfactory service record. The validity of these test 
methods can also be determined by long-term field performance studies of test sec
tions covering the range of soil and climatic conditions for which the proposed test 



method will be applied. Some test methods in use are based on such correlations and 
are giving satisfactory results. 

RECENT RESEARCH 
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The rapidly expanding use of soil-cement has spurred interest in further basic re
search on the reactions that take place when cement and soil are mixed together in the 
presence of moisture. Studies are also under way to determine more about the engi
neering properties of soil- cement and on laboratory methods to measure the effects of 
freezing, thawing, wetting, and drying on these properties. 

Soil and Cement Reactions 

Research on the phenomenon of cement hydration as related to soil- cement mixtures 
and on the effect of the physico-chemical properties of the soil will more clearly define 
the fundamental reactions that take place when soil, cement, and water are mixed to
gether. 

Work of this type now under way at the Portland Cement Association's research 
laboratories includes determination of fundamental properties of soil and their relation
ship to the soil's reaction with cement. Included are such properties as surface area, 
base exchange capacity, solubility in alkali, dimensional stability, and various chemical 
properties. 

Work on the nature of soil and cement reactions has also recently been carried out 
at the Institute of Transportation and Traffic Engineering, University of California, 
Berkeley. A paper (18) on this work appears elsewhere in Highway Research Record 
36. It presents a hypothesis of the reactions that take place when cement , soil, and 
water react to form a hardened soil- cement material. 

Similar studies at Iowa State University and Massachusetts Institute of Technology 
have also been recently reported (19, 20). 

Physical Properties 

·Research on the physical properties of soil- cement has been simplified by the devel
opment of laboratory tests and equipment for determining compressive, flexural, and 
shear strength and modulus of elasticity and Poisson's ratio (21, 22). Methods for 
molding and testing compressive and flexural strength specimens were adopted as 
tentative standards by ASTM3 in 1957 and are now in the process of being advanced to 
standard. 

As shown in Figures 4, 5, and 6, values for such properties as compressive strength, 
flexural strength and modulus of elasticity depend on the soil type, cement content, and 
time of curing (21, 22). As given in Table 1, soil2 in these figures is anA-2-4 sandy soil 
requiring 4 percentcement and soil 4 is an A-4 silty soil requiring 8 percent cement. 
Of significance is the fact that the test values for any one soil generally vary linearly 
with cement factor. Thus, it is possible to interpolate and predict values for the vari
ous strength and elastic properties when incomplete test data are available. Further
more, the interrelationships between the different structural properties vary in an or
derly fashion making it possible to estimate one property when another is known. An 
example of the interrelationship between compressive strength and modulus of rupture 
is shown in Figure 7, which shows that the modulus of rupture is approximately 20 per
cent of the compressive strength. 

Effects of Freezing, Thawing, Wetting and Drying 

Another study under way at the Portland Cement Association's soil-cement laboratory 
is to determine the effects of freezing, thawing, wetting, and drying on the properties of 

3 Ma](ing and Curing Soil-Cement Compression and Flexure Test Specimens in the Laboratory, 
ASTM Dl632. Compressive Strength of Molded Soil-Cement Cylinders, ASTM Dl633. Com
press ive Strength of Soil-Cement Using Portions of Beams Broken in Flexure, ASTM Dl634. 
Flexural Strength of Soil-Cement Using Simple Beam with Third-Point Loading, ASTM D1635 . 
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soil- cement mixtures and to evaluate the techniques for measuring these effects. Tech
niques being studied, in addition to the manual brushing procedure, include the use of 
compressive strength before and after tests, pulse velocity measurements each cycle, 
and length change measurements during the test. The use of length change is particu
larly promising. This method has immediate sensitivity to deterioration of a specimen, 
the measurements are easy to make, and the results are accurate. These studies are 
also providing additional information on the effects of freezing, thawing, wetting , and 
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TABLE 1 

GRADATION, LIQUID LIMIT AND 
PLASTICITY INDEX OF 

SOILS 2 AND 4 

Item Soil Soil 
No. 2 No. 4 

Gravel, % in. to 
No. 4 0 0 

Gravel, No. 4 to 
No. 10 20 0 

Sand, No. 10 to 
No. 40 22 1 

Sand, No. 40 to 
No. 200 39 7 

Silt and clay, 
minus No. 200 19 92 

Liquid limit 17 26 
Plasticity index NP 7 
AASHO soil group A-2-4 A-4 
Cement requirement, 

% by wt. 4 8 

drying that will be helpful in further development of soil- cement testing procedures. 
An initial report on this work was previously presented (17). Results of further work 
are reported elsewhere in Highway Research Record 36 {23). 
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All of this research work on the phenomenon of cement hydration as related to soil
cement, on the physical properties of soil-cement, and on the evaluation of the effects 
of freezing, thawing, wetting, and drying will add to the knowledge of soil-cement 
mixtures and will make the standard laboratory tests even more useful. The data may 
also permit a more rational approach to laboratory mix design. Thus, soil- cement 
will continue to be an engineered pavement making use of the latest and most up-to
date technical information available. 
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